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THE ARC IN A MAGNETIC FIELD.

BY. C. D. CHILD.

HE following is an account of certain phenomena observed when

the electric arc is p1aced in a magnetic Geld. A preliminary

description of these were given before the American Physical

Society in March, I904, and an abstract of the work appeared 1n

the PHvsicAI REvIEw.

The Fi~st J':xperirr~e~zt. —The connections of the first experiment
are shown in Fig. r. 8 and B are two carbons I2 mm. in diame-

ter. c and d are carbon pencils 3. I mm. in diameter placed near

to the side of the arc. These are connected

through a millivoltmeter having a resistance

of I77 ohms. This voltmeter was quite dead

beat and the period was about I sec. An

electromagnet is placed near the arc and pro-
duces a field normal to the plane of the figure.

V It was found quite impossible to place c and

d,
'

so that the potential difference between

them continued to be zero, or even to place
them so that it was constant. The pointer of
the voltmeter would at times remain quite for
several seconds and then change suddenly,

sometimes changing only a slight amount and at other times

reversing. It is impossible, at least, in air to keep the potential dif-

ference constant, because e and d' are consumed rapidly and before

the arc reaches a quiescent condition they are burnt away from it.
But even though the reading of the voltmeter was not constant, it

was evident that whenever there was a sudden change in the mag-
netic field, there was a corresponding change in the reading of the
voltmeter. If the direction of the 6eld was such that the arc was
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displaced to the right, d mould become positive, as compared with

its former condition, and c negative; if to the left, c would be posi-
tive, and d' negative. If in the first example d was already positive,

it would become more so, and if negative, it would become less

negative.
Spectrometer 5ubstituted'for Voltmeter. —It was soon found that a

voltmeter was not an ideal instrument for the purpose. As has

been stated its resistance was only r77 ohms and the apparent re-

sistance between the two pencils in the arc, even when they were

very hot, appeared to vary from a few ohms to several hundred.

On the other hand the period of such e1ectrometers as wereat hand

was so great that the condition of the are changed much during a
reading. As has been stated, the rapid burning of the electrodes
and especially the exploring pencils made it desirable to take read-

ings as rapidly as possible. Moreover a voltmeter is a much more

convenientinstrument to use than an electrometer. As a result the

experiments were nearly all performed first with a voltmeter and

more careful measurements were afterwards taken with an electrom-
eter. The electrometer used had a period of r6 seconds and was

very nearly dead beat.
Thus the experiment already described was repeated using an

electrorneter instead of a voltmeter, and the same results were ob-
served as before.

Pfodifications of'this Experiment. —As will be seen later there is

doubt about the real significance of this phenomenon, and conse-

quently many variations of the experiment were tried, One of these

may be described as follows: It has been shown that d'in Fig. r

has a higher potential when the arc is deflected by a magnet to the

right and a lower one when it is deflected to the left. If 8 is the

positive carbon, then the potential difference between 8 and d should

decrease when the arc is shifted to the right, and increase when

shifted to the left. Such changes were, indeed, found to occur.
Qn the contrary when the voltmeter was connected between 8

and d, the readings increased on deflecting the arc to the right, and

decreased on deflecting it to the left. The opposite results fol-

lowed when the exploring pencil was placed at c instead of at d.
A slight modification of this experiment was made by connect-
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ing a shunt between A and Band connecting d to some point of this

shunt. The observation again indicated that the potential of d' is

increased when the arc is deflected to the right, and diminished when

it is deflected to the left.

The electric force through the arc was also measured both with

and without the magnetic Field, and no difference could be detected
in the two cases.

Rapid Reve~si~sg. —Since the potential difference between c and d
was not for any length of time constant, an arrangement was used

by which the ordinary fluctuations of this potential were eliminated

and those produced by the magnetic Geld were retained. To do this

the coniiections between c and d and the voltmeter were rapidly
reversed. The voltmeter would thus normally show no deflection.

But at the same time that these connections were reversed those
running to the electromagnet were also reversed. The eAect due

to the magnetic Rield was thus shown as before.

The reversals were made by a wheel, as shown in Fig. 2. This
was made of aber, and was jo cm. in diameter. It

1

is a combination of a commutator and a collecting
ring. r and z are connected to the carbon pencils,

3 and 4 to the voltmeter. With each revolution

2 of the wheel two reversals would occur.
A similar arrangement was used for reversing the

Fig. 2.
magnetic Field the reversal of one circuit taking

place at the same time as that of the other.
With this arrangement a reading of the voltmeter was attained

which was at least always in the same direction, and the reading was
reversed when the direction of the current through the arc was re-
versed, or the connections to the reversing wheel for the electro-mag-
net. The readings indicated as before that the current passed from d'

through the voltmeter to c, when the arc was deflected to the right.
The arc was then removed and c and d were connected by copper

wires. No effect, whatever was then observed. This shows that
the effect was not due to any E.M.F. induced by the alternations
of the magnetic fieM.

Are Degecred3Eeckanieally —But though the ac.curacy of the first
observations was thus proven, there was still the possibility that



the magnetic field was not the direct cause of the observed effect,

that rather the mechanical motion of' the arc was the direct cause.
To test this the arc was blown to one side by a blast of air. This
usually produced a smaller reading of the voltmeter whatever that
reading might be, when that instrument was used. This was due

to the fact that when the arc is blown to one side, the resistance be-
tween the pencils is increased.

When an electrometer was used, it was found that with the arc
blown su%ciently to one side, so that one of the pencils became
much cooler than the other, the cool one always became charged
positively, Further investigation showed that the space about the
arc had a higher potential than the arc itself ahd that when the arc
was blown away from one of the pencils, that pencil became charged
positively, merely because it was assuming the potential of the sur-

rounding space.
The difference between the phenomenon in this case and that

when the arc was deflected by a magnet was especially noticeable
when the arc was entirely displaced from one of the pencils. Such
a pencil was charged negatively when the arc was deflected by a
magnet, and positively when deflected by a blast of air.

Moreover as long as both carbons were kept very hot no regular
effect could be detected by blowing the arc, while deflecting it by a
magnet always produced an effect.

The difference in these results was also strikingly shown when

the potential difference between one of the pencils and one of the
electrodes was examined. It has already been stated that in cer-
tain cases such potential differences increased, while in others they
decreased, when the arc was deflected by a magnet. When it was

blown to one side the potential difference in every case increased,
provided the exploring carbon was kept in that part of the arc
where the conductivity was good.

Further Test of'Egect Produced by 3leckanical 3Iotiou. —In order
to test further the suggestion that the effect here studied was pro-
duced by the mechanical motion of the arc and not by the magnetic
Geld, a fan was arranged which blew the arc erst in one direction
and then in the other. This arrangement is shown in Fig. 3.
is a wheel taking the place of the reversing wheel previously de-
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scribed. P is a pin fastened to the wheel and moving in the slit

EH. His a hinge. AtE two fans I and F' are fastened atE and

the arc is placed between them.
The reversals of the motion of the fan occurred at the same time

as those of the connections to the voltmeter, so that this arrange-
ment produces the same effect as far as mechanical

motion is concerned as the magnetic field. Hut no

deflection of the voltmeter was observed even when

the velocity of the fan was increased until the arc was

blown out.

Vary&~)g dte EapsCktg& of' Che Ec"c~ersals. —The first

thing varied was the period of the reversals. This
tests again the possibility that the effect is due to
the unequal heating of the two carbon pencils.

Though the temperature of' the carbon of the arc follows very
closely the fluctuations of the arc, there was the possibility that
the reversals could be produced so rapidly that the eAect would

decrease. It was found, however, that increasing the rapidity of
the reversals did not diminish the effect. Thus when the number

of reversals was increased from 4 per second to zg

per second, the reading of the voltmeter diminished

from .3) volts to .3o volts. Several observations

were made, but this is the average, and further g"~

investigation showed that this decrease in the read-

ing is not due to any change in the conditions of the g' ~

arc, but to the self-induction of the electro-magnet

and the voltmeter and to changing contact resistance.
Dssta~tce Betzvee~s F~plonn~ Pe~zcsls Va~sed. — 8

The distance between the exploring carbons was

then varied. It was found, however, that the results Flg. 4.
obtained when the pencils were more than 7 or 8

mm. apart depended very largely on the height of the exploring
carbons. Thus at ab the potential diAerence was small, at a'b', it
was much larger, while at a"b", it was reversed. It was probably
small at ab because there they were only barely touched by the
arc„At a'b' they were more directly in the arc. At a"b" the
enect appeared to be due to the mechanical motion of the arc, and



No. 2. ] I05

not to any magnetic cause. If the arc is blown to the right b" will

be in the hot gases arising from the arc more than a". It will con-

sequently have more nearly the potential of the arc, and as we have

seen the arc is negative as compared with the surrounding space,
Current through Arc Varied. —The current through the arc was

varied from g to 2) amperes, but no definite change in the potential

difference between the exploring pencils was discovered. According
to the measurements taken the change was at least less than one

part in twenty.
l cligllE of Al c Vcr.ied'. —The effect was found to increase when

the length of arc was increased. The following observations were

taken, using an electrometer, the alternating apparatus, a current of
I 2 amperes, and a distance between the pencils of 9 mm.

Length of Arc.
3
6
9

TABLE I.
Potential Differences Betvreen Pencils.

1.7
2.5
3

StrengCk of Fi'~ld Varied. —Next the strength of the field at the

arc was varied. To determine the strength of the magnetic field a

long solenoid 3.5 sq. cm. in cross section was wound with i 3.8 turns

per cm. One hundred turns of wire were wound about this and the
throw of a ballistic galvanometer was observed when a given cur-

rent was sent through the primary turns. This was compared with

the throw produced by roo turns at a given distance from the elec-

tromagnet which had been used with the arc. The effects observed

in this way with the electromagnet at different distances from the arc
are given in Table II.

TABLE II.
Distance from Solenoid.

6

12
15

Magnetic Field.
13.4
7.5
5
3

Potential Difference Between Pencils.
4
3
2.2
.8

The distances between the arc and the end of the magnet are

given in column l, the strength of the field in electromagnetic units

in column 2, and the potential difference between the exploring car-



bans in volts in column 3. The current through the arc was Iz
amperes and the length of the arc was 5 mm. These readings were

taken with the electrometer and alternating apparatus.
Phenomenon Depend'en/ on guali'ty of Carbons Vsen'. —KVhile

making these observations it was found that the amount of the

effect depended very largely on the kind of carbon used. Those
First used were solid, but in changing the apparatus cored carbons

were unintentionally substituted, and for some time none of the ex-
periments which had been performed could be repeated. In time it

was found that it was the change in carbons which caused the dif-

ference. It was found that, in general, solid carbons gave a greater
eA'ect than cored. It happened that the First ones used gave a

greater effect than any others investigated. I do not know their

make, as they had been in the laboratory a number of years.
Digercnt 5@bslcvrccsin the Arc —Furthe. r investigations showed

that the eAect was diminished very much when certain salts were

placed in the arc. Indeed with some it vanished entirely. In test-

ing this a hole was drilled for 2 or 3 cm. into the carbon and this

was Riled with the salt to be investigated. Only a. very small effect
was found with NaC1, and none whatever with KNO, Moreover,
no eFfect was found with the arc between iron or copper terminals.

An attempt was made to use graphite terminals, but it was found

dificult to maintain any arc with the terminals far enough apart: to
insert the exploring carbons, even when using a voltage of 200
volts, and when the exploring carbons were inserted a very small

magnetic Field was su%cierit to extinguish the arc. As a result no

measurements were made with graphite terminals.

Phcno~nena 6s e Vacuum. —It was also found that the effect dis-

appeared in a vacuum. The observations were made in a tube
which has been described in a previous article ' the exploring penci1s

were r.6 mm. in diameter. They were led into the tube by the
method which had been previously used in examining the electric
force in the arc. A series of readings thus taken are given in

Table III., the distance between the exploring carbons was ) mm.

and they both became white hot while in the arc. The arc was 7
mm. long. The current was ro amperes. The end of the electro-

i PEIYs. REv. , l9, ll7.



No. g.] TA'S AEC IiV 8 3IAGA'ETIC FIELD. Ioj

magnet was 7 cm. from the arc, making the field at the arc 1o
electomagnetic units. Column r gives the pressure of gas in milli-

meters of mercury. Column 2 gives the difference in potential

between the exploring carbons in volts.

Pressure of Gas.
750
SSO

400
300
200
100

SO

20

TABLE III.
Potential Difference Between Pencils.

3.3
2.5
1.9
2
1.2

.4

.2

At 6 mm. pressure no effect could be detected either with an

electrometer or with a voltmeter. A galvanometer having a con-

stant of 3.6 x r o ' ampere per scale division was also used and it

was even then impossible to detect any eAect. The galvanometer
had a resistance of 44) ohms and a period of r3. ) sec.

It seemed useless to try a more sensitive galvanometer. For
without any magnetic field the potential diAerences betwen the two

pencils in the arc Ructuated from zero to .2 volt and one cannot

well eliminate an effect of this size so completely as to study one
which was less than .oor volt.

Possible Explanatioes. —During the experiments it was noticed
that a magnetic field has less eAect in deflecting the arc to one side

when it is in a vacuum than when in air. Thus the field used with

the vacuum was 15 units and it scarcely affected the appearance of
the arc, while it extinguished it entirely when using the same length
of arc and same current in air. It was thought at first that this

might possibly be the cause of the disappearance of the effect in a
vacuum. But the effect also decreases when NaC1 was placed in

the arc, and in that case the arc is blown fully as much to one side

as with ordinary conditions.
In a recent article by Weintraube ' it is stated that when a mag-

netic field is produced about a mercury arc in a vacuum the bright
spot at the cathode moved in one direction, while the vapor of the

l PhH Mag. (6), y, 9
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arc moved in the opposite. Special notice was„ therefore, taken of
the arc in air and it was found that generally the bright spot did

not move at all, when the magnetic field was produced, but that
when it did, it moved in the same direction as that of the vapor of
the arc.

It is evident that an explanation for these phenomena must

explain the many cases where the effect disappears. We find that

wherever it disappears the drop in potential at the anode is much

smaller than it is with carbons where it is large. Thus with a solid

carbon the drop in potential between the anode and an exploring
pencil placed as near to it as possible was 4. r volts. With a cored
carbon with which the effect was scarcely noticeable the drop was

30 volts. VVith the iron with which experiments were performed

. it was I6 and with copper 2 r volts. In a previous article ' it has

been shown that with the carbons there used the drop was )0 volts

with a pressure ot 730 mm. of mercury, 4.3.g at one of 200 mm. ,

and 26.8 at Io mm. Thus is all cases where the effect disappears

the drop in potential at the anode is much diminished.

There is another set of facts with which the phenom& na may be

connected. It was shown in a previous article that with ordinary

carbons the positive discharge from an are to a surrounding cylinder

was greater than the negative. ' This iiidicated that the positive

ions had the greater velocity. When salts were placed in the arc,
or when other electrodes than carbon were used, the negative dis-

charge was approximately as great, or even greater than the posi-

tive. In a more recent article' it was shown that in a vacuum the

negative discharge again became the greater. So that in all cases

which have thus far been studied when the drop in potential at the
anode is small, the discharge from an arc to a cylinder becomes

relatively larger and the effect due a magnetic field disappears.
In view of the complications existing in the arc it may be unwise

to offer any explanation of the phenomena here described, and yet
an attempt to do so may lead at least to further investigation, and I
would, therefore, suggest the following:

"PHYS. REV. , I9, I20.
N PHYS. RLV. , IZ, I37.
3 PHYS. REV. , I9, I25.
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The usual equation for the Hall eA'ect is Z = & AH (u —v) where

Z equals the electric force due to the Hall effect; X; the impressed

electric force; FJ; the magnetic Field; and u and v, the velocities of
the positive and negative ions respectively for unit electric force.
The directions of the quantities are those indicated in Fig. ). If
we should apply these equations to the arc we would

conclude that the positive ions have velocities enor-

mously greater than the negative.
However, in deriving this equation the assumption

is made that the ions have no component of motion

perpendicular to the X' direction, whereas in the arc
there is such motion. It is the motion of the ions to
one side which causes the arc to be deAected. This equation,
therefore, can not be said to hold in this case. However, from

physical considerations we shall be led to the same general con-
clusion as when treating the matter mathematically, that is, we are
led to believe that the positive ions have the greater velocity.

In the arc both positive and negative ions are deAected, but those
having the greater velocity will be deAected most. This can be
shown as follows:

Let e = the charge on an ion.
Let sn = the mass of the ion.
Let 8= the magnetic force in the direction of the V axis.
Let X= the electric force in the direction of the 2 axis.
Let x' and z be the distances from the origin along the X and Z

axes to the point where the ion is at a given instant.

If the E; Y, and Z axes are at right angles to each other and if
the ion starts from a condition of rest at the origin

y = gccct —sin ccct )

where

Xs =—(t —cos ccct)
cuFI

Fle '
frj—

ling

'Thomson's Conduction of Electricity through Gases, 88.



If 8, is the time necessary for the ion to move over its mean free

path and x, andy, the corresponding values of ~ andy,

But the average velocity during this time, if there had been no

magnetic force would have been Xrt, /zm. This will be the same

as the average velocity for any number of mean free paths and if

we let i~, equal the average velocity when the electric force is one

eP,

27/l

ance

If now v. = Iooo cm. per sec. for one volt per sec. and H= Io
E,M. units the ratio between the 6rst and second term equals

&s to ".

, so that for such cases as are here considering y, / r, = tsr.Hr~, .
There will be r /~, of the collisions per cm. so that the total de-

flection in going t cm. in the x-direction =y, /.~; = ssHr~, which is

greater, the greater the average velocity of the ion.
This case is evidently quite different from that of cathode rays.

There practically all of the deflection takes place while the ion is

moving with uniform velocity, while here it is supposed to occur
where the velocity is uniformly accelerated.

If then the negative ions are deflected most, the part of the arc to
the right, namely, in the

indirection,

mill have an excess of negative

ions, and the potential at the right will be lower than that at the left.

If on the other hand the positive ions have the greater velocity, then

the potential at the right will be positive as compared with that on

the left. This latter is what was found to be the case. The potential

on the side toward which the arc was deflected was greater than

that from which it was deflected. We are, therefore, led to believe

that in the arc the positive ions move more rapidly.
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That this should be so in a place as hot as the electric arc is not
what one would have expected. Yet reasons for believing that this

is possible have been given elsewhere. ' When the anode is very
hot we may expect ebullition of the anode with subsequent conden-

sation on the negative ions, causing them to move more slowly,

This slow movement would react on the drop in potential at the

anode, making it greater.
On the other hand where there are negative ions formed with

greater ease, as with NaC1, there would be less ebullition and less

condensation on the negative ions, This would account for the
smaller drop at the anode, for a greater negative discharge to a sur-

rounding cylinder, and for the disappearance of the magnetic effect

if, as would appear, this effect is due to the greater velocity of the
positive ions.

It has also been found that there is less condensation on the

negative ions when in a vacuum and that there is a corresponding
increase in their velocity. ' This again would explain the smaller

drop in potential at the anode, the greater discharge from the arc,
and the disappearance of the effect which we have been studying.

But on the other hand it would not explain why the effect does
not appear in a vacuum in the opposite direction. Therefore, we

can not as yet consider this as a comply:te explanation.
5srvivzarg~, —If two carbon pencils are placed on the opposite

sides of an arc, the potential difference between them is changed
when the arc is deflected toward one of them by means of a mag-
netic field. This change may be as high as four volts. The
effect can not be produced by blowing the are to one side, nor by
moving the carbon pencils to one side of the arc. Rapidly revers-

ing the field and with each reversal reversing the connection to the
voltmeter does not diminish the effect.

The effect decreases as the strength of the field is diminished.

Changes in the current through the are do not appreciably influence

it. It is, however, increased by lengthening the arc.
The effect is smaller with cored than with solid carbons. It

decreases and in some cases' entirely disappears when salts are

~ PHYs. RKv. , I5, 346,
~ PHYs. REv. , I5, 349.
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placed in the arc, and it could not be detected with an arc between

metals. An attempt was made to observe it with graphite termi-

nals, but it was impossible to maintain an arc between such termi-

nals when in a magnetic Geld.

The effect decreases as the pressure on the surrounding gas is

diminished and with a pressure of approximately i cm. of mercury

it disappears.
The common equation for the Hall effect does not apply in this

case, since there is here a motion of the ions transverse to the di-

rection of the impressed F..M.F. It is possible, however, to explain

almost all of the observations by assuming that the positive ions

move more rapidly than the negative ones.
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