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Chaptér l.

Introduction and Historical Remarks.

nt LicHTENBERG dust figures can be made in many
T ways; one of the simplest is as follows: An electricallly
neutral plate P of ebonite (Fig. 1) is placed on a metal disk B
From the knob K of a Leyden jar L a spark is passed to the
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Fig. 1. Simple Lichtenberg Arrangement.

w7z I

small metal rod A placed on P. The rod A is then removed
and the plate P powdered with lycopodium, flour sulphur,
or some other suitable powder. Mixtures of different powders
may also be used with advantage. The dust settled on P then
forms a LICHTENBERG figure. If K has been positive the shape
of the figure is as shown in Fig. 2, while Fig. 3 shows the
result for K negative. i

LicuTtenBERG Y ? observed these figures for the first time
in the year 1777*; since then they have formed the subject
of a long series of investigations. And naturally so: the figures
are beautiful and the difference between the positive and nega}.
tive ones very striking. It may therefore be expected that a

* For references see the bibliography at the end of the paper.

1*
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closer study of this phenomenon would give valuable infor-
mation on the nature of electricity, and the history of these
figures is also very closely connected
. with the history of the theories of
electricity — one fluid and two fluid
theories —. At present the corre-
sponding literature is mainly of-
historical interest and we shall there-
fore only call attention to the papers
of P.F. Riess, E. REITLINGER, A.
Fig. 2. Posilive Lichtenberg *" WarreNmoren, W. v. Brzoup,
Dust Figure. (Air; p—760; W. G. ARMSTRONG, A. OBERBECK,
m = 0.8%) and W. Horrz.
. Many investigations have been carried out in order to

ascertain the best conditions for the vroduction of these
figures. Plates of wvarious materials -have been tried and
mixtures of differently coloured powders have
been used with more or less success.** The
photographic plate has also been used for the
recording of transient electrical discharges by
J. Brown (1888),! E.T. Trouveror (1888) = _

K. Hawsew (1916),* and others. These authors F]ljgu::t L\Egi t‘;e
have, however, used such high voltages that (air; p = 760;
rather complicated figures, like those in Figs. 4 ™= 0.8).

and b, have been obtained. Just recently M. TogpLER (1917)*
has published some beautiful photographs of »sliding« electrical

discharges {Gleitfunken). All these figures are, however, so
“complicated that they do not invite a closer study of their
features. ‘

' * In the following p denotes the gas pressure in millimetres of
niwrcury, I the spark length in millimeters (see Fig. 10), D the diameter
of the electrode A4, d, thickness of insulating plate both in millimeters.

- m stands for magnification.
** v, VirLarsy proposed 1788 the use of a mixture of red lead and
flour sulphur. A mixture of 3 powders, viz Carnine, lycopodium, and
sulphur has been used by K. Biirxer™
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W. G. ArmsTrRONG in 1897 published some simple photo-
graphic L1cHTENBERG figures. Especially some of his positive
figures are remarkably pure and simple and many of his plates
show very interesting features. The beautiful 1llustrat10ns
— partly in colours — of dust figures, which W. G. ArMsTrONG
and H. STroup! published in 1899 also give much: valuable
information about the LiomrEnBrre figures.*

kFig.‘ 4. Positive Discharge with High letage.
(Air; p==760; I="7;, D=0; d, =1.4; m =0.7),

|
S. Mikora (1917) recently published some beautif't!hl
photographs of-simple LzcaruspErG figures — positive and
riegative - obtained direct on photographic plates. Thes"‘,e
figures are very regular and characteristical and exhibit very
fine details. The -photographical method of Mikora has
been uséd almost exclusively throughout this investigatioh
and this method 1s also — contrary to Mixora’s own obser-
vation — applicable to LicHTENBERG figures in thl*ogen

* This work of Lord Armstrong-seems to be but little Lnown
5. Migora f.inst. does not mention it.
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oxygen, and carbon dioxide, but the figures obtained in these

gases are rather faint, especially at lower pressures.

' Examples of such
ligures in air are shown
in Figs. 6 and 7. In
nitrogen and argon
the figures are still

_ brighter than in air. Tn
cases where the photo-
graphic method gives
too faint fignres, the
ordinary dust method
may be used with ad-
vantage even if it does

E‘ig. v5. Negative Discharge with High
Voltage. (Air;p = 760:1=17; D =.10; . B
i 4, :p1‘4: m — 0.7). details as the photo-

not give such delicate

graphic one.

. Many investigations have formerly been carried out in the
}iope of getting an explanation of the origination of these figures
and of the very remarkable '
difference between the posi-
tive and negative ones. On
the whole very little progress
has, however, been madé.
With regard to the former
experiments and speculations
1‘t 18 Vsu’fﬁcient to refer to the
papers mentioned on page 4,
which contain ample inform-

ajltion on this question.

E. Rurruneer®™?®, in Fig. 6. Normal Positive Figure. (Air;
1860-61, tried to explain the P~ 00 ¢=3D=0dy=14m=1).
figures on the hypothesis that electrical particles during the
discharge travel from the electrode outwards through the
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surrounding-gas. The positive and negative particles move in
different manners, this being the cause for the difference between
the positive and negative tigures. Even if REITLINGER was —
and necessarily must have been — unable to give a sat‘i’s'facfory
explanation of the phenomenon, his ideas were remarkably
sound and his proofs ol the close connection bebween these
figures and the electrical properties of the gas scem conelusive.
He had, in fact, solved this intricate question as far as.it
could be solved at that time. His views were, however, in the
main only supported by A.v. WArTeENHOFEN!, and - late
investigators have worked

along other lines. As late as
1905 W. Horrz! even comes

to the conclusion that the

nature of the gas, nay even

gas altogether, is of little
importance with regard to
the LicrTENBERG figures.
According to W.v. Be-
zoLp™ %% * who had carried.

out a series of important |
Fig.7. Normal Negative Figure. (Air]

P=160; 1=1; D=0; dy=1.4;in =1]:

investigations on thissubject,
the figures are due to air
currents. He supposes — rather arbitrarily — that the nega-
tive figure is formed by air currents going outwards from
the electrode while air currents in the opposite direction
produce the positive ones. He tried to prove this hypothesis
by experiments on powdered water. By means of a tube,
the end of which was just at the surface of the powdered
water, a small amount could suddenly be either added to
or drawn away from the bulk of water. In the first case a
megative« and in the last a »positive« figure appeared. The
resemblance is, however, not very striking. As a conclusive
proof he considered the following circumstance: He found,
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that the exterior part of the figure formed from a positive,
ring-shaped electrode had the normal positive appearance, but
the interior part was of negative character, and similarly
for negative 'discharges. E. Macu and S. Dousrava® denied
the correctness hereof, and Figs. 8 and 9 show that these
authors were right: the exterior and the interior part of the
figures arve either both of positive or both of negative charac-
ter. The mistake made by v. Brzorp is, however, very excus-
| able; it would be al-
most impossible to
settle this question by
the dust method. We
shall later see that the
LICHTENRBERG figures
are formed with such
great velocity that air
currents cannot have
any appreciable in-
fluence.

G. QUINCKE® sees

‘ ; in the often mentioned
Fig. 8. Positive Figure obtained with Ring-
shaped - Electrode. (Air; = 760; [ = 3; . )

P " (: 0.9)].3 ‘ of different sorts of

figures ‘an interaction

rays: positive rays
able to penctrate millimetres ol insulators, negative rays,
and retrograde rays of two different kinds. His positive and
negative rays even seem to be of composite nature — eon-
sisting of both quickly moving particles and electromagnetic
radiation. This explanation of the Licurensire figures will
hardly be accepted as satisfactory.
5. Mrxouat in his above mentioned paper also gives some
new and rather startling hypotheses. His views may be sum-
marized as follows: Electromagnetic impulses are emitted
from the edge of the condenser, when impulsively discharged.
These impulses, travelling along the conductor, produce po-
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sitive and negative ions of great velocity, which move rapidly
along the conductor and with certain intervals of time cause
the emission of electromagnetic impulses, which mn turn libe-
rate ions from the conductor. Even accepting all these rather
strange hypotheses it is not easy to see how they can afford a
satisfactory explanation of the great differences between th‘e
positive and negative figures.

Notwithstanding the great amount of work which has
been spent in order to elucidate this question, we know, up
to the present, little more about the origination of these
figures thanLicaTENBERG did. :
This fact will probably explain
the present lack of interest in
this question. Neitherin J. J.
Tuonsow: Conduction of Elec-
tricity through Gases (19606),
nor in J. S. TowNsEND: Elec-
tricityin Gases (1915), norin A.
WinkeLyanNN: Handbuch der
Physik- (1908), is the name [ , . L
of LiouteNBERG to be found. Fig. 9. Negative Figure obtaine?d

The aim of the present with Ringshaped Electrode. {Air;
p = 760; I = G; m = 0.9).

investigalion is to throw some o
Light on the main features of the origination of the LicuTEN-
BERG figures. The results obtained seem to indicate that the
elucidation of the origination of these figures will probab].y
prove to he of great importance for the study of the process
of ionization of gases and for the molecular and atomic dy-
namics.

The present paper deals only with a preliminary invest-
igation of the general features of the LicRTENBERG figures
and the numerical results are to be considered as provisional.
Several more detailed investigations connected with this
problem are being carried out at present.
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Chapter II.

~ General Remarks on the Origination
- of the Lichtenberg Figures.

1. Most of the experiments described in the following are
carried out with the arrangement shown in Fig. 10. The con-
denser ¢ can be charged through the great resistances R,

e
A @ [ s 7
: A g
c== d%
‘423\/\;\%%\/\/-— ¢
g
.

Fig. 10. ‘Diagram of Circuit for ordinary
Lichtenberg Figures.

and R, from a small influence machine connected to M,

and M, The resistance R; is a slate pencil, and R, either a
slate pencil or a thin piece of wood. The spark gap g has 4 cm.
brass balls, &, and %, The small electrode A generally rests
on the sensitive film of the dry plate P placed on the metal
disk B which is connected through the wire ngh and resistance
R, with one pole of the electric machine. The connecting
wire is earthed at . Electrode A, plate P, and electrode B
form what we will call the LicaTENBERG gap (1. G.). When
working with other gases than air and in rarefied gases the
L. G. was enclosed in a bell jar, the wire m being carried air-
tight through the side of the jar. The figures are said to be
positive when %, is pdsitive before the spark passes over.
The electrical machine must be rotated very slowly, especi-
ally when working with short spark lengths; in order to get
a ' defipite sparking voltage and to avoid the passage of more
than one spark each time.
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The L. G. was generally shunted by a slate pencil R or
some other great resistance. This shunt increases the damping
of the oscillations in the cireuit C¢gAPBC, but its main object
is to bring about that the potential of the electrode A before
and after a discharge is equal to that of the earth connee-
tion E. Otherwise the removal at A may cause a new discharge,
and other complications may arise. |

Different dry plates have been tried; the most satisfac-
tory results have been obtained with Hauff’s Roentgen plates.

The figures only appear if the P. D. across the L. G. 1s
altered in an impulsive or sudden manner and not if the
potential of A is raised gradually — the spark gap g being short
circuited and the shunt R removed. This observation was made
by T.P.Rewss (1864)'; S. Mixora! herefrom draws the
conclusion that the formation of these figures is due to the
rapid variation in the potential across the L. G., and doeé
not take place because and when the P. D. has reached a
certain value. He considers that this form of discharge is
produced when the innermost ends of the lines of force tra-
velling along the electrode A are suddenly stopped; the sharp
bends thereby produced on these lines then travel out along
them with the velocity of light, and constitute an electro-
magnetic radiation of the same kind as Roentgen rays.

It is, however, not necessary to introduce new and rather
doubtful hypotheses in order to explain the mecessity of a
very steep rise in the P. D. across the L. G. in order to ob-
tain LicurEnNsERG figures. We need only consider the cir-
cumstances connected with the commencement of a LicHTEN-
BERG discharge a little closer. The spark in g (see Fig. 10)
starts an electric wave along the wire kym. The maximurp
voltage of this wave is partially reflected at A and the reflected
wave travels back along mk,. The potential at A is the sum
of the potential of the incident and of the reflected wave,
and if the capacity of A4 is small, the maximum potential
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at A will be almost equal to twice the sparking voltage. In
coriiparing the effect of a stationary voltage across the L. G.
with that of an impulsive voltage cansed by a spark as in
Fig. 10, the former must be aboat bwice the sparking
voltage. But a statical voltage however great does not produce
LircHTENBERG figures. So far Mixora is right. A static voltage
in this connection means a voltage which has been raised
very slowly. At a certain stage of this charging of the elec-
trode A the intensity of the electric field between A and the
plate P reaches a value at which ionization by collision com-
thences. -But no disruptive discharge takes place hecause
the ionization current is charging the surface of the insulating
plate P and thus automatically keeping the intensity of the
dlectric field between 4 and P helow a certain value, a value
too low to produce sparking. Simultaneously with the process
of charging of P a diffusion of this charge along the surface
of the plate is going on, but the electric field nowhere altains
a value sufficiently high to produce disruptive discharges of
any kind. It is not before the diffused charge in sufficient
quantity has reached the edge of the plate that the electric
field there becomes sufficiently intense to produce a spark,
which increases in length until it connects A and B. Photo-
graphs of such sliding sparks are reproduced in ARMSTRONG’S
work, and these sparks have been very carefully investigated
by TogrrLER. -

The reason why the LicutensEre figures do not
dppear with slowly varying potentials is simply
that the intensity af the electric field in this case
does not attain the necessary high value. With
a rapidly varying potential there is, however, a possibility of
obtaining sufficiently strong fields because it takes some time
to establish the compensating charge on the plate P.

At the edge of the coatings of leyden jars and similar
condensers analogous conditions are to be found. 1f the po-
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tential varies slowly, the lonization which takes place at the
edge causes the electric charges to be distributed in such a way
that the electric field nowhere attains a value high emough
to produce strong ionization, and a quasi-stationary state is
established, during which a feeble current leaks from one.
electrode to the other. If the potential changes very rapidly
there is not sufficient time for effecting this distribution of
the charge, and the field may attain suach high values that a
figure appears. If the condenser is subjected to high frequency
voltages, such Licurexsere discharges appear twice every
period, and the heat caused hereby will often crack the
glass.

As pointed out it is necessary to apply rapidly varying
potentials in order to get the necessary intensity of the electric
field. On the other hand the P. D. across the L. G. must not be
kept too long or with too ‘high'a. value after the LICHJ?ENBERG
discharge has ‘been started. Othervwse o addltlon to the
first formed reoular LICHTL\IBERG ﬁgure there will appear
other more eomphoatud ones and if the P. D. is kept on for
say about 1.10~% second, a spalk generally oceurs. In order
to obtain pure and simple LILHTENB]:RG figures the
L. G. must be 511]:)39(}1}8(1 to a very ‘high' 1mpuls1ve

voltage of Very short duration. And to. this Yery im
pualsivity the LicHTENBERG figures owe the great 1mportance
they undoubtedlyhave for the study of disch arges in gascs T hey
show the effect of a- very strong field of extremely short du-
ration. The field may be 50 stroncr ‘that 1t cannot be sustamed
for say 10 ¢ second Without resultmg in @ dlsruphve d1s-
charge in which most of the effects of the initial or LIUHTEI\-
BERG state of the discharge would be altogether lost. It seems
difficult to imagine any other method by which this ini'(;ia!
state of ionization could be investigated — and so easily and
conveniently investigated — the LicATENSERG figures afford;
ing an almost instantaneous picture of what is going on during
this initial ionization. ‘
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The duration of a LicatENBERG discharge is about 1.107%
second as will be shown later on. W. v. Bezorp and others
working with dust figures state that the origination of these

77e

‘f@‘{?
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Fig. 11, Lichten-
berg Figures from

i several Parallel

Electrodes.

figures takes a comparatively long time.
They have probably been led to this mis-
take by the relatively "slow movements
which are to be seen in the dust even
several minutes after the formation of the
figures. These movements are due to electro-
static forces on the dust particles and have
nothing to do with the origination of the
Licurensera figures.

The Licutexeerc figures originate and develop with
great regularity and exactness. This is easily shown by placing

Fig- 12. Positive Figure from five Electrodes.
(Air; p-= 760; I = 6; d, = 1.3; m = 0.8),

several electrodes connected in parallel on the same plate as
mdicated in Fig. 11, where the electrodes A, and A, are
connected to a metal plate and rest on the photographic
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plate 2. Separate LicETENBERG figures then start simult:
ancously from the different electrodes, and the bhoundary.
lines between the different figures are very regular, showing
the great precision with which the figures originate. Fig. 12
shows a positive and Fig: 13 a negative figure of this kindl
"W. v. Bezorp and S. Mixona have proved that the shap%
and the size of the figures are independent of the nature of
the electrode, provided : i |
only it is a good. con#.
ductor. "This . may be
easily confirmed by the -
fact ‘that the electrodes
in the Figures 12 and 13
may be made of different
metals: without thereby
in any way altering the 1
shape and size of the
combined. figure. If on
the other hand a very ‘
bad conductor . is used Fig. 13. Negative Figure from five Elec:-
as electrode, the appear- trodes. (Air; p =760;1=6; d, = 13,
. : m = 0.8). ) A
ance of the figures is :
altered as pointed out by W. v. Bezorp and S. P. THOMEP:
sont ' These irregular ﬁgures have not been included in ouf‘

 Investigation. |

Even if the metal electrode is put in a shoe of insu]atingr}>
material, for instance ebonite, say 1 millimetre thick, a regulalj*
LicuTEnBERG figure may be formed. The effect of t-hé;,
shoe is a reduction in size of the figure and some retardatioﬂ
in the discharge. In Fig. 14 and Fig. 15 the right. electrode
is with, the left Qné without, shoe and both electrodes are
connected to the same metal plate (see Fig. 11).

A similar effect is produced by placing a plate of insulating
material across the path of the figure as shown in Fig. 16. A
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glass plate 0.77 mm. thick was cemented to the sensitive

film by means of picein. It is seen that the figure is not cut

fig. 14. Positive Figure from two Parallel Brass
Blectrodes,  the Right one with a Shoé of Ebonite,
1 mm. thick. {Alrg. p = 1060; 1 ='8;-d, = 1.4;

mo==1). » )

off by the ver-
tical glass plate
but its range 1s
somewhat re-
duced.

G.. QUINCKE

-explains  this

behaviour  of
the LICHTEN-
BERG  figures
by postulating
that these figu-
res are due to
some specific
kind of rays
which are able

to pass through insulators. A closer study of Fig. 16 does not

lend sapport to QuINcKE's view: the »wrays« outside the plate

are not extensions of
the inside sraysq, but
start from the outer
sur[ace of .the glass
plate and in a di-
Tection very nearly
normal to this plate.
The outside part of
the figure is no doubt
‘due to the electric
field just outside the
glass plate caused by

Fig. 15, Negative Figure corresponding
to Fig. 14,

the sudden accumulation of charge on the innerside of this plate.
The size and shape of the L. F. are to a remarkably high
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degree independent of the nature of the insulating plate and
of the condition of its surface. Plates of glass, quartz, ebonite,
and pitch give exactly the same figures. As shown by E. W.
Brage (1870)* L. F. may also be obtained on pitch which
is heated to its melt- a

ing point. Even on
a water surface the
regular figures may be
observed, as pointed
out by E. RE1TLINGER
(1860).. The shape
and character of the
figures is exactly the
same  whether the
plate is powdered be-
fore or after the
discharge has taken
place. Thedust figures
and the photographic

. b .
figures have also th‘e; Fig. 16. Positive Figure. ab Screen of g
same shape and cha- 0.77 mm. Glagsplate cemented to the Film
of the Photographic Plate. (Air; p = 760

racter, the entire L= 85, D = 17; d, — 1.4; m — 1),

difference being that |
the dust ﬁgures are somewhat coarser and consequently do not
show such fine details as the photographic ones.

If the conductivity of the surface of the insulating plate%
is too great, the intensity of the electric field along the plate
will not attain the necessary high value and no LicHrENBERG
figure will appear, but the discharge will take some other
form. In as far as the conductivity does not attain sach a
high value, the LicurENBERG figures are entirely independent
of the state of ionization at the surface of the plate. This hag
been shown in many ways of which I shall only mention ‘the

following.
Vidensk. Selsk, Math.-fysiske Medd. I, 11.

8]
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A spark gap g’ was inserted between R, and the point e
(see Fig. 10), and a condenser C" between the point b and a
point between g and ;. €’ had a greater
capacity than €. When the p. d. across

A ¢' has reached a sufficiently high value a
é#@%ﬁi% spark passes in ¢’, the condenser C be-

B gins to be charged and a spark passes

777

Ve " through g causing a LicHTENBERG figure

Tig.17. Arrangement to be formed on the plate P. The spark
for Primary and Se-

. in g’ precedes the LIcHTENBERG figure
condary Figures. &P g

by about 1x107% second. The spark gap
g was placed above and at some distance from the photo-
éraphi,c plate, a perforated screen being inserted between
’johem‘ The distance between the spark and the photo-
éraphio platewasvaried

. Within  wide limits;
with the greatest di-

Istance the blackening
of the exposed . parts
of theplate could barely
be seen, while with the
shortest distance the
exposed spots were
completely opaque. In
all cases thesize, shape,
and character of the

figures were the same

in the exposed and in Fig. 18. Negative Secondary Figure corre-
the unexposed parts sponding to Primary in Fig. 19. abcd rect-

angular Frame of Mica cut between a and
of the figures, and no d. Thickness about 0.2 mm.

peculiarity was to be .
seen ab the places where the LicuTENBERG figures passed
from an exposed to an unexposed spot or vice versa.

Other experiments were carried out with ionization pro-
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duced by y-rays from radium enclosed in a platinum tube:

The arrangement for the producing of the LIicHTENBERG

figures was the normal
one shown in Fig. 10,
and theradium tubewas
placed on a sheet of
ebonite at a distance of
from 2 to 6 mm. above
the photographic plate.

The ebonite plate was.

1 mm. thick and had a
hole just below the
tube. The plate was ex-
posed to the y-rays for
15 to 60 seconds before
the ~Lichtenberg  dis-
charge took place, and
the exposed spots were

p=T60;1=7

m = 0.8).

: i
Fig. 19. Positive Primary Figure corre.
sponding to Secondary in Fig. 18. (Air;
3 D =24; d, = 2> 14;

accordingly more or less blackened. Many experiments were

made, but it was in no case possible to ascertain any in+

Fig. 20. Part of Negative
Secondary Figure. The
Electrode had a straight
Edge -and covered the
homogeneous Part of the
Figure. (dy, = 0.2 mm).

Fig. 21, Part of Positive
- Secondary Figure starting
Cfrom below a straight
Edge aa of the Upper
Electrode (d, = 0.2 mm).

fluence whatever of these spots of ionization upon the Lichten-

berg figures, whether they were positive or negative.

On the other hand we have also tried to remove all chance

a%
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ions from the surfaee on which the Lichtenberg figure is
formed. In order to do this a ring-shaped electrode was placed
on the photographic. plate concentric
GO with the electrode A (see Fig. 10), and a
battery in series with an induction coil
was inserted between A and the ring
electrode. The E. M. F. of the battery
was varied within wide limits and any
Fig. 22. Arrangement  pagural ionization was, no doubt, either
for Tertiary Figures.
| completely removed or at least greatly
redu(,ed The discharges took place with the battery inserted,
and the Lichtenberg figures thus formed were in no way dif-
ferent from the others.

It appears from these and other experiments. that the

|

\

|
%

|

|

Lie htenberg Afigu.-
res within extrem-
-ely wide limits are
independentof the
state of ionization
at the surface of
the plate. These
figures are thus
in a very high
degree independ-
ent of the nature
of the plate and
the  mechanical
and physical con-

, a b
face. 'We shall Fig. 23. a Lower and b Upper Tertiary Figure

later on see that for Negative Discharge. (Air; p =760; 1 = §;
D =1156; d, — 0.1; m = 1).

dition of its sur-

size, shape, and
character of the Lichtenberg figures depends almost -ex-
clusively on the nature and pressure of the surrounding gas.
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2. We have so far only considered figures which start
from the small electrode. W. G. ArMsrroxe and H. StrouD

a : b

Tig. 24. « Lower and & Upper Tertiary Figure for

Negative Discharge. (Air; p=760; I=8; D=17,5;

de = 0.1; m = 1).

(1899) and S. Mikora (1917)* have shown that very remark-
able figures may be obtained in front ol the great electrode B,
on a sensitive film at a little distance (P, Fig. 17). S. Mixowra’
calls these secondaryfigures and those formed
from the electrode A primary Lichtenberg

figures.. A secondary . figure is shown in

Fig. 18, while Fig. 19 shows the corresponding S

CESYN

primary figure. Parts of secondary figures

are also shown in Fig. 20 and 21. We call 7

Fig. 25. Arrange-'
: . o y "/ mentforSimultane-
when  the simultaneous primary figure i8 gus Positive and
positive (negative). - Negative Figures. -

A third kind of figures are obtained if two photographic

these secondary figurés negative (positive)

plates are placed between the clectrodes with the sensitive
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films against each other. We call these tertiary figures. If the

distancei ida (see Fig. 22) between the films is small, very remark-

Fig. 26. Positive Figure. (V,; p =
D =175, d,= 14; m

able and finely
shaped figures
may be obtain-
ed. Examples of
such figures are

.showu in Figs. 23

and 24. The ex-

.- planation of

these figures will
hardly offer any
greater difficulty
when the pro-

‘blems of the pri-
‘mary and se-

condaryLichten-
berg figures have
been solved.

If the two electrodes A and B are of approximately the

same size (see Fig. 25) there is simultaneously formed two

primary figures of opposite
polarity, say . a positive
from 4 and a negative
from B. This observation
was made by Lichtenberg.
- We have so far only
considered the effect of a
single impulse. The dis-
charge of the condenser C
through the circuit gmA Brb
will generally, however, be
oscillatory (see Fig. 10). The
LicaTeNsERG gap APB

Fig. 27. Negative Figure. (N,;
p=760; D=175; dy=14; m =1).



On the Lichtenberg Figures. 23

forms a small condenser of a capacity C'' which increases as
the size of the figure starting {from A increases. The pemod r
of the oscillation 1s determined by

where L is the coefficient of selfinduction of the mmmLCagsgbC
and C the capacity of the condenser C.

The damping of these oscillations depends upon the resi-
stance of the wires, the dielectric losses in the condensers the
loss in the spark gap,
but especially upon
the losses caused by
the shunt R and by
the LICHTENBERG
discharge itself. In
cases where the com- -,
bined effect of these -
losses does not give
a  sufficiently high
damping . the first
impulse will, half a-
period later, be fol-
lowed by an impulse

of opposite polarity, Fig. 28. Negative Tigure. {939, N, -~ 19/, 0 :
p=150;.D = 11.5; d = 1.4; m == 0.8),

and this latter im-
pulse will create a new discharge superposed on the previous
one. Without the shunt R (see Fig. 10) the damping of a
positive discharge at atmospheric pressure will generally be
so small that the cffect of the suceeeding negative impulse
1s rather great. The inner part of the positive figure is then
covered by the following negative discharge as shown in
Figs.12, 16,19, and 26. It is seen that this negative dischafge
mainly follows the paths of the preceeding positive one. By
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use of a suitable shunt the negative impulse may be sufficiently
reduced ; the positive figure then appears pure as in Fig. 6.
" - At lower pressure the positive figures
' will often be pure even if no shunt

& is used. The negative discharge at

P r atmospheric pressure is generally so

7 highly damped that the succeeding
1_——_ Ll - - -

B positive impulse is without any

appreciable effect ; the negativefigure

” - abe=L therefore generally appears pure as
Fig. 29. Arrangement for i Figs. 7 and 27. At lower pressures

\OSCﬂlatlng Discharges. the negative discharge is apparently
less damped and the succeeding positive impulse therefore
dble to effect a positive discharge superposed on the preceeding
negative one. TFig. 28 shows a positive discharge of this
kind: its appearance i3 g
very remarkable, but the
further discussion of this
question will be taken up
later on.

If the L. G. is shunted
y a wire abe (see Figs.
9 and 10) the period of the
eircuit CgmabengbC is in-

o

K]

creased and the damping
reduced so much that

an  ordinary, slightly

Fig. 30. Oscillating Discharge, first

Half-wave Positive.
created in this circuit L = 183 cm. (Air: p = 760; I = 10;
D =956;d,=13; m = 1).

damped  oscillation is

when a spark passes at g
In this case each of a nuwmber of succeeding half-waves of
-opposite polarity will cause discharges to take place, and the
figure made during the first discharge is overlapped by the
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succeeding figures . and
it .is rather indifferent
whether the first discharge
was positive or negative.
Fig. 30 shows a ™posi-
tive” figure of this kind
and Fig. 31 a "negative” - :
one, buf there is hardly
any difference between
them. We have not found

opportunity toinvestigate

. | § ‘
the properties of these Fig. 31. As Fig. 30, but first Half-wave
figures. Negative.

Chapter Il
General Features of the Lichtenberg Figures.’
a. Negative Figures.

1.GeneralCharacterof theNegative Figures. With
the exception of some thin dark lines which we shall consider
later on, the pure negative figure appears as a white disk
with nearly equal brightness over the whole area, except the
external boundary though, where the brightness gradually dies
away (see Figs. 7, 27, and 28). In all works dealing with Licn-
TENBERG dust figures the negative figures are only characterized
by their external boundaries, being marked by a strong
dust ring, generally appearing just outside the negative disk
(see Fig. 3). The above mentioned dark lines are so fine that
they are unable to manifest themselves clearly with the dust
method.

Using the photographic method it is clearly seen that the
negative figure 1s broken up in separate parts by a number
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of dark lines (see Figs. 7, 27, and 28). We will call each of these
Bﬁght. parts a negative flow or stream. The width of the nega-
. ‘Ljive flows varies in the same figure within wide limits, while
the' dark lines are very mnearly all of she same width. The
boundary between the dark lines and the negative streams
ié, however, not very sharply defined, the transition from the
vi‘\ihite parts to the dark ones being more or less gradual, and
there is an uncertainity of about - 0.005 mm. in the deter-
mination of the boundary line.

- The mean width of the negative flows in Fig. 27 (measured
dt a distance of 8 mm. from the electrode) is 0.68 mm., the
broadest being 1.10 mm. and the narrowest 0.18 mm. wide.
In other instances the variation is even greater (see f.inst.
Fig. 28). Strongly contrasted with this is the great constancy
in the width of the dark lines*.

The mean value of the width of 16 consecutive dark lines
in Fig. 27 was 0.095 mm., and the greatest deviation —+ 0.009
mm. The width of the different dark lines is thus at least
nearly constant, and for the same line its width is nearly the
same over its whole length, with the exception of the part in
the neighbourhood of the electrode where the dark lines are
sometimes much broader (see f. inst Fig. 28). We shall later on
return to this point.

The width of the dark lines is apparently independent
of the spark length and of the size of the electrode. To show
this we quote in Table 1 some figures obtained in air at
atmospheric pressure.

For short spark lengths it is difficult to measure the width
of the dark lines. The figures in the table give the limits
within which the width was estimated to fall. '

The mean value of the width of the negative flows also

* This constancy of the width of the dark lines seems to have escaped

the attention of 8. Mixora, probably because he preferably nsed rather
thick plates, with which these lines are broader and less regular.
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Table 1. Width of Dark Lines in Air
: . (p = 760 mm. hg)}.
Length of spark ! inmm. ....... ... 1 2. 3. b, 7. 9.

Width of dark \ electrode: D=40mm. 0.09—0.11 0.09—0.11 0.09--0.11 0.92 0.10 0.092
lines in mm. Jelectrode: point.: ... 0.09—0:11 ‘ 0.10 0.091

seems to be independent of the spark length, in other words,
the number of negative flows is nearly independent of the
spark length. ‘
The width of the dark lines depends also very little on the
nature of the gas, as shown by the following figures.
Table 2.
Mean Value of Width of
Dark Lines Negative Streams

Air p = 760mm. hg........ .. 0.095 mm. 0.68 mm,
N, — e 0095 - 068 -
H, = e 0100 - 058 -
CO, (fromflask) — ... .. o011l - 1.25 -
0, ([ — ) - e 018 - 0.50 -

With the exception of oxygen the width of the dark lines
is practically the same for all gases investigated. Also in other
respects oxygen behaves differently from air, nitrogen, hy-
drogen and carbon dioxide. The average width of the negative
flows is also nearly the same with the exception of carbon
dioxide for which gas it is nearly twice as great as for the
other four gases. .

In Fig .32 are shown some enlarged photographs* of parts
of negative figures in different gases. It is seen that there
is no great difference between figures in nitrogen (Fig. 32 a),
air (k), hydrogen (d), and carbon dioxide (f). While the lines
are straight in the three first mentioned gases, they are, how-
ever, somewhat bent in carbon dioxide. In oxygen (e) the
figures are not so regular as in the other gases.

* The width of the dark lines has been measured directly on the
LicHTENBERG plates. On copies the dark lines will often appear broader
or thinner according to circumstances. Fig. 32 is therefore not to be
used for a measurement of the width of the dark lines.
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The width of the dark lines and the flows increases
with decreasin(r pressure, this increase being especially pro-

A L5 p- %0 15 .///“z J /a.;wo deds Ay s P30 e

o @ Ve

Hy b5 p-T0 dets Oy 15 pot60 deis €O 1=5 p-760 dyds

g b 4

Ao L5 peT60 A0 i (5 Y60 dpls Air 05 pT60 d -3

R BN

7] b3 AgmLre,

Fig. 32. Parts of Negative Figures in various Gases
and at various Pressures.

nounced in case of the flows as shown in the following

table.
Table 3. Width of Dark Lines and Negative Flows for Different
Pressures.
Gas: — Nitrogen (from steel flask, 939/, IV, -+ 79/, 0,).
,,,,,,, = : -
Pressure . 760 1‘ 300 | 150 75mm. hg.
Width of dark lines... ....... 0.095 | 0.154 | 0173 0.25—0.30 mm
Average width of negatlve flows. | 0.68 0.93 1.6 2.8 mm.
. Maximum — — .o | 110 | 456 12.0 11.0 -
Minimum — — .. 018 1 03 14 1.0 -

The influence of varying pressure in the case of nitrogen
is shown in Fig. 32 a, b, c.
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The width of the dark lines and the average width of
the negative flows decreases with decreasing thickness of
the photographic plate as shown in the following table.

Table 4. Width of Dark Lines and Negative Flows
for Different Thicknesses. of Plate.

Thickness d, of plate P (see Fig. 10). .. H 0.15 \ 14 ‘ 3.7 mm.

\ |
0.055 | 010 . 025 mm.
018 | 068 ‘ 082 -

Width of dark lines...................
Average width of negative flows.. .....

This feature is illustrated by Fig. 32 g,h,i. When d, is

small both the dark lines and the negative flows are very
-

narrow. The greater
15 e,

the value of d, the
greater is also the
width of the dark )./ "*AJT\ |
lines while there / N [

seems to be a limit P ~E
value of the average ~
width of thenegative 4 =Dmer

flows. With great Ik 3o,

1

value of d, the con-
stancy of the width . AN
. . \BJ P SNoe —
of the dark lines is Z 7
1T

not so pronounced

v

and the whole figure

becomes less regular.

Onvery thin plates

o

BT g 0¢ o205 ¢ 3 4 & 6 7 g Joruts
the dark lines have A " B 2,
a tendencytobebent B - foird.

Fig. 33. Effect of Thickness of Plate (d,}

but ~are otherwise on the Range (r) of Dust Figures.

very regular.
2. Size or Range of the Negative Figures. The
size may be measured in different ways; as the size we shall
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take the range or the length r of the negative flow reckoned
from the electrode to the outermost end. It is to be expected
that the size will be dependent ﬁpon a good many things. We
shall in the following investigate the influence of some of the
most important of these factors.

W. v. Brzoup (1871)* proved that the dielectric con-
stant of the plate P (see Fig. 10) has lictle or no influence

;A e — Plate 40mm.
B —--®--—} Plate 40mms.

Ve B] ———————— POL‘M&.
95 murt.
P e _r‘*-@,\‘
N
2 r el TR A
A &
/' 4 ) \7_
& £ .. e e — —$
£/ - + |
Mt d N/ L=Srmnt,
7 s Bri ’
‘ Tee-e
] “~~
10f \\
N
5 i Jererre.
[ — ®
ol
g 5 F L5 rreim,

2,
Fig. 34. Relation between Range and Thickness
of Plate for Photographic Figures.

on the size of the figure, and our experiments, as far as they
g0, are in agreement herewith.

The thickness d, of the plate is of little importance so
long as the plate is thin, but for thicker plates there is a marked
decrease in size with increasing thickness. This is evident
from Fig. 33 which shows the results of W.v. BrzoLp’s
measurement for dust figures, and Fig. 34, containing some
of our results for photographic [icurenBERG figures. For
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very great values of d, the range very slowly approaches the
value of r corresponding to d = c.

The influence of the spark length was investigated by
W. v. Bezorp (1871)% 5. Mixora (1917) and others. BezoLp’s

r
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Fig. 35. Effect of Spark Length {I) on the Range (r) of
Positive and Negative Figures. (Air; p="160; Bezoip’s
values are for Dust Figures, the others refer to Photo-
graphic Figures. d, =1.4 in A and B-curves, by Mixora
about 3 to 4mm. D is about 20 mm. by Migora).

and Mixora’s results are shown in the lower part of Fig.
35 which also contains the results of our measurements. Both
Mikova’s and our own measurements give a linear relation
between spark length and size, while v. Bzzorp’s curve is
bent with the concavity against the l-axis. v. BezoLp's
results refer to dust figures, and the size of negative dust
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figures is generally taken as the radius of the dust Ting enclo-
sing the negative figure. Such rings do not appear in the pho-
tographic LicETENBERG figures, and it is therefore difficult
to compare the size of these two kinds of figures. It ought
to be mentioned, however, that at lower pressure the (I, r)-cur-

94 ralty.

20 (144

N \
5
ET
H l_~
/
>
/
[
f
i i 3

13 ]
4
a7 | |
10 /[:/ u/@
= &”bfa
[:)
j [
o e 77 75 90 25
. ®
i +{& Z

g a
Fig. 36. Effect of Duration of Impulse on the Range
of Positive and Negative Photographic Figures.

ves for. photographic figures become bent in the same way
as v. BezoiLp’s curve.
_ For point-electrode the (I, 7)-line seems to pass through
the origin (A7 in Fig. 35), while the (I, r)-lines for greater
electrodes starts from the l-axis to the right of the origin
(All), and the more so the greater the diameter of the elec-
trode and the thickness of the plate is. These results are in
complete agreement with the investigations of M. TomrrERL
Another point to be noted is that the angle, which the
(¢, r)-line makes with the [-axis, increases with increasing
size of the electrode, Being smallest for a point-electrode. S.
Mikora generally uses much thicker plates than we do, and
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his electrode seems to have had a diameter of about 20 mms.,
intermediate between our  point-electrode (A7) and plate-
electrode (AZ1), which had a diameter of 40 mms. Considering
all these points it appears from Tig. 35 that the agreement
between MikorLs's measurements and ours is very good.
Effect of duration of the impulse on the size of the
negative figure. In order to investigate this point we have
altered the lengths of the wires & as and bg (Fig. 10) keepmv all
other circumstances as faras
possible constant. in¥ig. 36
we have plotted the value
of r as a function of the
length L, of each of the wires
k.s and bg; For short wires
(up to about 10 metres) r is
very nearly proportional to
the square root of L, for
longer wires the increase
of r is very slow. But here

a new phenomenon sets in,

consisting in the formation Fig. 37. Negative Figure. (Wire ks
=bg==23m., seeFig. 10. {Air; p =760,

of fan shaped extensions = 4; D115 dye1.4; m—1),

outside or nearly outside
the rangé of the normal figure (see Fig. 37). The greatest
lengths of these are in Fig. 36 marked n,. This form of dis-
charge is very similar to that caused by too high tension
and both are closely connected with the Shdmg sparks in-
vestigated by M. TorpLER.

Effect of gas pressure on the range. W. v. BEzoLD

(1871)* found that
p -r = constant,

“while S. Mixora (1917) expresses the results of his measure-

ments in the empirical formula:
Vidensk. Selsk, Math.-fysiske Medd. I, 11.

SV
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r

— T

P+ R
ro and ‘k being constants.

The full curve in Fig. 38 shows the results of our measure-
ments and in the same figure curves are drawn corresponding
to Brzorp’s and Mikoua’s formulae. The constant in the
first is chosen so that Brzorp’s formula agrees with our

r
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Fig. 38. Relation between Gas Pressure and Range of the
Negative Pigures. (Air; I = 2; D = 10; d, = 1.4).

value of r for p == 100 mm. hg., while 7, and % in MigoLA’s
formula are given such values that his curve agrees with ours
for p = 100 and p = 600 mm. hg.

The differences between the three curves are not great,
and the measurements cannot be made sufficiently accurate to
determine with certainty which of the two curves is the best
representative of our experiments. There is, however, hardly
any doubt that the product p.r increases with decreasing
pressure.

The dependence of the range on the nature of the gas
has not yet been sufficiently investigated. We shall therefore
only quote the results of a few provisional measurements.
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Table 5. Range of Negative Figures in Various Gases.
(I = bmm.; p = 760 mm. hg.).

Gas: Range:
AT . e 13.0 mm.
Nitrogen from steel flask (989, IV, - 7% 0y)...... 18.0 -
Hydrogen — e ... 185 -
Oxygen — . 85 -
Carbon dioxide — e 100 -

b. Positive Figures.

1. General Character of the Positive Figures. The
positive figures will later on be subjected to a more detailed
investigation, we shall therefore at present only consider
their general appearance.

The positive figures. consist of sharply defined stems or
trunks with short, well defined branches or offshoots, see Figs. 6,
14, 16, and 19. The appearance of the figures, and especially
the ramification, depends on the nature of the gas, and we
shall later on return to this point; for the present we shall
only deal with some general features of positive figures in
atmospheric air or in nitrogen.

Effect of gas pressure on the appearance of the
figures. It has been found that the number of
branches per centimetre of trunks is proportional
to the pressure. To illustrate this point some of our results
are quoted in Table 6.

Table 6. Effect of Gas Pressure on the Number of Branches.
Nitrogen from steel flask (983 %, N, + 7%, O,).

Pressure | number &V of branches . v
» 100 —
on 1cm.of trunk p
mm. hg.
760 7.7 1.0
300 30 1.0
150 oL L4 0.76
75 : 0.64 0.85
3 036 1.1
Mean value. . 0.94

3%
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The values of NV quoted in the table are mean values for
at least 10 different trucks, and there is, and necessarily must
be, a rather great uncertainty in the determination of N.
The figures in Table 6, however, strongly support the view
that the average number of branches per centimetre of trunk
is proportional to the pressure.

We have further found that the product of gas
pressure and width of trunks is constant. This
relation, however, only holds good at the free ends of the trunks;
close to the electrode, where the different trunks cannot
find sufficient space to develop, this relation does not hold
good and cannot be expected to do so. The width of the
trunks generally decreases from the electrode outwards, and
the width ought to be measured in corresponding points.
As such we have taken points whose distance from the top
of the trunks 4s inversely proportional to the gas pressure.
The results of such a series of measurements are quoted in
the following table. '

Table 7. Effect of Gas Pressure on the Width of the Trunks.
Nitrogen from steel flask {939/, N, -+ 79, 0,).

i
Pressure | Width of trunks ’ Distance from test

r | t | point to top of trunk p-t
mm. hg. mm. ‘ mm.

760 0.12 1 0.5 91
300 | 029 | 13 87
150 0.59 ’ 26 f 89
75 1.42 3 52 106
3% 4 360 i, o 1 119
\‘ ‘ Mean value. . 98

In order to illustrate this point we have also taken a series
of microphotographs of the top end of trunks in the same gas
but at different pressures, making the magnification proportional
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to the pressure. Fig. 39 shows such a series of microphotographs.
It appears from Table 7 and Fig. 39 that the product of gas
pressure and width of trunks or branches is very nearly con-
stant in the interval from atmospheric pressure down to about
70 mm. hg. For pressures below 75 mm. hg. the width of the
trunks is greater than according to this rule.

2. The range of the positive figures is mainly de-
pendent upon the same physical constants as the range of the

o & c

(= p=760 n-9¢ (=20 P00 w88  l-075 pii0 -4

& e

b= 25 P75 m-fe =07 7o=34 =1

(9\3%‘-/’9/.% 7%02) P=3%

Fig. 89. Microphotographs of Top Ends of Trunks,
the Magnification being equal to 5%
negative figures but the influences of some of these constants
show very characteristical differences in the two cases. The
range r is, as shown by W.v. Bezorp (1871)%, independent
of the value of the dielectric constant for isotropic plates.
For crystalline plates the range may be different in different
directions, a fact first discovered by E. Wiepemann (1849)L
We shall, however, in this paper confine ourselves to the
discussion of isotropic plates.
" The range depends very much on the thickness of the
plate. W. v. Bezorp’s vesults for dust figures at atmospheric
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pressure are.indicated in Fig. 33, while Fig. 34 shows some
of our measurements for photographic LicETENBERG figures.
An example of a (dyr)-curve at lower pressure is shown in
Fig. 40. While the range of the negative figures aftains its
maximum value for very small values of d, (see Fig. 33 and
34), the range of the positive figure on the contrary is very
small for small values of dy, and attains large values for greater
values of dy. At atmospheric pressure the range is maximum
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Fig. 40. Effect of Thickness of Plate on the Range of the Positive

Figure. (Air; p = 300; ! = 2; d, = 1.4).

ior dy about 5 mm.; at lower pressure the range seems to be
maximum for dy = » (see Fig. 40.).

The relation between range and length of spark for air
at atmospheric pressure is shown in Fig. 35. W. v. BEzoLp's
measurements refer to dust figures, S. Mixona’s and ours
to photographic figures. The agreement bhetween the three
sets of measurements is not very good. The rather great
ranges found by W. v. BEzoLn are probably due to the fact
that his voltages varied too rapidly, the sparking voltages
thereby attaining too high values. The difference between
5.Mikora’s and our measurements is— partially at least— due
to difference in the thicknesses of the plates, by Mixora about
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3 or 4 mm. 1n our experiments about 1.4 mm. For small spark
lengths the character of the ({,r)-curves differs very much
for positive and negative figures. While the (l,r)-curves for
negative figures approximate straight lines, which for point
electrodes-apparently start from the origin, the corresponding
curves for positive figures all start [rom some points of the
positive l-axis and in a direction approximately normal to
this axis; this is even true for point electrodes. For greater
spark lengths the curves bend towards the I-axis and become
approximately straight- and parallel to the corresponding lines
for negative figures. |

S. MikoLa gives the following formmnlae for the range ‘ot
the positive and negative figures

r = a, VV —V, for positive figures @
and ‘
r—=a,(V—V, {or negative figures. (b)

V being the actual sbark potential and V, the smallest
P. D. capable of producing a figure. ]

According to Mixora V, has the same value in (@) and (l‘)),
that is to say that the positive and negative (I,r)-curves start
from the same point. This is, however, as we have seen, only
true in special cases. With point electrodes the negative
(l;r)-curve always seems to start from the origin while the
positive curve starts from a positive point of the l-axis. The
following experiment is also in accordance with this view.
A point electrode suddenly connected te a P. D. of 440 volts
gave small bat well defined negative LicHTENEERG figures
at atmospheric pressure. Of a positive figure no trace was
obtained even with 730 volts, the largest constant P. D. at
our disposal. The formulae (a) and (6) are thus no doubt only
approximate ones and can only be used within certain limits,
and V, will in general have different values in () and (b).

The effect of the duration of the impulse on
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the range was tested i the same way as the similar

question for negative figures, and the results are plotted in
Fig. 86. The rahge of the positive figures seems to be rather
independent, of the duration of the impulse, while for negative
figures the range is approximately proportional to this duration.
A positive figure of normal -size and character appears when

the P. D. across the L. G. has reached a certain value even

if the P. D. is only kept on during an exlremely short time.

! Fig. 41. Positive Figure. (Wire k,s = bg
= 23m.; Air; p="760; 1 = §; D = 17.5;
dy== 1.4; m == 1).

If the P. D. is ap-
plied during a rela-
tively long time, a
new discharge takes
place, the range of
which is indicated by
points marked p; and
p»in Fig. 56, In so far
there isaclose analogy
between thebehaviour
of the positive and
negative figures. But
while the negative
fanshaped discharges:
seetn to start from
the ends of individual

small sparks (see Fig. 37), the second positive discharge

seems to have exactly the same character as the first one
(see Fig. 41). The only difference between the first and
second discharge seems to be that the trunks of the last are
confined to the free spaces between the trunks of the first dis-
charge. The trunks of the second discharge are therefore

comparatively narrow in the neighbourhood of the electrode
and expand as soon as they find sufficient space to do so. (Some
of the details mentioned have been lost in the reproduction

of Figs. 37 and 40).
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W. v. Bezorp (1871)* and S. Migora (1917)! investigated
how the range of the positive figures depends upon
the pressure in the gas.

v. Bezorp found the following formula

a
r= 2

?

while S. Mixora found that

p G
(v T R
was in better agreement with his measurements. a,, a,, and k&
are constants.
One of our series of measurements is plotted in Fig. 42.
Itdoesnotagreewith any 2

of the above formulae: ‘o0 i
but with suitable values 94 |\ L= O v,
of the constants the dis- @ \
crepancies are only small
w0

m both cases. Both \.
formulae are to be con- 40

sidered as empirical and,

g
as v. BezoLp’s only con- \
tains one arbitrary con- #) A +
stant and MigoLA’s two, \
it would be natural to ¢, \\
prefer the first of the /0 N

two formulae, at least

until further evidence is a

g zZ£ 2 3 4 J & 7 48

available. 2

The range depends Fig. 42. Relation between Gas Pressure
and Range of Positive Figure.

also upon the nature of (Airs | — 0.75; d, = 1.4).

the gas, but we have
not yet made any definite measurements. The following table
contains some of our provisional results.

Joo e S
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Table 8. Ranges of Positive Figures in Various Gases.
({ = bmm.; p = 760 mm. hg.).

Gas: Range:
AIr e 23 mm.
Nitrogen from steel flask (989, Ny +79,0,) ... ... ... ... 23 -
Hydrogen — e 28 -
Oxygen — (the positive figure is very faint).. 20 -
Carbon dioxide — ... ... T 1 -

c. Secondary Figures.

1. General Features. These figures have been observed
v by W. G. ArMstroNG and H. Stroup (1899, plates I11 and TV
of Supplement), and reproductions of very fine specimens of
them are to be found in S. Migora’s paper (1917). The secon-
dary figures start on the plate P, (see Fig.17) a little outside
the edge of the upper electrode A, and continue for some
distance outwards. The negative figures consist of a series
of soft, hazy lines, while in the positive ones the lines are more
sharply defined, and from each line a great number of sharp
offshoots project outwards, almost reaching the next line (see
Fig. 20 and 21). The distance between consecutive lines in-
creases with increasing distance from the edge of the upper
electrode and with increasing distance between the lower
plate P, and the electrode B (see Fig. 17). Below the upper
electrode the plate P, shows a rather uniform light, while
the outermost part of the negative secondary figure shows a
tendency to disintegrate into round, hazy spots (see Figs. 18
and 20), and the positive figure into sharply defined but very
irregular spots (see Fig. 21).

S. Mikora states that the secondary figure always forms
a system of lines orthogonal to the discharge lines of the sirnul-
taneous primary figure. This is, however, not always truoe,
as an inspection of Figs. 18 and 19 will prove. Fig. 18 shows
a secondary and Fig. 19 the simultancous primary figure.
The plate P, rested on a rectangular frame abed of mica
which had no influence whatever on the primary figure (Fig.
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19) but caused very marked alterations in the lines of the
secondary figure (Fig. 18). A comparison between the two
figures shows that the two sets of lines are not always ortho-
gonal to each other, bul it shows also that there is some
tendency towards this orthogonality.

Chapter 1V.
Velocity of the Positive and Negative Lichtenberg
' Discharge.

1. Method of Measurement. For the elucidation of
the origination of these figures it is of great importance to

J/%_Mﬁgw_lz

e
Fig. 43. Circuit Connections in Velocity Measurements.

determine the manner in which they attain their final shape and
size. The figures may possibly originate in either of two ways:
They may almost at once attain their final shape and size
while the intensity increases during the time it takes to form
the figure; or the figures may spread out from the electrode
attaining, more or less, the final intensity as far as the dis-
charge has reached while there is no alteration outside the
instantaneous boundary of the figure. In the latfer case the
velocity of the spreading out becomes of great interest, and
if this velocity can be determined, it is thereby proved that
the figures originate by spreading out from the electrodes.

- In the following we shall describe a method for the measure-
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ments of this velocity, together with the results of a number
of such measurements under different conditions and for dif-
ferent gases.

The main principles of the measurements are indicated in
Figs. 43 and 44, of which the first shows the diagram of con-
nections and the second the form and the position of the two
upper electrodes used in the measurements. When a spark
passes through g, an electric wave starts herefrom and travels
from k, along the wire
leading to m. Here it
parts in two separate

waves, one running along
the wire mr to the elec-
trode A, and the other
along mog to the electrode
Ay The velocity of the
wave f{ronts will very
nearly be equal to the

velocity of light v =
Fig. 44: Form a.nd Position of Eleotrodes 3 % 1010, and if the wire
in Velocity Measurements.

mogq is L cm. Jonger than

mr, the wave travelling along mog will reach A; r seconds

later than the other wave reaches A, where © = f
Both electrodes being alike, their potentials will increase
in the same manner, the only difference being that the poten-
tial of A; lags = seconds behind that of A,. The discharge will
therefor start r seconds later from A, than from A4,, and if
the discharge travels a distancer, cr. from 4, before the electric
wave reaches 4,, the mean velocity u of the discharge is deter-
mined by '
Tq Ty Ty,

3. 10
- I T 3 - 101 ¢m/sec.

It is of great importance to chose the shape, size, and posi-
tions of A, and 4, in such a manner that the value of r, may
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be determined without ambiguity. Electrodes of the form
shown inFig. 44, and placed as indicated,have proved to answer
very well and have been used in almost all our experiments.
The electrodes are placed in such a way that the shortest
distance between them is slightly less than r,. The discharge
from A4, will then have reached A4; at the moment the electric
wave through the '
wire mog reaches
A;. The boundary
of the discharge
© from A, at this
moment is in Fig.
44 indicated by
adt ol g gIV. A
discharge then
starts from A; while
at the same time
the discharge from
A pushes onfurther
outward. Theresult
hereof is, that the
two dischargesmest,
in a line abb, pas-

sing through the
point a. A part,
ab, of this line 1s

Fig. 45. Positive Ve]ocityiFi‘gure.: 7 = 10m.
{Air; p = 300; [ = 2.5; d, = 1.4; m.= 0.8).

nearly straight. The behaviour of the discharges st the meet-
ing line is different under different conditions: Inpositivefigures
atatmospheric pressure both discharges pushbeyond the meeting
line, the offshoots from one side making their way for some
distance into the free spaces on the other side and vice versa.
An example hereol is shown in Fig. 45. In this case the meeting
line is not very sharp and cannot be determined with any
great accuracy. At lower pressure there is either no trespassing
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at all or at least only very little, and the meeting line is accord-
ingly very well defined. Examples of such figures are shown
in Fig. 46—49. For negative discharges the meeting line is
rather well marked at atmospheric pressure (see Fig. 50)
while at lower pressures it often becomes less sharp.

As mentioned above the meeting line starts from the point
a on A; (see Fig.
44) reached by
the discharge from
A, at the moment
the electric im-
pulse reaches the
electrode ‘4, The
first part, ab, is in
most cases nearly
a straight line
making only a
small angle with
the edge of A,
That this is so, is
easily understood.
Before the electric

impulse reaches
A;, the electric

Fig. 46. Positive Velocity Figure. L = 6 m. ) .
(Air; p == 800; { = 1; d, = 1.4; m = 0.8).  force in the space
betweenn A, and

Ag isﬂdue to the charge on A, and on the area covered by the
electric figure which surrounds A, As soon as the electric
impulse reaches 4;, the electric force exerted by the charge
on A; at points between A4, and ad® will predominate over
the force due to the charge on A4, and its figure. As we
shall see later on, the velocity increases with increasing force
and the figure starting from A4, will therefore spread with
greater velocily than that with which the figure belonging to
A, progresses further from the line aal.
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We have until now supposed the front of the waves travel-
Ling along the wires mr and mog (Fig. 43) to be so steep that
the rise in potential at the
wave front could be.con-
sidered as instantaneous.
The wave front is, how-
ever, in general not so
steep, and we will have to
consider what difference
it makes that the potential
of A, and A ; increases
“gradually instead of in-
stantaneously. The resul;t
of this gradual rise in
potential of A, is that the

Fig.47. Part of Positive Velocity Figure.  discharge does not star;t
L = 6m. (Air; p = 300; I = 2.5;
do = L4; m = 0.8).

immediately ~ when the
wave reaches A, but a
little later when the potential has attained' the necessary
value. There will, however, be the same retardation at the
electrode 4,;, and the measurement of the velecity is so far
not  affected. But i
another effect of the
gradual rise of po-
tential onght to be
considered. During
the short interval
from the moment-
the wave front just
reaches 4; to the mo-
ment the discharge
starts from A; the
electric field due to
the charge on A,

Fig. 48, Part of Positive Velocity Figure.
L=6m. (Air; p = 150; I = 28; d = 1.4;
tends to reduce the m = 0.8).
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velocity of the discharge from A, The result hereof is that
the velocity as measured comes out a little too small.
Another possible source of error may conveniently be dis-
cussed here. If the discharge does not start immediately
when the potential reaches the necessary value but is retarded
a certain time 7,
thisretardation will
be the same at A,
and 4, and will
therefore onlyaffect
the measurements
by reducing the
velocity of the dis-
‘charge from A,
during the inter-
val:', Themeasured
velocity will there-
fore in this case be
too small. It ought
to be remarked,
however, that we
have no indications

whatever of such a

Fig. 49. Reversed Positive Velocity Figure. ) retardation.
L=6m (Alr; p=1;1=02;d, =14 A slowly rising
m = 0.8).

wave front may -
fluence the velocity measurements in another way. If the wire
mr (Fig. 43) is short compared with the increasing frontal part
of the wave, the increase of voltage by reflection at A, will
not attain its normal maximum valie, while this will he the
case at the electrode A4;, the wire mog being considerably
longer than mr. The maximum voltage in this case is there-
fore greater at A; than at A, The result hereof is that the
velocity measured is too small and that the {inal range R,
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from A; is greater than the range R, from A, (see.Figs. 44, 46,
and 50).

If the maximum voltage attainable by reflection from the
end of the long wire meg is but little more than just sufficient
to start the discharge, the above mentioned effect of a rather
short wire mr may result
ina }-« at'least at first

~sight — rather strange
phenomeneon: When the
wave for the first time
reaches A, the voltage
does not attain such a
value that a discharge
takes place from A,. At
A, on the other hand,
the voltage becomes
sufficiently high and a
discharge starts from
this electrode. The wave
reflected from Al then
travels back along gom

and in the mean time : E——
the spark at g is extin- Fig. 50. Negative Velocity Figure used in

ished. The wi & the Measurement of Spark Retardation,
gmshed. €& Wire msiht, compare Ch. VII, Fig. 72. (4; on left

is in reality rather Electrode should bed,; !, =6;1, =0.2;
short, and the increase To Ionization of ).
of voltage by reflection at A, is now sufficient to start a
discharge from A,. The result hereof 1s a velocity figure exactly
similar to the ordinary ones, with the scle exception that
the réles of A, and A; have changed. An example of such a
velocity figure is shown in Fig. 49. In accordance with the
explanation given the insertion of a longer wire between m
and A, does away with this irregularity.
2. Results of the Velocity Measurements. A great
Vidensk. Selsk, Math.-fysiske Medd. I, 11, ’ 4
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number of velocity measurements have been carried out in
order to ascertain the effect of spark length, gas pressure,

O thickness of plate, and
5 :

N nature of the gas on the
4 P =60 rezere, M. velo Glty
3 Velocity of nega-
9 =2 S, 2 tive discharge. At at-

i e .

7 —1 |~ mospheric pressure the
sl ‘ vel()('zlty U is nearly pro-
72 EEA ’/ mre. portional to the spark

F}ig. 51. Relation between Velocity U length I (see Fig. 51) and
and Spark Length I for Negative = the (I, U)-curve seems to

Figures’ (Adr; pr= 7605 do = 14). pass through the origin.

With a 3mm. spark the velocity is about 1><107 em/sec. At
lower pressure the (I, U)-curve still starts from the origin

but it 1s bent with the con- &%
10:707

cavity against the l-axis (see e
the lower curves in Figs. 52 ¢ poid0gpmn g, /// 78
and B7). ' 8
. The effect of pressure on ,| |+
the velocity is seen” from A cobet 7
Fig. 53. The velocity increases
3 . . J
I.apldly Wﬂ.}h dec?ea&,mg Pres— p / -
sure. As shown in the figure 7
the experimental values fit <+
in between the curves U-Vp 2|f
= constant and U« p = con- i[ AR AL
stant. The last mentioned 0'
seems to give the best ap- 7 ¢/ ¢ - f 7 77 ;m""
proximation. Fig. 62. Effect of Spark Length on

The relation hetween velo- the Positive and Negative Velocity
. . ir; p = ; = 2.2).
city and thickness of the plate (Air; p = 300; do )
is at atmospheric pressure shown in Fig. 54. For lower pressure

the velocity does not decrease so rapidly with increasing
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value of dy. In all cases the velocity seems to be greatest for

very small values of d,.

[7 e ' We may summarize the

s ] main results as:follows:

¢ \ L1fo sun. 1. The (I,U)-curves start
: from the origin.

|
o

5

4 T / b = cprst. 2. The (p,U)-curves are ap-
3 y_\\ proximately hyperbolae
. §\ ﬁ giving very great -values
, UV = oot _ fqr the velocity at small
l 1 pressures.
o
24 ¢ 2 4

7 .10 3, The velocity is greatest
p iy,

Fig. 53. Effect of Pressure on the Th . |
Negative Velocity. (Air; {—2;d,—1.4).  Lhere is a very close
analogy between the de-
pendency of the velocity upon the constants I, p, and d,
and the dependency of the range upon the same constants.
In order to illustrate this anology //
we have in Fig. 55 shown two sets 2707 “or
of curves, the upper one giving the /

with very thin plates.

i 4 e,

relations between range and p, d,, Y287 il
and {, the lower one the corresponding o
curves for the velocity. : Y ’j\

The negative velocityis very nearly \R —_
the same in nitrogen and in air. For

other gases measurements have not
yet been made. a .
. _ . N7 J {770
Veloecity of the positive dis- £ 2 4 dmlm
. . 2
Fh arge. In air af atmospheric pres- Fig. 54, Bffect of Thick-
sure and for spark lengths between 1.5 ness of Plate on the
and 8 mm. the velocity is nearly pro-  Negative Velocity. (Air;
. p = 760; 1 = 4).
portional to the square root of the
spark length, (see Fig. 56). At small gspark lengths the velocity
is, however, much smaller than according to this rule and the
4;*
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velocity seems to be zero for a spark length of about .5 mm.

This agrees well with the fact that no positive figure is formed

r r Vs

[ = lm. = o -0 7;/@rr
N /]
N /3 766 mmtly
h

g 00 ddo ?Uw J 2 a? o 74 6 (;’
7 7 L :
(= Brhern. ,\/: L8, =160 R0 F//g
& %y goo G O ¢ 4% [ 0 ¢ 4 6 4
» % Z

Fig. 55. Comparison between Range r and Velocity U
for Negative Figures.

unless the spark length exceeds a certain value. Fig. 52 shows

a (I, U)curve corresponding to a pressure of 300 mm. hg.
and Fig. b7 a similar curve for p = 150 mm. hg. In all three

U sec

v-207

6 = Y60 reede Hey » i/"’

5
4 + /—f/_c 25t VI
3

<
v it L 3merre.

ady

o 1 2 3 4 .6 7 8m

A
Fig. 56. Effect of Spark Length on

the Positive Velocity. (Air; p ="760;.
dy = 1.3).

cases the general shape of
the curves is the same and
they all seem to start with
zero velocity at some defi-
nite spark length I', where
' is roughly proportional
to the pressure.

The relation between
velocity and gas pressure

1s shown in Fig. 58. The

velocity increases with de-
creasing pressure but seems
to attain a definite value
for very small pressures,

a value which does not differ appreciably from the value

for p = 100 mm. hg. (Fig. 58 contains only measurements
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down to p = 50 mm. hg.; later measurements have been
carried out down to p = 20 mm. hg. where the velocity was
found to be about 5.2>< 107 cm/sec in very good agréement
with the results recorded in Fig. 58).

The relation between velocity and thickness of plate is
shown in Fig. 59 for a pressure of 300 mm. hg. and a spark
length of 2 mm. At atmospheric srom.,
pressure the (dy, U)-curve has a similar 20:10”
shape: the measurements have been g d.owpwnl@y| /f
carried out, however, at the lowerpres- 4 // "
sure, which gives a better determina- '
tion of the velocity. The characteristic /
feature of the (dg, U)-curve is the

N

&
relatiw’ely very small values of U for ¥
small values of d,. It seems as if U 4} 1
P —
2

converges to zero together with d,.

Thevelocity curve has besides a rather

marked maximum for values of d,

7 a3 maire.
about 2 to 3mm. For great values 0{ '
of d, the velocity becomes rather ¢ 7 27 5 4
sme ‘
small. Fig. 57. Tfiect of Spark

An examination of the different Length on the Positive
and Negative Velocity.

; ts shows that the
sets of measurements shows that th (Air: p— 1605 d, — 1.4)

velocity depends upon the ratio of the

pressure to the spark length, but not on these two constants
separately. This relation is illustrated by the figures in Table 9,
giving the results of a series of measurements in which the
rate 1; has a value of about 300. The mean value of U is
4.1>< 107 em/sec, the highest being 4.5>< 107 and the lowest
3.8>< 107 em/sec, that is a deviation of about - 10 per cent
from the mean value. ' ’

We may summarize the main results of our measurements
of the positive velocity as follows:

ISP
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Table 9. Positive Velocity in Air. ?/; about 300.

Length of | Air Pressure r,
= =2 3101
Spark P To L v L >
I am. ] mm. hg, mi. mm. cm/fsec
0.14 40 ’ 1.6 6000 3.8><107
0.25 15 78 | 000 3.9
0.5 150 1.8 i 6000 39 -
0.5 150 84 J 6000 42 -
0.5 150 24.0 | 16000 45 -
1.0 300 9.0 1 6000 45 -
1.0 300 8.4 | 6000 42 -
25 60 | 82 | eo0 | 41 -
Mean value.. 4.1 >< 107

1. The (,U)-curves do not start from the origin, the velocity
being zero until the spark length has attained a certain value
which increases with increasing pressure.

2. For very small pressures the velocity converges to a limit-
ing value, which is not very different from the value
corresponding to p == 100 mm. Hg.

3. The (dy,U)-curves seem to start from the origin and the
velocity has a maximum value for d, between 2 and 3 mms.

4 U= FE|.

For negative figures we found a very close analogy between
range and velocity in their dependency upon the constants
I, p, and d,. This analogy is,-for the positive figures, violated
in one important point: the (p,r)-curves and (p,U)-curves
having an essentially different shape. This is the greatest
difference, but the (dg,r)-curves and the (do,U)-curves also
show marked differences (see Fig. 60).

The positive velocity in different gases has not yet been
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sufficiently investigéted'. We have in Table 10 quoted a few
quite preliminary results.

Table 10. Positive Velocities in various Gases.

SparkLength| Pressure Gas 7
™mm. mm. hg. cm/sec.
4.0 760 Air 4.8 >< 107
— : H, 4.5 -
0.5 150 Air 42 -
— — N, 3.0 -
— — v H, 3.9 -

2

3. Preliminary Discussion of the Results.
The negative velocity. We have seen that the negative
figures spread out from the electrode and it is therefore prob-

6/
8205 % or
7
6 v L=0 75 mm.
X X

T T

[ ]
4 % N +

L.
3 X
N
2| x|apmId g imare. \\
2| el =1 30pm, .N
Y

14

o Z1- 9 3 4 5 6 7 slommHy

<

Fig. 58. Effect of Pressure on the Positive
Velocity. (Air; I = 0.75)

able that these figures are due to electrons moving from the
electrode outward under the influence of the electric field
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each cansing ionization by collision along its path. For ‘the
velocity of an electron moving in air under an electric force
I the velocity U is determined by*)

u— /204 e 10-2 N (a)

e

m
1 . . e
where £ and e are in e.s. u. Putting - =5.3><10" and meca-
suring £ in volt per centimetre, this formula becomes

S

U =16 > 10° 7\/('%~(cm/sec.). . (b)

By the deduction of this formula it has been assumed
that the velocity of an electron in the direction of the electric

v

810" "%pr.

7

5 R -l

5 / \\ b =300 tlg.
|/ \

J / \\+

, N

DM~

g 7 ¢ 3 4 I 6 7 § 9 lomnul
d/g
Fig. 59. Effect of Thickness of Plate on the Positive Velocity.
‘ {Air; p = 300; | = 2.0).

force greatly exceeds its velocity of agitation. These two
velocities are, however, in this case approximately equal, and
the above formula therefore gives too great values of U, We
may write’

* J. 8. TowNsSEND: Electricity in Gases. p. 343, (Oxford 1915).
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’ E
= 6 < 106 p (C)

where 4 is a coefficient which is less than unity.
If we put p = 760 and U = 2x 107 cm/sec., corresponding
to a spark length of about 6 mm. (see Fig. 51), the electric
1" r ‘ 7

o — 5 -
b= 07 mem 700, T ol //
//Z'. Smm /

\ Pt 760mpn g /

r— 24760 My
17 B2 400 600 7] ¢ 4 éﬂ 0‘467‘3
~ &y 4
U /4 /4
P~ = Q251 |7=500 i Hy,
\

™~ z:) ///
A /? \ ,K?ﬁom/%‘//.

S R A e b A B
e Flg 60 Gomparlson of Ranoe 7 and Velomty U
T ‘ for Posmve Flgures il

f‘bréé is aecordmg 0 formula (c) % 8450 volts per
entlmetre : S

“This value is, 00O doubb of the rlght order of magnitude.
Accordmg to’ formula (¢) the. velocity should be proportional
to. the square oot of the electric force and inversely propor-
t1onal to the squdre root. of the preSbure At lower pressure
the Velomtv is nearly proportmnal to the ‘square root of the
spark length (see Figs. 52 and 57) while at atmospheric pres-
sure there seems to be a straight line relation between U and [
'(see Fig. 51). ‘With varying pressure the values of U fall
between the values determined by U-Vp = constant and
by U-p = constant (see Fig. 53).

In view of the complicated nature of the phenomenon
and in consideration of the fact that the coetfficient ¢ depends
on the ratio f}? the above facts must be said to agree fairly well
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with the supposition that the negative figures are due to
electrons moving from the electrode outwards. A closer in-
vestigation of this question can, however, not be taken up
' with advantage before a detailed theory

of the origination of these figures has

1% been established.

Y| ————  The positive velocity. If the posi-

Fig. 61. Wire m and ntjye figures are due Lo positive ions moving
connected to m and n

in Fig. 10 outwards from the electrodes, one should

expect the positive velocity to be mnch
smaller than the negative one. If, on the other hand, the
positive figures as the negative are due to the movement
of electrons, which in this case are drawn inwards to the elec-
trode, it would
be reasonable to
expect about the
same velocity for
positive and ne-
gative figures
and  especially
that the general
character of the
relations ~be-
tween the velo-
city and the con-
stants {, p, and

do would be the Fig. 62. Positive-Negative Figure.
same in  both (Air; p == 760; | = b; d, = 1.4; m = 1).
cases. Neither of these assumptions agreewith the experimental
results referred to in section 2. The positive velocity is in
general found to be about 2 to 3 times greater than the
negative, and the dependence of the velocities upon I, p,
and d, shows principal differences for positive and negative
figures.
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We shall not here take up the discussion of the origina-
tion of the positive figure, we have only stated the above
menticned difficulties in order to point out the desirability
of some control of our velocity measurements. One way of
doing this is as follows: Two equal electrodes 4, and 4, were
placed on the film of the photographic plate (see Fig. 61),
A; connected to the wire n (see Fig. 10) and 4, to m, while
the electrode B was insulated by being placed on an ebonite
stand. The two small and
equal capacities A,-plate-B
and - B-plate-A; are thus
in series -in the discharge
circit and will ~at - the
moment thedischargestarts
be subjected to the same
voltage. For positive dis-
charges the figure at A,
will be positive and the

A -figure negative, and for Fig. 63. Part of Positive-Negative
Figure, (Air; p="760; I =19; d,=1.4;

negative discharges the po- m — 0.8)

larity of the figures will
be reversed, but apart from this change in polarity the two
pairs of figures are identical. .

Fig. 62 shows such a pair of figures, the two electrodes
being parallel to each other. In the space between the elec-
trodes neither the positive nor the negative figure has attained
its final extension, the two figures having met each other before
they were completed. In the space, where they meet, the two
figures are connected by a third kind of discharge which
we shall call the neutral discharge. This neutral discharge
consists of a number of lines or bands of different broadness
and with a soft or fogey appearance. They all form extensions
of the positive trunks but differ from these by having no
branches and by their foggy appearance. (These differences
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are very clearly seen on the original photographs but have
partly been lost in the reproduction. These neutral discharges
show some other peculiarities, but we must defer the descrip-
tion hereof to a later occassion). Supposing the two figures
start simultaneously the ratio of the distances from the elec-
trodes to the neutral discharge will be equal to the ratio of
their velocities. [t will generally be more convenient to place
the two electrodes at a small angle with each other, the velocity-
ratio may then be measured at different points (see Fig. 63).
lhere may be some. uncertalnty in measuring these distances
and this method:therefore only gives an approximate value
of the velocity-ratio. The results -obtained in this way agree,
hoﬁever fairly ‘well with those obtained with the former
method as will’ be seen from the following table contammg
some of our measurements

Tabig.il, Ratio of Positive and Negative Velogities
Deterniined. by Means of Simultanéous Figures.

! |
Spark Pressure r'pos. : Tpeg. Upos. j ‘
Le]:EFh { mm. hg. min. : mm. ) T];e; i Remarks
| |
9.0 760 15.0 64 | 235 dy = 2.8 mm.
9.0 — L 140 80 175 d, =13 -
70 — 44 68 218
5.0 ! — 11.0 45 245 .
30 100 | 25 40 d, about
3. : 400 200 | 56 36 14 mm.
20 | — 180 37 49
2.0 300 175 | 53 3.3

Apother guestion of some importance is whether the velo-
city along the surface of the plate is greater than the velocity
. of a sudden discharge in free air. In order to test this point
we have made the following experiments: One of the elec-
trodes in Fig. 12 was removed to a distance of 1 to 2 mm.
from the plate, the other electrodes resting directly thereon.
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The boundary lines between the figure around the elevated
electrode and the figures from the other electrodes were there-
by displaced somewhat toward the elevated electrode, but
not appreciably more than what was to be expected on ac-
count of the greater distance. Even il this method does not
allow anything like an exact comparison. between the velocity
in free air and along a plate, the experiment nevertheless
indicates that there is no very great difference hetween the
two velocities.

Chapter V.
Preliminary Theory of the Lichtenberg Figures.

1. Theory of the Negative Figures. In Chapter
V. 3. we supposed the negative figures to be due to ionization
by collision produced by electrons moving outwards from the v
electrode. We shall now develop this working theory a little
more and try to explain some of the characteristic features
of the negative figures by means of it.

The very steep rise in potential caused by the electric
_ impulse arriving at and being reflected from the electrode
produces such a strong electric field in the neighbourhood
of the electrode that ionization by collision sets in. This initial
ionization will generally go on along the whole circumference
of the electrode but with greater intensity at some points
than at others. From those favourite points the negative
discharge, carried by the swiftly moving electrons, will spread
rapidly over the adjoining parts of the plate and thereby
automatically reduce the electric force in the adjacent points
at the edge of the electrode to such an extent that ionization
by collision ceases to take place at these points. In this manner
we get the negative discharge broken up in a number of se-
parate flows starting from points at the edge of the electrode
and distributed more or less at random along it. This question
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is best illustrated by photographs taken at rather low pressure
(see Fig. 28) where the distances between the starting points
are greater than at higher pressure.

At some distance from the electrode the different flows
have spread to such an extent that they cover the whole
circumference with the exception of the thin black parting
lines which we shall consider a little later. The exterior bound-
ary of the figure will then be a circle — we suppose. the elec-
trode to be circular — the radius of which increases until the
figure has attained its final size. We will now, for the sake
of simplicity, suppose that the ionization is so intense in the
already formed part of the figure that the drop of potential
from the electrode to the front part of the figure may be
neglected. In this case the density of the electric charge will
be the same over the entire covered area and equal to

—g =V @)
0

where V is the P. D. between the electrodes 4 and B, ¢ the
dielectric constant of the plate and d, the thickness of same
in centimetres. A corresponding surface density equal to 4 ¢/,
is found on the electrode B. The free charge on the two surfaces
will, however, only have a density of — ¢4 and - ¢, where
vV .
A (b)
The electric force at the edge of the figure depends on the
free negative charge on the electrode A and on the developed
part of the figure and the free positive charge on the elec-
trode B. If A is not too great and if we only consider poinis
in considerable distances from A, we may as a first approx-
imation neglect the influence of the charge on A and only
take account of the homogeneous circular éharge distribution
of intensity —g¢ on the surface of the plate and the corre-
sponding charge distribution4 ¢ on B. We may further
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simplify our considerations by supposing that the thickness
of the plate is very much smaller than the range of the figure.
In this case the electric force at the edge of the figure will
approximately be the same as if the figure was infinite with

Fig. 64. Sketch of Distribution of Charge
at the Bdge of a Negative Figure.

a straight edge. Fig. 64 represents a cross section of such
a straight edge and shows schematically the two charge
distributions.

As the electric force only depends upon the free charges
and as these are independent of the dielectric constant of the
plate, the forces which are active in the formation of the
figure and consequently also the size
of the figure are independent of this
constant, a result proved experi-

mentally by W. v. BEzoip. ;
In Fig. 65 ab represents the cross Fig. 6.
section of a long rectilinear strip
with a surface density of free electricity equal to o, at b
and to o, at ¢ and varying linearly from a to 4. The electric
force at a point o in the middle of the strip has a component
Ty~—Cy

in the direction va equal to 41- %5+ — —4lfl—;, where 21

is the width of the strip and 2; the gradient of the charge

density. We shall now consider the conditions at the edge
of a figure while this figure is increasing in size due to the edge
moving outwards from the electrode (see Fig. 64). The plate P
rests upon the large plane metal electrode B (see Fig. 10);
the horizontal component of the electric force at f. inst. the
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point a" on the lower surface of P is therefore very small and
may be neglected. At the point a on the upper surface of P and
just opposite a’ there will, however, be a considerable horizontal
- component, £. The effect of such parts of the charge being
at a distance from aa’, which is great compared with the
thickness of the plate, will very nearly be the same in these
two points, and the horizontal component in ¢ must there-
fore mainly be due to the charges in the neighbourhood of that
point, say, to the charges on the strip bc, the width of the
strip being equal to 2ad, where the coefficient « is considerably
greater than unity, say equal to 2. If the plate is-so thin that
the variation in the charge can be considered as linear over
the distance bc, the horizontal component will be

E — ud, gg. ©)

where % 1 the gradient of the charge density on the upper

surface of P, while ¢ is a coefficient, which is independent
of dy. The value of ¢ in the homogeneous part of the figure
mside the edge is inversely proportional to d, and we may
reasonably suppose the same to be the case within the edge
where the density is variable. If this is so, the product do‘%q:
will be independent of dy. As the size of the figure must be
determined by the intensity of the force at the edge of the
figure, our theory therefore leads to the conclusion that
the size with thin plates is independent of their thinness,
a result which is in complete agreement with our experiments
(see Fig. 33 and 34). For greater values of d, the distance

bc in Fig. 64 becomes so great that the charge does not
even approximately vary linearly between these points. The
result hereof will evidently be that E diminishes. According
to this theory we may therefore expect that the range decreases
with increasing thickness of the plate, slowly at first with
thin plates but more rapidly with thicker ones until the dist-
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ance bc becomes so great as to be comparable to the range of
the figures. In this case our suppositions do not apply any
longer, but it is casily seen that the range will approach a
certain limit when d becomes‘very great. All these de-
ductions agree with the experimental results.

The diffusion of the electrons along the surface of the
plate must also depend on the horizontal- component of the
electric force. We may therefore expect that the velocity will

s
BB

&

ORI
RIS

Fig. 66. Sketch of Cross Section of a Dark Line.

depend on the thickness ol the plate in a similar manner.
as the range, a result also borne out by the.experiments. (see
Figs. 34, 54, and 95). '
‘We shall now consider the formation of the dark lines. The
negative flow from a starting point at the edge of the electrode
spreads outwards on the surface of the plate. The velocity
is greatesl in the radial direction but a sidewards spreading
out — due to the mutual repulsion of the charge in the flow
— also takes place. This lateral movement continues until
the adjoining flow — moving in the opposite direction — is
met. Fig. 66 is a sketch of two such flows, S, moving to the
right and S, to the left. At the point s halfway between S,
and 8, the horizontal component £ of the force is necessarily
always zero, and no ionization by collision will take place
there. At points to the right and lelt of s, £ will be different
from gzero and varying with the time, the maximum value
of E increasing with increasing distance from s. At two points
Vid. Selsk, Math.-fysiske Medd. I, 11. 5
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a and b, this maximum value is just sufficient to produce
iohization, while between ¢ and & no ionization will take place.
The charge will diffuse over the whole surface, but no photo-
graphic impression is made between @ and b, a—>b thus being a
cross section of a dark line. A little consideration shows that
the distance between @ and b, i. e. the width of the dark lines,
will be very small when d, is very small and will increase
with increasing value of dy This conclusion agrees with the -
experimental facts referred to in Chapter IIIL

The present theory also leads to the conclusion that the
range ought to be proportional to the duration of the impuise.
-This is, to a certain ex’pén‘t, in agreement with the experi-
ments described in Chapter Ill. a. and illugtrated by the
Figs. 36 and 37. Wheén the voltage is kept on too long, more
complicated forms of discharges appear, but we shall not at
‘present enter into any further discussion ol this point. *

The present theory is certainly only a preliminary and
approximative one. It does not take into account the P. D.
which no doubt exists between the electrode and a point
of the figure just inside the boundary region, and it does
not say anything about the distribution of charge within
this region. Besides, some of the approximations made are
not very good. But crude as the theory is, it gives a fairly
satisfactory explanation of the origination of the negative
figure and of its qualities, and all the experimental facts seem.
to agree with our fundamental hypothesis that the negative
figures are due to electrons moving outwards from the elec-
trode and caﬁsing ionization along their path.

2. Theory of the Positive Figure. By a careful exa-
mination of all the experimental data we have collected about
the positive figures, we have been led to the conclusion that
these figures are due to positive particles moving outwards
from the electrode. There are, however, some rather great.
difficulties in the way of the acceptance of this view. Some
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of these difficulties have been removed while others are still
outstanding. The whole guestion is, however, so important
and its discussion will occupy so much space that it must
be deferred to a later paper, where some other peculiarities
of the positive discharge will also be discussed.

3. Theory of the Secondary Figure. In.the sketch,
Fig. 67, A and B denote as usual the electrodes, P the photo-
graphic plate with the film downwards. The line a,ab
represents diagrammatically a momentary distribution of the

3
........ A s T R oy
B R S R e

Fig.' 67. Sketch of Formation of a Negative
Secondary IFFigure.

free charge in the positive figure spreading out from 4. aga'd’
shows the corresponding induced charge at the lower surface
-of P, while a,’a’b represents the negative charge on the
electrode B. During the formation of the primary positive
figure the free charge at the upper surface of P and the induced
charge on its lower surface move outwards with the velocity U of
the positive discharge. If the distance between P and B is
'Véry small, so small that no considerable ionization takes
place between them, the charge on B will spread in a similar
manner, and no secondary figure appears. The plate P in this
case, when developed, shows a more or less homogeneous
blackening over the whole area below the positive figure while
the intensity outside the boundary of this figure gradually
5*
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dies away. This effect on the film is due to the Teeble ioni
zation taking place in the layer of air between the plate and B.

If the distance between P and B is somewhat greater, but
on the other hand not too great, say up to about 1 mm., the
tonization taking place in the layer of air between P and B

- gives rise to certain complications, and a secondary figure

venerally appears. We shall now consider this process a little
closer. At a certain moment the charge distribution may be as
indicated in Fig. 67. The vertical component of the electric
force at ¢, will then be very small while to the left of ¢, this
component, will have values which increase with increasing
distance from ¢,. At some point ¢ this vertical force may
be just great enough to give iomization by collision. The
in‘tens’i’ty of this jonization will rapidly increase if we go further
to the left of the point ¢, and will result in a negative charge
¢ocqc being deposited on P. This charge produces arather strong
horizontal component of the electric field at ¢, resulting in a
diffusion — generally combined with ionization — of the
charge. towards ¢,. The new charge distribution may be repre-
sented by theline ¢;e,. In the meantime the front of the charge
on the surface of P has reached the position «,b;, and the
induced charge at the lower surface of P the position «,'5,".
The charge on the electrode B will not now be represented
by the line ay"a;"b,” but rather by the dotted line shown
between d and &,”, and the vertical component of the electric
force in the space between £ and B will attain its greatest
value somewhere in the neighbourhood of the point ¢, This
force will cause a new ionization by collision between B and
P, resulting in a negative charge cyccq being‘ deposited on 2.
This -charge will again diffuse especlally towards ¢;. And so.
on. For the explanation of the positive secondary figure: it
is only necessary to reverse the sign of all charges.

It follows from this explanation that the lines of the nega-

- tive secondary figures should have the same soft and-foggy
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appearance which characterises ‘the boundary of the negative
figure. On the outer side of the lines of the positive secondary
figﬁres we may, on the other hand, expect to find offshoots
of a positive character being due to lateral diffusion of the
accumulated posttive charges. The secondary lines will evi-

@ Y/ I

FE 850,

(9% 7% 0y)

¢ =0, grem, i il po = 150 ey,
o & . o, '

Fig. 68. Tops of Trunks of Posifive Figures in Mixtures of Nitrogen
and Oxygen. Part g in Nitrogen from Steel Flask.

dently have a tendency to be parallel with the simultancous
boundary of the primary fignre, but if some obstacle is placed
in the space between P and B, it is easily conceived that a
secondary line will often start from the boundary of such an
obstacle. 1t is to be expected that the distance between the se-
=coﬁdary lines will increase with increasing distance between
P and B and with decreasing charge. On all these points theory
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and experiment agree completely with each other. This theory
also explains why there are no secondary figures directly be-
low the electrode A.

Chapter VI.

Positive Lichtenberg Figures in Various Gases.

Very few observations have been published about positive
figures in other gases than air. B, RmiTrincer (1861)% noted that

Table 12. Statistical Data of Figures in Mixtures

‘ of Nitrogen and Oxygen.
(¢ = 0.5mm.; p = 160 mm. hg. D = 18mm.; d, = L4mm.).

: @ Y]
Gas ~ © . l®eg
8 A5 8E S
- 5 285 88% g bt et Remarks
N,lo, & [ EEBiBg% I
? : z |z=58: |
per cent mmn. : | ' 1 m. % mm.
100 0 35 ] 3 2.9% 44 . 135 .| 9.5 | *Branches
9% 1 5| 3% @ 80 26 | 26 | 79 | 125 [in the top
93| T1 37 | 30 28 | 17 , 30 | 120  not counted
92 8 37T | 34 | 2% |10 | 11 | 122 '
90 10 | 42 32 | 29 | 09 | 05 | 130
85 . 15 | 40 | 36 - 30 0 0 12.0
80 20 | 35 37 29 0 0 12,0
67 33 | 32 . 28 3.1 0 | 0 116
50| 50 | 40 | 35 27t o 0 8.0
33|67 | 31 | 2 2.1 0 | 0 | 60
Mew v | 864 | 21| 214, | |

1
1

! Column & contains the average number of branches in the top, only branches exceeding

- 1 mm, in length being counted. A poinfted end of a trunk is counted as a branch.
Column » contains the average value of the total length of aJl the branches per top.,
Column ¢ the average length of branch-free trunk just below tae top.

a figure in hydrogen has more branches than-a figure in air.
W. Howtz (1905) is of the opinion that the nature of the
gas is of very little importance. S. Mixora (1917) states,
that the figures in air and in nitrogen of atmospheric origin
are similar and that figures in oxygen, hjrdrogen, carbon dioxide
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and coal gas are so faint as to be almost invisible. We have
taken some series of positive ﬁgﬁres in nitrogen, oxygen,
hydrogen, and different mixtures of these gases. Occasionally
a figure has been taken in carbon dioxide and in a mixture of
argon and air. All these experiments have been of a wholly

g% 8% 0,

, WA
+7%4 , A /. 0,

a

=05, : 0 250mm. I
£=0. Srnms, L__L___Ir—.ngm/. p l50mm l2g.

Fig. 69. Sections of Positive Figures in Mixtures of Nitrogen
and Oxygen. (Lower Section in Argon -+ Air).

preliminary nature, but some of the obtained results may be of
sufficient interest to be quoted here.

Mixture of nitrogen and oxygen. In pure nitrogen
the figures are very clear and intense, the trunks and the
ﬁ_lick branches being almost ‘black on the developed plate,
the tep branches being somewhat »weaker« and not so sharply
defined. With increasing percentage of oxygen the figure be-
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comes fainter and with 1 per cent nitrogen and 99 per cent
‘exygen it is just visible.¥) But other and more striking alter-
ations take place. In pure nitrogen there is a well develéped
toyp consisting of a system of branches at the end of each
trunk. With inecreasing percentage of oxygen this is greatly
reduced. With b percent of oxygen the t'op is reduced to about

9558 M55 H

W05 »50%Hy

L= O sz 0\%0%””’% y2 :jffﬂmmﬁzfg,

Fig. 70. Sections of Positive Figures in Mixtures
of Nitrogen and Hydrogen.

half ‘size and the remaining branches are stouter and more
trunk like (see Tig. 68). With 7 per cent oxygen many of the
trunks have no top at all but only some short irregular branches
at the end of each trunk. With 10 per cent oxygen the trunks
have a pointed end but no branches, and with still more 6xygen
the trunks are but ended. An increase in the percentage of
.oxygen ‘beyond 15 does not seem fo cause any great alter-
ation in the shape of the figure with the exception that the

o AN figures yeter to per cént of volume.:
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outermost’ bramchless part of the trunks becomes shorter.
Neither the number of trunks nor the number of branches
en each trunk — the branches in the top not being counted —
seems to depend on the composition of the mixture; the whole
offect of the oxygen is that it cuts away the top of the pure

8% A 20O LA,

5B A% G+ 10 %l

Y. -150mm g
L =05 pm. /ﬁ%‘;%&wﬂ p‘ 1 L g

Fig. 71. Sections of Positive Figures in Mixtures
of Nitrogen, Oxygen, and Hydrogen.

nitrogen figure. In order to illustrate these points [urther, we
have in Fig. 69 shown sections of figures in different mixtures
of nitrogen and oxygen (and a sector of an argon air figure),
but most of the details of the tops have unfortunately been
lost in the reproduction. Some statistical data about figures
in such mixtures have been collected in Table 12.
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Mixtures of nitrogen and hydrogen. The effect
of hydrogen is mainly to create a great number of short bran-
ches on the middle parts of the trunks while the influence
on the top is much less pronounced. Sections of such figures
are shown in Fig. 70. '

Some examples of figures in mixtures of nitrogen, oxygen
and hydrogen are shown in Fig. 7I.

On the original photographs a number of other charac-
teristic features are to be seen but in the reproductions in
Fig. 69—71 most of these have been lost, and the further
discussion of this problem must be deferred till a later paper.

Chapter VII.
Measurements of the Retardation Caused by Spark Gaps.
The velocity  of the positive or ‘ negative discharge‘ as
determined by. means of the arrangemnet shown in Fig. 43
may with a similar arrangement be used for the measure-

R, g
o R

. L .
Fig. 72. Sketch of Arrangement for Measuring
Spark Retardation.

ment of very short intervals of time. As an example hereof
we shall quote some measurements made by this method of
the retardation caused by spark gaps. A sketch of the arran-
gement is shown in Fig. 72. The spark gap g, is enclosed
in a tube of insulating material, and the inside of this tube
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may either be kept dark or-the spark gap exposed to the light
from a d. c. arc at a distance of 20 cm. from g,. We call the
two states of the gap respectively the normal and the ionized.
The ‘spark gap g, 15 inserted in a wire leading from the point
m to the electrode A,, another similar wire of equal length
leading from m to the elecirode A,, equal to A,. If there was
- no retardation in the gap g,, the discharges from A, and 4,,
caused by a spark in g,, would start simultaneously and meet
midway between A, and 4, The retardation actually caused
by g, can now be measured by determining the range‘ e .of
the discharge from A, at the moment the discharge from
© A4, starts. The retardation 7 is then equal to
ro
v

7 —

7

where v is the known velocity of the discharge from A,.
Table 13 contains some results of a set of such measure-
ments. '
Table 13. Retardation Caused by Spa{rk Gaps in Air at Atmos-
pheric Pressure. Measured by Means of Negative Figures.
Velocity v == 2.5 <107 cm/sec.)

| ! |

Spark Length Spark Gap ‘

7 11 = %‘i*'A
I ! I g5 i 2.5>< 17
1 i 2 .
mm. {‘ mm., o : ' mm. sec. o
6.0 ‘ 1.0 i normal | >1256 | >60><10--8
- : ' donized ! 50 | 20x10-8
— : — ¢ ionized | 55 2.2 5< 108
6.0 02 | normal 65 | 26><10-8
— . — | ionized 25 | 10>10-8
6.0 S l pormal | 30 | 1.2 >< 10-8
S ionized | 0.5 | 02>10-8

| | |

We have thus been able to measure the retardation caused
by an ionized spark gap whose length is only about a hun-
dredth part of the maximum spark length. By using positive
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figures at a lower pressure it is- possible to measure [fairly
accurately intervals down to or even below 1< 10— second.

The influence of different physical conditions on the re-
tardation of sparks is most easily studied by comparing two
spark gaps, one placed between m and A,, the other between
m and A4, (see Fig. 72).

-1 wish to. express my indebtedness to Mr. O. ELLExILDs
for his assistance in some of these experiments and to Mr.
J. P. CuristENsEN for his valuable help in the whole in-
vestigation.

.Royal Technical College of Copenhagen,
September 1918.

Meddelt paa Modet d. 87 Marts 1918.
Fardig fra Trykkerist d.12. ¥ebruar 1919
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