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Chapter L
Introduction and Historical Remarks .

T
HE LICHTENBERG dust figures can be made in many
ways ; one of the simplest is as follows : An electrically

neutral plate P of ebonite (Fig. 1) is placed on a metal disk 4 .
From the knob K of a Leyden jar L a spark is passed to th e

E

	

i E
Fig . It . Simple Lichtenberg Arrangement .

small metal rod A placed on P . The rod A is then remove d
and the plate P powdered with lycopodium, flour sulphur ,
or some other suitable powder . Mixtures of different powder s
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.

LICHTENBERG 1' 2 observed these figures for the first time
in the year 1777* ; since then they have formed the subject
of a Iong series of investigations . And naturally so : the figure s
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 thes e

figures is also very closely connecte d

with the history of the theories o f

electricity - one fluid and two flui d

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. Russ, E . REITLINGER, A .

Fig . 2 . Positive Lichtenberg
V. WA.LTENIIOF EN, W. v. BEZOLD ,

Dust Figure . (Air ; p = 760 ; W . G. ARMSTRONG, A. OBERBECK ,
na - 0 .8*)

	

and W . HoLTZ .

Many investigations have been carried out in order t o

ascertain the best conditions for the production of thes e

figures . Plates of various 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 th e

recording of transient electrical discharges by

J. BRowN (1888), 1 E . T. TROUVELoT (1888), '

K . HANSEN (1916 ). . 1 and others . These authors
Fig. 3 . Negative

Dust Figure .
have, however, used such high voltages that (Air ; p = 760;

rather complicated figures, like those in Figs . 4

	

7z = 0.8) .

and 5, have been obtained . Just recently M, ToEPLER (1917) 1

has published some beautiful photographs of »sliding« electrica l

discharges (Gleitfunken) . All these figures are, however, s o

complicated that they do not invite a closer study of thei r

features .
* In the following p denotes the gas pressure in millimetres o f

mercury, l the spark length in millimeters (see Fig . 10), D the diameter
of the electrode A, d 0 thickness of insulating plate both in millimeters .
m stands for magnification .

** v . VILLARSY proposed 1788 the use of a mixture of red lead and
flour sulphur. A mixture of 3 powders, viz Carnine, lycopodium, an d
sulphur has been used by K . BÜRKER'.
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W . G. ARMSTRONG in 189'7 published some simple photo-
graphic LICHTENBERG figures . Especially some of his positiv e
figures are remarkably pure and simple and many of his plates
shoe very interesting features . The beautiful illustrations

- partly in colours -- of dust figures, which W . G . .A KMSTROLN G

and H . STROUB' published in 1899 also give much valuable
information about the LICTUFNBLRG figures . *

Fig . 4. Positive Discharge with High Voltage .
(Air; p=760; 1=7; D=0 ; d o =1.4; m-0.7) .

S. MIKOLA (1917) recently published some beautif i t
photographs of simple LICHTENBERG figures - positive anld
negative obtained direct on photographic plates . Thes e
figures are very regular and characteristical and exhibit very
fine details . The photographical method of MiKoLA has
been used almost exclusively throughout this investigatio n
and this method is also -- contrary to MIKOLA 's own obser-
vation - applicable to LICHTENBERG figures in hydrogen ,

* This work of Lord Armstrong seems to he but little known ;
S . F21I Of.A f . inst . does not mention it .
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oxygen, and carbon dioxide, but the figures obtained in thes e
gases are rather faint, especially at lower pressures .

Examples of such
figures inair are shown
in Figs. 6 and 7. I n
nitrogen and argo n
the figures are stil l
brighter than in air . In
cases where the photo-
graphic method give s
too faint figures, the
ordinary dust metho d
may be used with ad-
vantage even if it doe s

Fig . 5 . Negative Discharge with High not give such delicate
Voltage . (Air ; p = 760 .1 = 7 ; D = .10 ;

	

d o = 1 .4 ; m = 0 .7) .

	

details as the photo -
graphic one .

Many investigations have formerly been carried out in th e
hope of getting an explanation of the origination of these figure s
ånd of the very remarkabl e
difference between the posi-
tive and negative ones . On
the whole very little progres s
has, however, been made .
With regard to the forme r
experiments and speculations
it is sufficient to refer to th e
papers mentioned on page 4 ,
which contain ample inform-
ation on this question .

E . REITLINGEit 1'

	

in
1860 61, tried to explain the p=760 ;1=3 ; D=0 ; do=1.4 ;m=1) .

figures on the hypothesis that electrical particles during the
discharge travel from the electrode outwards through th e

Fig . 6. Normal Positive Figure . (Air ;
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surrounding• gas . The positive and negative particles move in
different manners, this being the cause for the difference betwee n
the positive and negative figures . Even if REITLINGEIZ was -

and necessarily must have been - unable to give a satisfactory
explanation of the phenomenon, his ideas were remarkably

sound and his proofs of the close connection between thes e

figures and the electrical properties of the gas seem conclusive .

He had, in fact, solved this intricate question as far as i t
could be solved at that time . His views were, however, in the
main only supported by A. v. WALTENHOIEIV 1 , and later

investigators have worked

along other lines. As late as

1905 W. HoL-rz 1 even comes
to the conclusion that the

nature of the gas, nay eve n

gas altogether, is of little

importance with regard to
the LIOJTENBERG figures .

According to W. v. BE-

ZOLD', 2' 3, 4 who had carried .

out a series of important

investigations on this subject Fig.7 . Normal Negative Figure. ( Air !I,
p=760 ;1=7 ; D=O ; d 0 =1.4; in=1) c

the figures are due to an
currents . He supposes - rather arbitrarily - that the nega-

tive figure is formed by air currents going ou toutwards from
the electrode while air currents in the opposite directio n
produce the positive ones . He tried to prove this hypothesi s
by experiments on powdered water. By means of a tube

the end of which was just at the surface of the powdere d
water, a small amount could suddenly be either added t o

or drawn away from the bulk of water . In the first case a
»negative« 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, bu t
the interior part was of negative character, and similarl y
for negative discharges . E. MACH and S . DOUBRAVA 1 denied
the correctness hereof, and Figs . 8 and 9 show that these
authors were right : the exterior and the interior part of th e
figures are either both of positive or both of negative charac-
ter . The mistake made by v. Brzol.u is, however, very excus-

able ; it would be al-

most impossible t o

settle this question b y

the dust method . We

shall later see that the

LICHTENBERG figures

are formed with such

great velocity that air

currents cannot hav e

any appreciable in-
fluence .

G. Qur cicE' sees

in the often mentione d

figures an interaction

of different sorts o f
rays : positive rays

able to penetrate millimetres of insulators, negative rays ,
and retrograde rays of two different kinds . His positive and

negative rays even seem to be of composite nature con-

sisting of both quickly moving particles and electromagnetic
i}adiation . This explanation of the LICHTENBsun figures wil l
hardly be accepted as satisfactory .

S . MTKOI .A1 in his above mentioned, paper also gives som e
new and rather startling hypotheses . His views may be sum-
marized as follows : Electromagnetic impulses are emitte d
from the edge of the condenser, when impulsively discharged .,
These impulses, travelling along the conductor, produce po-

Fig. 8 . Positive Figure obtained with Ring-
shaped Electrode . (Air ; p

	

760; l - 3 ;
7n=0.9) .
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sitive and negative ions of great velocity, which move rapidl y
along the conductor and with certain intervals of time caus e
the emission of electromagnetic impulses, which in 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 ha s
been spent in order to elucidate this question, we know, u p
to the present, little more about the origination of these
figures than LIGHTEN BERG did .
This fact will probably explain
the present lack of interest i n
this question . Neither in J . J .
Timms oT~ : Conduction of Elec -
tricity through Gases (1.906) ,
nor in J . S. TOWNSEND : Elec -
trici ty in Gases (1915), nor in A .
WINKELMANN : Handbuch der
Physik (1908), is the name
Of LICHTENBERG tO he found .

The aim of the present
investigation is to throw som e
light on the main features of the origination of the LICHTEN-

BERG figures . The results obtained seem to indicate that th e
elucidation of the origination of these figures will probably
prove to be of great importance for the study of the proces s
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 LICHTENBERG 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 .

Fig . 9 . Negative Figure obtaine d
with Ringshaped Electrode . (A i r ;

p=760 ;1=6 ;nz=0.9) .
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Chapter I L
General Remarks on the Originatio n

of the Lichtenberg Figures .

1 . MosT of the experiments described in the following ar e
carried out with the arrangement shown in Fig. M. The con -
denser C' can be charged through the great resistances Ri

L

,,E
Fig. 10. Diagram of Circuit for ordinary

Lichtenberg Figures .

and R2 from a small influence machine connected to M1

and M2. The resistance Ri is a slate pencil, and R 2 either a
skate pencil or a thin piece of wood . The spark gap g has 4 cm .
brass balls, k,_ and k2 . The small electrode A generally rests
on the sensitive film of the dry plate P placed on the meta l
disk B which is connected through the wire nqb and resistanc e
R 2 with one pole of the electric machine . The connecting
wire is earthed at b . Electrode A, plate P, and electrode B

form what we will call the LICHTENBERG gap (L. G .) . When
working with other gases than air and in rarefied gases the
L' . G. was enclosed in a bell. jar, the wire in being carried air -
tight through the side of the jar . The figures are said to b e
positive when ki is positive before the spark passes over .
The electrical machine must be rotated very slowly, especi -
ally when working with short spark lengths, in order to ge t
a definite sparking voltage and to avoid the passage of mor e
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 dampin g

of the oscillations in the circuit CgAPBC, but its main objec t

is to bring about that the potential of the electrode A befor e

and after a discharge is equal to that of the earth connec-

tion E. Otherwise the removal af 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 plated .

The figures only appear if the P . D. across the L . G. i s

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. REiss (1864) 1 ; S . MIKOLA' herefrom draws the

conclusion that the formation of these figures is due to the

rapid variation in the potential across the L . G., and does

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 alon g

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 rathe r

doubtful hypotheses in order to explain the necessity of a
very steep rise in the P . D. across the L. G. in order to ob -

tain LICHTENBERG figures . We need only consider the cir-

cumstances connected with the commencement of a LICIITEN -

BERG discharge a little closer . The spark in g (see Fig . 10 )
starts an electric wave along the wire k 2 Jn . The maximum

voltage of this wave is partially reflected at A and the reflected

wave travels back along mk 2 . The potential at A is the sui u

of the potential of the incident and of the reflected wave ,

and if the capacity of A. is small, the maximum potential
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at A will be almost equal to twice the sparking voltage. I n
comparing the effect of a stationary voltage across the L . G .
with that of an impulsive voltage caused by a spark as in
Fig. 10, the former must be about twice the sparking
voltage. But a statical voltage however great does not produc e
LICHTENBERG figures . So far Minoi„i is right . A static voltage
in this connection means a voltage which has been raise d
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-
niences . But no disruptive discharge takes place becaus e
the ionization current is charging the surface of the insulatin g
plate P and thus automatically keeping the intensity of th e
electric field between A and P below 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 surfac e
Of the plate is going on, but the electric field nowhere attain s
a value sufficiently high to produce disruptive discharges o f
any kind . It is not before the diffused charge in sufficien t
quantity has reached the edge of the plate that the electri c
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 investigate d
by TOEPLER.

The reason why the LICHTENBERG figures do no t
appear with slowly varying potentials is simply
that the intensity of the electric field in this cas e
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 tim e
to establish the compensating charge on the plate P .

At the edge of the coatings of leyden jars and simila r
condensers analogous conditions are to be found . 1f the po-
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tential varies slowly, the ionization which takes place at th e
edge causes the electric charges to be distributed in such a way
that the electric field nowhere attains a value high enough
to produce strong ionization, and a quasi-stationary state i s
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 such high values that a
figure appears . If the condenser is subjected to high frequency
voltages, such LICHTENBERG discharges appear twice ever y
period, and the heat caused hereby will often crack th e
glass .

As pointed out it is necessary to apply rapidly varyin g
potentials in order to get the necessary intensity of the electri c
field . On the other hand the P. D. across the L . G. must not b e
kept too long or with Inc high a value ofLerthe LIOUrENBER G

discharge has been st arii .d . Üther\vise, in, addition to the,'
first formed, ecgular LzcRTENBERG figure, there will appear;
other more complicated ones and, if the P . D. is kept on for

say about 1 .10- 6 second, a spark generally occurs . In orde r
I:o obtain pure and simple LICHTENBERG figures th e
L . G. must be subjected to a very high impulsiv e
voltage of very short duration. And to this very imp
pulsivity the LICHTENBERG figures owe the great importanc e

they undoubtedly= have for the st "ly of discharges in gases . They
show the effect of a very strong field of extra na?ly short du -
ration. The field may be so strong tlmI it 4 nutlet he sustained
for say 10-6 second wzthou, ro-sulting in a disruptive dis-
charge in which most of the effects of the initial or LICHTEN -

BERG state of the discharge would be altogether lost . It seems
difficult to imagine any other method by which this initia l
state of ionization could be investigated - and so easily an d
conveniently investigated - the LICHTENBERG figures afford -
ing an almost instantaneous picture of what is going on durin g

this initiai ionization
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The duration of a LICHTENBERG discharge is about 1 .107g

second as will be shown later on. W . v . BEZOLD and others
working with dust figures state that the origination of thes e

figures takes a comparatively long time .
They have probably- been led to this mis -
take by the relatively slow movement s
which are to be seen in the dust even
several minutes after the formation of th e
figures. 'these movements are due to e]ectr o
static forces on the dust particles and hav e
nothing to do with the origination of th e
LICHTENBERG figures .

The LICIITENBERG 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 ; l = 6 ; d o = 1.3 ; m = 0.8) .

Several electrodes connected in parallel on the same plate a s
indicated in Fig. 11, where the electrodes A, and A 2 are
connected to a metal plate and rest on the photographic

Fig . 11 . L,ichten -
bérg Figures from

several Parallel
Electrodes .
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plate P. Separate LICHT .ENBERG figures then start simult-
aneously from the different electrodes, and the boundary
lines between the different figures are very regular, showi n
the great precision with which the figures originate . Fig. 12
shows a positive and Figs 13 a negative figure of this kind

W . V . BEZOLD and S . MIIor.A have proved that the shape .

and the size of the figures are independent of the nature o f
the electrode, provided
only it is a good con-
ductor. This may be
easily confirmed by the

fact that the electrode s
in the Figures 12 and 13

may be made of different
metals without thereby
in any way altering the
shape and size ,of the
combined figure. If on
the. other hand a very
bad conductor . is used
as electrode, the appear-
ance of the figures is
altered as pointed out by W. v. Bh;zoLD and S. P. TnoMP T

so-Nl . These irregular figures have not been included in ou r
investigation.

Even if the metal electrode is pute in a shoe of insulatin g
material, for instance ebonite, say 1 millimetre thick, a regula r
LICHTL+'NBERG figure may be formed. The effect of the
shoe is a reduction in size of the figure and some retardatio n
in the discharge . In Fig: 14 and Fig 15 the right electrod e
is with, the left one without, shoe and both electrodes ar e
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

Fig . : 13. Negative Figure from five Elec;
trodes . (Air ; p = '760 ; 7. - 6 ; do = 1 .3 ;

na = 0.8) .
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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

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

G . . QUINCRE

explains this
behaviour of
the LICHTEN -

BERG figure s
by postulating
that these figu -

.ig . 14 . Positive Figure from two Parallel Brass res are due t o
Electrodes, the Right one with a Shoe of Ebonite, some specifi c

mm. thick. (Air ; p = 7GO ; l - 8 ; d„

	

1 .4 ; kind of rays
m

	

1) .
which are abl e

o pass through insulators. A closer study of Fig . 16 does no t
lend support to QUrNCIcE ' s view : the »rays« outside the plat e
are not extensions o f
the inside »rays«, bu t
start from the outer
burface of the glass
plate and in a di -
rection very nearl y
normal to this plate .
The outside part o f
the figure is no doubt
due to the electric
field just outside th e
glass plate caused by
the sudden accumulation of charge on the inner side of this plate .

The size and shape of the L . F. are to a remarkably high

Negative Figure correspondin g
to Fig . 14.

Fig . 15 .
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degree independent of the nature of the insulating plate an d
of the condition of its surface . Plates of glass, quartz, ebonite ,
and pitch give exactly the same figures . As shown by E . W.
BLAKE (1870) 1 L. F. may also be obtained on pitch which
is heated to its melt-
ing point . Even on
a water surface the
regular figures may be

observed, as pointed
out by E . REITLINGE R

(1860) 1. The shap e
and character of the
figures is exactly th e
same m,hether the
plate is powdered be -
fore or after the
discharge has taken
place. Thedust figures
and the photographic

b
figures have also the Fig . 16 . Positive Figure. ab Screen of a

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 plat e
is too great, the intensity of the electric field along the plate
will not attain the necessary high value and no LICIITENBERG

figure will appear, but the discharge will take some other
form . In as far as the conductivity does not attain such a
high value, the LICnTENBERG figures are entirely independent
of the state of ionization at the surface of the plate . This has
been shown in many ways of which I shall only mention the

following.
Vidensle . Selsk. Math. fysiske Medd . I, il. .

	

2

same shape and cha- 0.77 mm. Glassplate cemented to the Fil m

rader, the entire of the Photographic Plate . (Air ; p = 760 '
l

	

5 ; D = 17 ; d e = 1 .4 ; m = 1) .
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A spark gap g ' was inserted between R1 and the point a

(see Fig . 10), and a condenser C' between the point b and a
point between g' and R 1 . C' had a greate r

tit capacity than C. When the p . d . across
g ' has reached a sufficiently high value a
spark passes in g', the condenser C be-

B

	

gins to be charged and a spark passes
it

	

through g causing a LICHTENBERG figure
I îg .17. Arrangement to be formod on the plate P. The spark
for Primary and Se- in g ' precedes the LICHTENBERG figure

condary Figures.
by about 1 x 10-

6 second. The spark gap
g' was placed above and at some distance from the photo -
graphic plate, a perforated screen being inserted between
them. The distance between the spark and the photo -
graphic platewas varie d
vithin wide limits ;
with the greatest di -
stance the blackening
Of the exposed parts
of the plate could barely
be seen, while with th e
shortest distance the
exposed spots were
completely opaque . In
all cases the size, shape ,
And character of the
figures were the same
in the exposed and in Fig . 18 . Negative Secondary Figure corre -

the unexposed parts spending to Primary in Fig . 19. abed rect-
angular Frame of Mica cut between a an d

of the figures, and no

	

cl . Thickness about 0.2 mm .
peculiarity was to b e
seen at the places where the LICHTENBERG figures passe d
from an exposed to an unexposed spot or vice versa .

Other experiments were carried out with ionization pro-
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duced by 1-rays from radium enclosed in a platinum. tube .
The arrangement for the producing of the LICHTENBERG

figures was the normal
one shown in Fig. 10 ,
and the radium tub e was
placed on a sheet o f
ebonite at a distance o f
from 2 to 6 mm. above
the photographic plate .
The ebonite plate was.
1 mm. thick and had a
hole just below th e
tube. The plate was ex-
posed to the 1-rays for
15 to 60 seconds before
the Lichtenberg dis-
charge took place, and
the exposed spots wer e
accordingly more or less blackened . Many experiments were
made, but it was in no case possible to ascertain any in

Fig . 19 . Positive Primary Figure corr e
sponding to Secondary in Fig . 18 . (Air ;
p= 760 1=7 ; D=24 ; d o =2x1.4 ;

in, = 0 .8) .

Fig. 20. Part of Negative
Secondary Figure: The
Electrode had a straigh t
Edge and covered th e
homogeneous Part of the
Figure . (d, = 0.2 mm) .

Fig. 21 . Part of Positiv e
Secondary Figure startin g
from below a straigh t
Edge as of the Upper
Electrode (dz = 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
2*
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ions from the surface on which the Lichtenberg figure is
formed . In order to do this a ring-shaped electrode was place d

on the photographic plate concentri c
with the electrode A (see Fig . 1 .0), and a,
battery in series with an induction coil
was inserted between A and the rin g
electrode . The E . M. F. of the batter y
was varied within wide limits and an y

Fig. 22 . Arrangement natural ionization was, no doubt, either
for Tertiary Figures .

completely removed or at least greatly
reduced . 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 an d
Lichtenberg figu-
res within extrem-
ely wide limits are
independent of th e
state of ionization
at the surface o f
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-
dition of its sur -
face. We shall Fig . 23 . a Lower and b Upper Tertiary Figure
later on see that for Negative Discharge . (Air ; p = 760; l = 8 ;

D = 17 .5 ; d . =0.1 ;m = 1) .
size, shape, an d
character of the Lichtenberg figures depends almost ex-
clusively on the nature and pressure of the surrounding gas.

other experiments that the

a

	

b
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2. We have so far only considered figures which start
from the small electrode . W. G. ARMSTRONG and H . STROU D

a

	

b

Fig. 24. a Lower and h Upper Tertiary Figure fo r
Negative Discharge . (Air ; p= 760 ; l = 8 ; D= 17,5 ;

d,=0.1;m -1).

(1899) 1 and S . MIKOLA (1917) 1 have shown that very remark -
able figures may be obtained in front of the great electrode P ,
on a sensitive film at a little distance (P2 Fig . 17) . S . MIKOLA

calls these secondary figures and those formed
from the electrode A primary Lichtenberg
figures . A secondary figure is shown in
Fig. 18, while Fig. 19 shows the corresponding
primary figure . Parts of secondary figure s
are also shown in Fig. 20 and 21 . We call

	

72

these secondary figures negative (positive) Fig. 25 . Arrange -
ment forSimultan e

when the simultaneous primary figure is ous posi tive and

positive (negative) .

	

Negative Figures .

A third kind of figures are obtained if two photographi c
plates are placed between the electrodes with the sensitive
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films against each other . We call these tertiary figures'. If the
distance; { da (see Fig. 22) between the films is small, very remark -

able and finely
shaped figures
may be obtain -
ed . ed. Examples of
such figures ar e
shown in Figs . 2 3
and 24. The ex-

planation o f
these figures will
hardly offer any
greater difficulty
when the pro-
blems of the pri-
mary and se-
condaryLichten -

Fig . 26. Positive Figure . (N 2 ; p = 760 ; l - 5 ;
D = 17 .5; d, = 1 .4 ; iv = 1) .

	

berg figures hav e
been solved .

If the two electrodes A and B are of approximately th e
same size (see Fig . 25) there is simultaneously formed tw o
primary figures of opposite
polarity, say a positive
from A and a negativ e
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 circuitginABnb
will generally, however, b e
oscillatory (see Fig . 10)1 . The
LICHTENBERG gap APB p=760 ; D=17.5 ; 4=1.4 ; m=1).

Fig . 27 . Negative Figure. ( N 2 ;
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forms a small condenser of a capacity C " which increases as
the size of the figure starting from A increases . The period T
of the oscillation is determined by

„

CH- C"'

where Lo is the coefficient of selfinduction of the circuit Cagsqb C
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, th e
loss in the spark gap,
but especially upo n
the losses caused b y
the shunt R and by
the LICIITENBER G

discharge itself. In
cases where the com-
bined effect of these
losses does not giv e
a sufficiently high
damping the first

impulse will, half a

period later, be fol

lowed by an impulse
of opposite polarity, Fig . 28 . Negative Figure . (93 °/a N z -; 1e/o 02 ;

p = 150 ; D = 17 .5 ; cl = 1 .4 ; rn = 0 .8 )
and this latter im-
pulse will create a. new discharge superposed on the previou s
one. Without the shunt R (see Fig . 10) the damping of a

positive discharge at atmospheric pressure will generally b e
so small that the effect of the succeeding negative impuls e
is rather great. The inner part of the positive figure is then
covered by the following negative discharge as shown i n
Figs. 12, 16, 19, and 26 . It is seen that this negative discharge
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 .

m At lower pressure the positive figure s
will often be pure even if no shunt
is used. The negative discharge at
atmospheric pressure is generally so
highly damped that the succeeding
positive impulse is without any
appreciable effect ; the negative figur e

a a& =L therefore generally appears pure as
Fig . 29 . Arrangement for in Figs . 7 and 27 . At lower pressure s

(Oscillating Discharges . the negative discharge is apparently
Iéss damped and the succeeding positive impulse therefor e
able to effect a positive discharge superposed on the preceedin g
negative one . Fig. 28 shows a positive discharge of this
kind •, its appearance is
very remarkable, but the
further discussion of this
question will be taken u p
later on .

If the L. G. is shunted
by a wire abc (see Figs .

29 and 10) the period of the
circuit CgmabcngbC is in-
creased and the dampin g
reduced so much that
an ordinary, slightly
damped oscillation i s
created in this circuit
when a spark passes at g .
In this case each of a number of succeeding half-waves o f
opposite polarity will cause discharges to take place, and the
figure made during the first discharge is overlapped by th e

Fig. 30 . Oscillating Discharge, firs t
Half-wave Positive .

L = 133 cm . (Air : p - 760 ; l = 10 ;
D=9.5 ;do =1.3 ;în= 1) .
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succeeding figures an d
it is rather indifferent
whether the first discharge
was positive or negative .
Fig. 30 shows a "posi-
tive" figure of this kin d
and Fig. 31 a "negative "
one, but there is hardly
any difference between
them. We have not found
opportunity to investigate
the properties of these
figures .

Fig. 31 . As Fig. 30, but first Half-wave
Negative .

Chapter Ill .
General Features of the Lichtenberg Figures . -

a. Negative Figures .

1 . General Character of theNegativeFigures.With
the exception of some thin dark lines which we shall conside r
later on, the pure negative figure appears as a white disk
with nearly equal brightness over the whole area, except th e
external boundary though, where the brightnes s 'gradually die s
away (see Figs . 7, 27, and 28) . In all works dealing with LIen-

TENBERG dust figures the negative figures are only characterized
by their external boundaries, being marked by a stron g
dust ring, generally appearing just outside the negative dis k
(see Fig. 3) . The above mentioned dark lines are so fine tha t
they are unable to manifest themselves clearly with the dus t
method .

Using the photographic method it is clearly seen that th e
negative figure is broken up in separate parts by a number
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df dark lines (see Figs . 7, 27, and 28) . We will call each of thes e
bright parts a negative flow or stream. The width of the nega-
tive flows varies in the same figure within wide limits, whil e
the dark lines are very nearly all of the same width . The
boundary between the dark lines and the negative streams
is, however, not very sharply defined, the transition from th e
white parts to the dark ones being more or less gradual, an d
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 (measure d
at 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 constanc y
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 z 0.009
mm. The width of the different dark lines is thus at leas t
nearly constant, and for the same line its width is nearly th e
same over its whole length, with the exception of the part i n
the neighbourhood of the electrode where the dark lines ar e
sometimes much broader (see f . inst Fig. 28) . We shall later on
return to this point .

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

For short spark lengths it is difficult to measure the widt h
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 als o

* This constancy of the width of the dark lines seems to have escape d
the attention of S . MIiroLA, probably because he preferably used rathe r
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 l in mm	 1 .

	

2.

	

3.

	

5.

	

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 .09 2

lines in mm . i electrode : point . . . 0.09-0.11

	

0.10 0.09 1

seems to be independent of the spark length, in other words ,
the number of negative flows is nearly independent of th e
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 Stream s

Air

	

= 760 mm. hg,	 0 .095 mm . 0 .68 mm .
N, . 0.095

	

- 0 .6 8
Ha . 0.100

	

- 0 .5 8

C0 2 -(fromllask) - : . . . 0.11 1 .25

	

-

O Z

	

(

	

-

	

) - . . . . . . . . . 0 .18

	

- 0.50

	

-

With the exception of oxygen the width of the dark line s
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 carbo n
dioxide for which gas it is nearly twice as great as for th e
other four gases .

In Fig .32 are shown some enlarged photographs* of part s
of negative figures in different gases . It is seen that ther e
is no great difference between figures in nitrogen (Fig. 32 a) ,
air (h), hydrogen (d), and carbon dioxide (f) . While the line s
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 th e

LICHTENBERG plates . On copies the dark lines will often appear broader

or thinner according to circumstances . Fig . 32 is therefore not to b e
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 decreasing pressure, `this increase being especially pro -

ca

	

b

	

c

..Qrl- L°5 6-760 cL=O.p.S %r C=S" p=760 da-1.4 3Lr G-S p=760 ô -3. 7

	 I	 l	 l'	 l	 l	 f
0

	

j

	

:Lamm .
Fig. 32 . Parts of Negative Figures in various Gases

and at various Pressures .

nounced in case of the flows as shown in the followin g

table .

Table 3. Width of Dark Lines and Negative Flows for Differen t
Pressures .

Gas : - Nitrogen (from steel flask, 93 0 / 0 N 2 f 7 0/0 0 2 ) .

28

15 0Pressure 760

	

300 75 mm. hg.

Width o

	

dark lines	 0 .095

	

0 .154 0 .173 0 .25-0 .30 mm

Average width of negative flows . 0.68 0.93 1 .6 2.8 mm .
Maximum -

	

- 1 .10 4.5 12.0 11.0

	

-
Minimum

	

- 0.18 0.3 1 .4 1 .0

	

-

The influence of varying pressure in the case of nitrogen

is shown in Fig . 32 a, b, e. .
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The width of the dark lines and the average width of
the negative flows decreases with decreasing thickness o f
the photographic plate as shown in the following table.

Table 4 . Width of Dark Lines and Negative Flow s

for Different Thicknesses of Plate .

Thickness d o of plate P (see Fig . 10) . . . 0 .15 1 .4 3.7 mm .

Width of dark lines	 0.055 010

	

025mm .
Average width of negative flows	 0.1.8 0.68

	

0 .82

	

-

nnIInn~nnnnn '
nnIl~lr

nnn
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nn11nnnn

.

; ; .
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.

~~1

040

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

small both the dark lines and the negative flows are very
narrow. The greater j'

1s.

the value of d o the
greater is also the
width of the dark
lines while ther e
seems to be a limit
value of the averag e
width of the negative
flows . With great
value of do the con-
stancy of the width

.5"

of the dark lines i s
not so pronounced
and the whole figur e
becomes less regular .

On very thin plates o
murt

th d

	

l

	

h

	

°
u2

	

5 1 4 .3 4 6

	

7 3 9 10the dark - Ines ave

	

~_=per

	

Rr~

a tendencytobebent

	

B-• ®- +Bolt

but are otherwise Fig . 33. Effect of Thickness of Plate (d o )
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



30

	

Nr . 11 . P . O . PEDERSEN :

take the range or the length r of the negative flow reckoned
from the electrode to the outermost end' . It is to be expecte d
that the size will be dependent upon a good many things . We
shall in the following investigate the influence of some of the
most important of these factors .

W. v . BEzoLD (1871) 4 proved that the dielectric con-
stant of the plate P (see Fig . 10) has little or no influenc e

..P. --~- -Plate -omtr.
B -•~• - Plat, 40//Wt.
BI

	

1 +Point.r

.2

1

a'

:• \

.

/~~

'

f -~ r

/
-- ~

1tL11L,

_

~ Sava.
•

.

,i

0 10S 1.5'/nob.

d~

Fig. 34. Relation between Range and Thicknes s
of Plate for Photographic Figures .

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

The thickness do of the plate is of little importance s o
long as the plate is thin, but for thicker plates there is a marke d
decrease in size with increasing thickness . This is evident
from Fig. 33 which shows the results of W. v . BEZOLD 'S

measurement for dust figures, and Fig . 34, containing som e
of our results for photographic LICHTENBERG figures . For
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very great values of do the range very slowly approaches the
value of r corresponding to d = a. .

The influence of the spark length was investigated b y
W. v. BEZOLD (1.871 ) 4, S . MIKOLA (1917) and others . BEzoLD's

nrøz

	

I ~
Be .̀old 3lZi~~k

O

~ ~~~ /.

/ .' ~~

•BZ

~~ p
Bezold

i'•'/.~

~

1

	

6

O ~1 Point .

	

l o BI Point.
- 1 0 ,i'/.IIPlade eia/ca/e. `OO BIIPØ 22o/ram.

Fig . 35. Effect of Spark Length (l) on the Range (r) o f
Positive and Negative Figures . (Air ; p=760; BEzoLD' s

values are for Dust Figures, the others refer to Photo -
graphic Figures . coo =1 .4 in A and B-curves, by MIK0L A

about 3 to 4mm. D is about 20mm . by MIKOLA) .

and MixoLA's results are shown in the lower part of Fig .
35 which also contains the results of our measurements . Both
NIIKOLA's and our own measurements give a linear relatio n
between spark length and size, while v . BEzoLD's curve is
bent with the concavity against the l-axis. v. BEzoLD's
results refer to dust figures, and the size of negative dust

o~ y

90

15

à-
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figures is generally taken as the radius of the dust ring enclo-
sing the negative figure . Such rings do not appear in the pho-
tographic LICHTENBERO 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 (l, r)-cur -

r
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Fig. 36 . Effect of Duration of Impulse on the Rang e
of Positive and Negative Photographic Figures .

ves for. photographic figures become bent in the same way
as v. BEZOLD ' S curve .

For point-electrode the (l, r)-line seems to pass throug h
the origin (AI in Fig. 35), while the (l, 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 . TOEPLERI.

Another point to be noted is that the angle, which th e
(l, r)-line makes with the l-axis, increases with increasin g
size of the electrode, being smallest for a point-electrode . S .
MIKOLA 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 (AI) and plate-
electrode (All), which had a diameter of 40 mms . Considering
all these points it appears from Fig . 35 that the agreement
between MIKOLA ' S measurements and ours is very good .

Effect of duration of the impulse on the size of th e
negative figure . In order to investigate this point we have
altered the lengths of the wires k 2s and bq (Fig . 10) keeping al l
other circumstances as far a s
possible constant . 1nFig . 3 6
we have plotted the valu e
of r as a function of th e
length Lo of each of the wire s
k2s and bq . For short wires
(up to about 10 metres) r i s
very nearly proportional t o
the square root of La, fo r
longer wires the increas e
of r is very slow. But here
a new phenomenon sets in ,
consisting in the formatio n
of fan shaped extensions
outside or nearly outsid e
the rangé of the normal figure (see Fig . 37) . The greatest
lengths of these are in Fig . 36 marked n 1. This form of dis -
charge is very similar to that caused by too high tensio n
and both are closely connected with the sliding sparks in-
vestigated by M . TOEPLEa .

Effect of gas pressure on the range . W. v . BEZOL D

(1871) 4 found that
p r = constant ,

while S . MIICOLA ,(1917) expresses the results of his measure -
ments in the empirical formula :

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

	

3

Fig . 37 . Negative Figure . (Wire k, s
=bq=23 m., seeFig . 10 . (Air ; p =760 ;
1=4 ; D=17.5 ; d o=1.4 ; m=1) .
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r0
r

	

(p .+
k) s/2

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 BEZOLD ' S and MIKOLA ' S formulae. The constant in the

first is chosen so that BEZOLD'S formula agrees with ou r

r
30//øn..	

4 ,

3o

YU

so
~~zo d

'o

	

goo

	

Soo 300

	

Ø JOO Øo 700 soome,Hy.
P

Fig . 38. Relation between Gas Pressure and Range of th e

Negative Figures . (Air ; l = 2 ; D = 10 ; d„ = 1 .4) .

value of r for p = 100 mm. hg., while ro and k in MIKOLA'S

formula are given such values that his curve agrees with our s

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 t o

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 decreasin g

pressure.

The dependence of the range on the nature of the ga s

has not yet been sufficiently investigated . We shall therefor e

only quote the results of a few provisional measurements .
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Table 5. Range of Negative Figures in Various Gases .

(l = 5 mm . ; p = 760 mm . hg.) .

Gas :

	

Range :
Air	 13 .0 mm .
Nitrogen from steel flask (93 °to N 2 ± 7 °/00$)	 13.0 -
Hydrogen	 13 .5 -
Oxygen	 8 .5 -
Carbon dioxide	 10.0

b . Positive Figures .

1. General Character of the Positive Figures . The

positive figures will later on be subjected to a more detaile d

investigation, we shall therefore at present only conside r

their general appearance .

The positive figures consist of sharply defined stems o r

trunks with short, well defined branches or offshoots, see Figs . 6 ,

14, 16, and 1 .9 . The appearance of the figures, and especiall y

the ramification, depends on the nature of the gas, and we

shall later on return to this point ; for the present we, shal l

only deal with some general features of positive figures in

atmospheric air or in nitrogen .

Effect of gas pressure on the appearance of th e

figures . It has been found that the number o f

branches per centimetre of trunks is proportional

to the pressure . To illustrate this point some of our result s

are quoted in Table 6 .

Table 6. Effect of Gas Pressure on the Number of Branches .
Nitrogen from steel flask (93 °Io N 2 + 7 0/0 0 2 ) .

Pressur e

p
Number N of branches

100
N

mm . hg .
on 1 cm. of trunk p

760 7.7 1 . 0
300 3 .0 1 . 0
150 1 .14 0 .7 6

75 0.64 0.85
34 0 .36 1 . 7

Mean value . . 0.94

3 *
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The values of N quoted in the table are mean values for

at least 10 different trunks, and there is, and necessarily mus t

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, onlyholds 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 hol d

good and cannot be expected to do so . The width of the

trunks generally decreases from the electrode outwards, an d

the width ought to he measured in corresponding points .

As such we have taken points whose distance from the to p

of the trunks -is 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 (930/2 N, + 7 010 0 2 ) .

mm . mm .

0 .12 0.5 9 1
0 29 1 .3 87
0 .59 26 8 9
1 .42 52 10 6
3 .60 11 .0 11 9

Mean value . . 98

Pressure I Width of trunks Distance from tes t
p

	

t

	

point to top of trunk
mm . hg .

p• t

In order to illustrate this point we have also taken a series

of microphotographs of the top end of trunks in the same gas

hut 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 ga s
pressure and width of trunks or branches is very nearly con-
stant in the interval from atmospheric pressure down to about
75 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 sanie physical constants as the range of th e

a

1=0.2s p=7v at,-Y.2 Z=0.75 /0=34 m

(93%4 7%02 )

	

p_ /lb

Fig. 39 . Microphotographs of Top Ends of Trunks ,

the Magnification being equal to 4.

negative figures but the influences of some of these constant s
show very characteristical differences in the two cases . The
range r is, as shown by W. v . BEZOLD (1871) 4, 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 . WIEDEMANN (1849)1.

We shall, however, in this paper confine ourselves to th e
discussion of isotropic plates .

The range depends very much on the thickness of the
plate. W. v . BEZOLD ' S results 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 LICHTENBERG figures .

An example of a (do ,r)-curve at lower pressure is shown in

Fig . 40. While the range of the negative figures attains it s

maximum value for very small values of do (see Fig . 33 and

34), the range of the positive figure on the contrary is ver y

small for small values of do, and attains large values for greate r

values of do. At atmospheric pressure the range is maximu m

0 1

	

3

	

5° 6

	

T 8 9 zo 11 1Y i t1tt-.

ce0
Fig. 40 . Effect of Thickness of Plate on the Range of the Positiv e

Figure . (Air ; p = 300 ; 1 = 2 ; do = 1 .4) .

for do about ö mi. . ; at lower pressure the range seems to b e

maximum for do = )0 (see Fig . 40 .) .

The relation between range and length of spark for ai r

at atmospheric pressure is shown in Fig. 35 . W. v . BEzoLD' s

measurements refer to dust figures, S . MiKo :IA ' s and ours

to photographic figures . The agreement between the thre e

sets of measurements is not very good . The rather great

ranges found by W. v . BEZOLD are probably due to the fact

that his voltages varied too rapidly, the sparking voltage s

thereby attaining too high values . The difference betwee n

S. MIKOLA's and our measurements is partially at least du e

to difference in the thicknesses of the plates, by M1KOLA about
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3 or 4 mm. in our experiments about 1 .4 mm. For small spar k
lengths the character of the (l,r)-curves differs very much
for positive and negative figures . While the (l,r)-curves fo r
negative figures approximate straight lines, which for point
electrodes .apparently start from. the origin, the correspondin g
curves for positive figures all start from some points of th e
positive 1-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 l-axis and becom e
approximately straight and parallel to the corresponding line s
for negative figures .

S. MIKOLA gives the following formulae for the range o f
the positive and negative figures

r = al VV -Vo for positive figures

	

(a )
and.

	

(b )

V being the actual spark potential and Vo the smallest
P. D. capable of producing a figure .

According to MIKOLA Vo has the same value in (a) and (b) ,
-that is to say that the positive and negative (1,r)-curves start
from the same point . This is, however, as we have seen, only
true in special cases . With point electrodes the negativ e
(1,r)-curve always seems to start from the origin while th e
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 to a P . D. of 440 volts
gave small but well defined negative LICHTENBERG 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 (b) are thus no doubt onl y
approximate ones and can only be used within certain limits ,
and Vo will in general have different values in (a) and (b) .

The effect of the duration of the impulse on

r = a 2 (V V0) for negative figures .
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only kept on during an extremely short time.
If the P. D . is ap-

plied during a rela-
tively long time, a
new discharge take s
place, the range of
which is indicated b y
points marked pi and
p z in Fig . 36 . In so far
there is a close analogy
between the behaviou r
of the positive and
negative figures . But
while the negative
fanshaped discharges
seem to start from.
the ends of individua l

small sparks (see Fig . 37), the second positive discharge
seems to have exactly the same character as the first on e
(see Fig. 41) . The only difference between the first an d
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 therefor e
comparatively narrow in the neighbourhood of the electrod e
and expand as soon as they find sufficient space to do so . (Som e
of the details mentioned have been lost in the reproductio n
of Figs . 37 and 40) .

the range was tested in the same way as the similar
question for negative figures, and the results are plotted in
Fig . 36 . The range 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 whe n
the P. D. across the L . G. has reached a certain value even
if the P. D. is

! Fig. 41 . Positive Figure . (Wire k,s = bq

= 23 m . ; Air ; p = 760 ; l = 3 ; D = 17 .5 ;
d o = 1 .4 ; in = 1) .
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W. v. BEZOLD (1871) 4 and S. MIKOLA (1917) 1 investigated

how the range of the positive figures depends upon

the pressure in the gas .

V. BEZOLD found the following formul a

r

while S . MIKOLA found that

a Z

(p + k)~~a

was in better agreement with his measurements . a l , a 2, and k
are constants .

One of our series of measurements is plotted in Fig . 42 .

It does not agree with any P

of the above formulae ; 10001,!It

but with suitable values 9

of the constants the dis -

crepancies

	

a,O

are only smal l

in both cases. Both

formulae are to be con- 6O

sidered as empirical and,
:70

as v . BEZOLD ' s only con-

tains one arbitrary con -

stant and MixoLA 's two, 3o

it would be natural t o

prefer the first of th e

two formulae, at least /
o

until further evidence is O	
O I ° 3 4 J & 7 8 IOo nr,»r .Hg

available .

	

P
The range depends

	

Fig . 42 . Relation between Gas Pressure

also upon the nature of

	

and Range of Positive Figure .
(Air ; l = 0.75 ; d o = 1 .4) .

the gas, but we have

not yet made any definite measurements . The following table

contains some of our provisional results .

P

al
f

r

P.,
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Table 8. Ranges of Positive Figures in Various Gases .
(t = 5 mm . ; p

	

760 mm. hg.) .
Gas :

	

Range :
Air	 23 mm .
Nitrogen from steel flask (93 °J0 N .L 7 0 1 0 0 2 ) 	 23 -
Hydrogen	 28 -
Oxygen

	

-

	

(the positive figure is very faint) . . 20 -
Carbon dioxide -

	

-

c . Secondary Figures.

1. General Features . These figures have been observe d
by W. G. ARMSTRONG and H . SS'rno UD (1899, plates III and I V
of Supplement), and reproductions of very fine specimens o f
them are to be found in S . MIKoLA's paper (1917) . The secon-
dary figures start on the plate P2 (see Fig.17) a little outside
the edge of the upper electrode A, and continue for som e
distance outwards . The negative figures consist of a. series
of soft, hazy lines, while in the positive ones the lines are mor e
sharply defined, and from each line a great number of shar p
offshoots project outwards, almost reaching the next line (se e
Fig. 20 and 21). The distance between consecutive lines in -
creases with increasing distance from the edge of the uppe r
electrode and with increasing distance between the lowe r
plate P 2 and the electrode B (see Fig . 17) . Below the uppe r
electrode the plate P, shows a rather uniform light, whil e
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 ver y
irregular spots (see Fig . 21) .

S .MiKoLA states that the secondary figure always form s
a system of lines orthogonal to the discharge lines of the simul-
taneous primary figure. This is, however, not always true ,
as an inspection of Figs . 18 and 19 will prove . Fig. 18 show s
a secondary and Fig . 1 .9 the simultaneous primary figure .
The plate P, rested on a rectangular frame abed of mic a
which had rio 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 tw o
figures shows that the two sets of lines are not always ortho -
gonal to each other, but it shows also that there is som e

tendency towards this orthogonality .

Chapter IV ,
Velocity of the Positive and Negative Lichtenber g

Discharge.

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

F.

Fig . 43 . Circuit Connections in Velocity Measurements .

determine the manner in which they attain their final shape an d

size . The figures may possibly originate in either of two ways :
They may almost at once attain their final shape and siz e
while the intensity increases during the time it takes to for m

the figure ; or the figures may spread out from the electrod e
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 latter case th e

velocity of the spreading out becomes of great interest, an d
if this velocity can be determined, it is thereby proved tha t
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 i n

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 2 along the wire

leading to m. Here it

parts in two separate

waves, one running along

the wire mr to the elec -

trode As and the other

along moq to the electrod e

A .i . The velocity of the

wave fronts will very

nearly be equal to the

velocity of light v =
Fig . 44 . Form and Position of Eleotrodes 3 > 10 10 , and if the wir e

in Velocity Measurements .
moq is L cm. longer than

mr the wave travelling along moq will reach A l r ,seoonds
L

later than the other wave reaches A s , where r = v .

Both electrodes being alike, their potentials will increase

in the same manner, the only difference being that the poten-

tial of A Z lags r seconds behind that of A, . The discharge will

therefor start r seconds later from A l than from A s , and i f

the discharge travels a distance ro cm. from A, before the electri c

wave reaches A l , the mean velocity u of the discharge is deter -

mined by

u- r0	 Lv -L•3 . 10 1 0 cm/sec .

It is of great importance to chose the shape, size, and posi-

tions of A s and At in such a manner that the value of ro may
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be determined without ambiguity . Electrodes of the for m

shown inFig. 44, and placed as indicated, have proved to answe r

very well and have been used in almost all our experiments .

The electrodes are placed in such a way that the shortes t

distance between them is slightly less than ro . The discharge

from A3 will then have reached A l at the moment the electric

wave through the
I

wire /nog reaches

	

, ~ ;, r (

	

1

A I . The boundary

of the discharge

from As at this

moment is in Fig .

44 indicated by

act' an an' an' . A

discharge then

starts from Al whil e

at the same time

the discharge from

A, pushes on further

outward . The result

hereof is, that the

two discharges meet

in a line abbi pas -

sing through the

point a. A part,
(Air ; p = 300 ; 1 = 2.5 ; d, = 1 .4 ; 7n- 0 .8) .

ab, of this line is

nearly straight . The behaviour of the discharges n_t the meet-

ing line is different under different conditions : In positive figure s

at atmospheric pressure both discharges push beyond the meetin g

line, the offshoots from one side making their way for som e

distance into the free spaces on the other side and vice versa .

An example hereof 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

Fig. 45 . Positive Velocity Figure . L = 10 in .
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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 i s
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 l (see Fig .
44) reached by
the discharge from
A S at the moment
the electric im -
pulse reaches the
electrode A . The
first part, ab, is in
most cases nearly
a straight line
making only a
small angle with
the edge of As .
That this is so, is
easily understood .
Before the electri c
impulse reaches
A 1 , the electric

(Air ; p = 300 ; i = 1 ; d o = 1 .4 ; in = 0 .8) .

	

force in the space
between A 8 and

.Al is ,due to the charge on A s and on the area covered by th e
electric figure which surrounds A s. As soon as the electric
impulse reaches A. 1 , the electric force exerted by the charg e
on Al at points between A l and aar will predominate over
the force due to the charge on As and its figure. As we
shall see later on, the velocity increases with increasing forc e
and the figure starting from A l will therefore spread wit h
greater velocity than that with which the figure belonging t o
Ax progresses further from the line aa'.

Fig . 46 . Positive Velocity Figure . L = 6 m .
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We have until now supposed the front of the waves travel -
ling along the wires mr and moq (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 tb

consider what difference
it makes that the potential
of As and At increases
gradually instead of in-

stantaneously . The resul t
of this gradual rise in

potential of A, is that th e
Fig. 47 . Part of Positive Velocity Figure . discharge does not start
L = 6m. (Air ; p = 300 ; 1 = 2 .5 ; immediately when thecl o = 1.4 ; m = 0.8) .

wave reaches A s but a
little later when the potential has attained the necessar y
value. There will, however, be the same retardation at the
electrode A l, and the measurement of the velocity is so fa r
not affected. But
another effect of th e
gradual rise of po-
tential ought to b e
considered. During
the short interval
from the moment
the wave front just
reaches AL to the mo-
ment the discharg e
starts from Al the

'VAelectric field due to
the charge on A l

tends to reduce the

Fig. 48 . Part of Positive Velocity Figure.
L = 6 m. (Air ; p = 150 ; 1 = 2.8 ; d = 1 .4 ;

m=0.8) .
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velocity of the discharge from A s. The result hereof is tha t
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 retarde d

a certain time 7' ,

this retardation will
be the same at A8

and Al and will
therefore only affect
the measurements
by reducing the
velocity of the dis -
charge from A 8

during the inter -
val ' . The measured
velocity will there -
fore in this case h e
too small . It ought
to be remarked ,
however, that we
have no indications
whatever of such a
retardation.

A slowly rising
wave front may in -

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 8 will
not attain its normal maximum value, while this will be th e
case at the electrode A l, the wire moq being considerably
longer than mr. The maximum voltage in this case is there -
fore greater at A l than at A 8 . The result hereof is that th e
velocity measured is too small and that the final range Il i

48

Fig. 49 . Reversed Positive Velocity Figure .
L = 6m. (Air ; p

	

75 ; i=0.25 ; då=1.4 ;
m = 0 .8) .
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from Ai is greater than the range R 8 from A s (see Figs . 44, 46 ,
and 50) .

If the maximum voltage attainable by reflection from th e
end of the long wire moq is but little more than just sufficient
to start the discharge, the above mentioned effect of a rathe r
short wire mr may result
in a l- at least at firs t
sight rather strange
phenomenon : When th e
wave for the first tirre

reaches A s the voltag e
does not attain such a
value that a discharg e
takes place from A 8 . At
A1, on the other hand ,
the voltage becomes
sufficiently high and a
discharge starts from
this electrode. The wav e
reflected from Al then
travels back along qom

and in the mean tim e
the spark at g is extin-
guished. The wire ms k 2
is in reality rather
short, and the increase
of voltage by reflection at A i is now sufficient to start a
discharge from A 8 . The result hereof is a velocity figure exactly
similar to the ordinary ones, with the sole exception tha t
the r6les of A 8 and A a have changed. An example of such a
velocity figure is shown in Fig. 49 . In accordance with th e
explanation given the insertion of a longer wire between m
and A 8 does away with this irregularity .

2 . Results of the Velocity Measurements . A great
Vidensk. Selsk. Math .-fysiske j\redd . I ; 11.

	

4

Fig . 50 . Negative Velocity Figure used i n
the Measurement of Spark Retardation,
compare Ch . VII, Fig. 72 . (Az on lef t
Electrode should be A 2 i l~ =6; 1, = 0 .2 ;

'no Ionization of g 2 ) .
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°'d

	

3

	

s s

	

81Lrt. portional to the spark

Fig . 51 . Relation between Velocity U

	

length l (see Fig. 51) and
and Spark Length l for Negative

	

the (l, U)-curve seems t o
Figures . (Air ; p = 760; do = 1.4) . pass through the origin .

With a 3 mm . spark the velocity is about 1x 10' cm/sec. At
lower pressure the (l, U)-curve still starts from the origin
but it is bent with the con- 11 /sec

cavity against the 1-axis (see
the lower curves in Figs. 52 9

and 57) .

	

8
The effect of pressure on

the velocity is seen from
6

Fig . 53 . The velocity increase s
rapidly with decreasing pres-
sure. As shown in the figur e
the experimental values fit 3

in between the curves U . Vp e

= constant and U p = con- j
stant The last mentioned.

	

a

seems to give the best ap- °

number of velocity measurements have been carried out in
order to ascertain the effect of spark length, gas pressure ,

thickness of plate, an d
.3.1°T

	

nature of the gas on th e
4

	

velocity.
Velocity of nega-

tive discharge . At at-.
mospheric pressure the
velocity U is nearly pro -

1 3 .4 S s r 8 amt .

proximation .

	

Fig. 52. Effect of Spark Length o n

The relation between velo- the Positive and Negative Velocity

city and thickness of the plate

	

(Air ; p = 300 ; do = 2.2) .

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 do . In all cases the velocity seems to be greatest fo r
very small values of do .
CT rr%e

7 . 10
main results as follows :

ô

	

7 8•io o
p frc-rlIÏly..

Fig. 53 . Effect of Pressure on th e
Negative Velocity . (Air ;1=2 ; d o = 1 .4) .

analogy between the de -
pendency of the velocity upon the constants 1, p, and d a
and the dependency of the range upon the same constants .
In order to illustrate this anology
we have in Fig. 55 shown two sets
of curves, the upper one giving th e
relations between range and p, do,

and 1, the lower one the corresponding
curves for the velocity.

The negative velocity is very nearl y
the same in nitrogen and in air . For
other gases measurements have no t
yet been made .

Velocity of the positive dis -
charge . In air at atmospheric pres-
sure and for spark lengths between 1 . 5
and 8 mm. the velocity is nearly pro-
portional to the square root of the
spark length, (see Fig. 56) . At small spark lengths the velocity
is, however, much smaller than according to this rule and th e

4*

We may summarize the

1. The (1,U)-curves star t
from the origin.

2. The (p, U)-curves are ap-
proximately hyperbolae
giving very great value s
for the velocity at smal l
pressures .

3. The velocity is greates t
with very thin plates .
There is a very 'close

tl
<°O 1o 7 e'l.P.s. ec

I z
1>Lïtv.

p = 7EOmd1kJla

o
0 ,51fzffe,.

do

3

Fig . 54. Effect of Thick -
ness of Plate on the
Negative Velocity . (Air ;

p = 760 ; 1 = 4) .

i
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WMn~r - ;

unless the spark length exceeds a certain value . Fig. 52 shows
a (1, U)-curve corresponding to a pressure of 300 mm . hg.
and Fig. 57 a similar curve for p = 150 mm . hg. In all three

Ue,T.'

	

cases the general shape of
7•ro 7 the curves is the same and

they all seem to start with
zero velocity at some defi-

+WARE

f I

nite spark length l', where
l' is roughly proportiona l
to the pressure .

The relation between
velocity and gas pressur e

o

	

is shown in Fig . 58. The
velocity increases with de -

Fig. 56. Effect of Spark Length on

	

creasing pressure but seems
the Positive Velocity. (Air ; p = 760 ;

d = 1.3).

	

to attain a definite value
for very small pressures ,

a value which does not differ appreciably from the valu e
for p = 100 mm . hg. (Fig. 58 contains only measurement s

velocity seems to be zero for a spark length of about .5 mm.
This agrees well with the fact that no positive figure is forme d

r•
G = ?mi .

0

o 200 400 600 O

	

4

	

4

	

6

	

0 2 4 8 ô
p

	

cL~

	

/,

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

r r
t,/7t



On the Lichtenberg Figures .

	

53

down to p = 50 mm. hg. ; later measurements have bee n
carried out down to p = 20 mm . hg. where the velocity wa s
found to be about 5 .2 x 10' cm/sec in -Very good agreement
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 Ucrr/u

pressure the (do, U)-curve has a similar 10 .10 7

X

e

	

/.4rrra n

shape ; the measurements have bee n
carried out, however, at the lower pres-
sure, which gives a better determina-
tion of the velocity . The characteristi c
feature of the (do, U)-curve is the
relatively very small values of U fo r
small values of do . It seems as if U

converges to zero together with do .

The velocity curve has besides a rathe r
marked maximum for values of d o

about 2 to 3 mm. For great value s
of do the velocity becomes rathe r
small .

An examination of the different
sets of measurements shows that th e
velocity depends upon the ratio of th e
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 th e
rate p has a value of about 300 . Thé mean value of U is

4.1 x 10' cm/sec, the highest being 4.5 x 10' and the lowest
3.8 x 10' cm/sec, that is a deviation of about +1_0 per cen t
from the mean value .

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

9

0
o 1 n 3 4 e marra

G
Fig . 57 . Effect of Spar k
Length on the Positiv e
and Negative Velocity.
(Air ; p=150 ; d„=1.4) .
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Table 9. Positive Velocity in Air.

	

about 300.

Length of
Spark
Imam .

Air Pressur e
P

mm. hg.

ro

mm .

L

mm .

U= L
3Ø/see

0.14 40 7 .6 6000 3.8x10 7
_ _

0.25 75 7 .8 6000 3 . 9

0 .5 150 7.8

	

6000 3 .9

	

-
0 .5 150 8 .4

	

6000 4 .2

	

-
0.5 150 24.0

	

16000 4.5

	

-
-;

	

- -

	

__-
1 .0

	

300 9.0 6000 4. 5
1 .0

	

300 8.4 6000 4 . 2
-

	

-

	

- !	
2.5

	

760 8.2

	

+

	

6000 4 .1

	

-

Mean value . . 4.1x107

1. The (1, U)-curves do not start from the origin, the velocit y
being zero until the spark length has attained a certain valu e
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 valu e
corresponding to p = 100 mm . Hg.

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

4. U = F( ) .

For negative figures we found a very close analogy betwee n
range and velocity in their dependency upon the constant s
1, p, and do . This analogy is, for the positive figures, violate d
in one important point : the (p,r)-curves and (p, U)-curves_
having an essentially different shape . This is the greatest.
difference, but the (d 0 ,r)-curves and the (do, U)-curves als o
show marked differences (see Fig . 60) .

The positive velocity in different gases has not yet bee n
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sufficiently investigated . We have in Table 10 quoted a few

quite preliminary results .

Table 10 . Positive Velocities in various Gases .

SparkLength Pressure Gas U
mm . mm . hg . cm/sec .

4.0 760 Air 4 .8 x107
H, 4 . 5

0.5 150

	

Air 4.2

	

-
1V 2 3 .0
H 2 3 .9

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 -

U
8l0 ` c"%er

0 1 9 3 4 J' 6 7 8100 /ttmlig
P

Fig . 58. Effect of Pressure on the Positive
Velocity . (Air ; l = 0 .75 )

able that these figures are due to electrons moving from th e

electrode outward under the influence of the electric fiel d

7

.5-

4

g

1

0
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each causing ionization by collision along its path . For the
velocity of an electron moving in air under an electric forc e
E the velocity (I is, determined by* )

	

U-12.04x10-2 .e•E,

	

(a )
m p

where E and e are in e. s . u . Putting nee =5.3><1017 and mea-

suring E in volt per centimetre, this formula becomes

	

U = 6 x 10 6 '/ • (cm/sec .).

	

(b )
P

By the deduction of this formula it has been assume d
that the velocity of an electron in the direction of, the electri c

Il
8,10 7c'Isw

~	
iiii

~

111161111111=11111111I=
~~~®~~n _
rv~~,®n~n

o
6 7 8 9 1or12f/v

do
Fig . 59. Effect of Thickness of Plate on the Positive Velocity .

(Air; p = 300 ; l = 2.0) .

force greatly exceeds its velocity of agitation . These two
velocities are, however, in this case approximately equal, an d
the above formula therefore gives too groat values of U . We
may writ e

* J . S . TowvsEND : Electricity in Gases . p . 343 . (Oxford 1916) .

6

J'

4

J̀
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U= f.c•6x10
G11

V''"
p

where lr is a coefficient which is less than unity .
If we put p = 760 and U = 2 x10 7 cm/sec ., corresponding

to a spark length of about 6 mm. (see Fig. 51), the electri c
1	 r	 r

= 0 =71677Z 7n

L., . G0 . Curnparison of f a n , c i" anii`Velocity U

for POSOA VC'

	

Yu ['es ,

Force is, according to formula (c: )

Pill nie I I

1 his value is, rie doubt, of the right order of magnitude .
According to formula (el the vela ity should be proportiona l
to the square root of the elect rie force and inversely propor-
tional to the square root of the press re. At lower pressure
the velocity is nearly proportional 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 l
(see Fig . 51) . With varying pressure the values of U fall
between the values determined by U • l ip = constant and
by U . p = constant (see Fig . 53) .

In view of the complicated nature of the phenomeno n
and in consideration of the fact that the coefficient p depend s
on the ratio P the above facts must be said to agree fairly wel l

(c)
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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

been established .
B The positive velocity . If the posi -

Fig. 61 . Wire in and n tive figures are due to positive ions movin g
conn_ected\to rn and n

in Fig . 10 .

	

outwards from the electrodes, one should

expect the positive velocity to be much

smaller than the negative one. If, on the other hand, th e

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 figure s

and especiall y

that the genera l

character of the

relations be -

tween the velo-

city and the con-

stants i, p, and

d o would be the

same in both

cases . Neither of these assumptions agree with the experimental

results referred to in section 2. The positive velocity is in

general found to be about 2 to 3 times greater than th e

negative, and the dependence of the velocities upon 1, p,

and d o shows principal differences for positive and negativ e

figures .

Fig . 62 . Positive-Negative Figure .
(Air ; p = 760 ; l = 6 ; d 0 = 1.4 ; m = 1) .
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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 abov e
mentioned difficulties in order to point out the desirability
of some control of our velocity measurements . One way o f
doing this is as follows : Two equal electrodes A, and A 2 were
placed on the film of the photographic plate (see Fig . 61) ,
A l connected to the wire n (see Fig. 10) and A 2 to in, while
the electrode B was insulated by being placed on an ebonit e
stand. The two small and
equal capacities A2 plate-B
and B-plate-A 1 are thus
in series in the discharge
circuit and will at the
moment the discharge start s
be subjected to the same
voltage. For positive dis -
charges the figure at A 2
will be positive and th e
A i-figure negative, and for
negative discharges the po-
larity of the figures will
be reversed, but apart from this change in polarity the tw o
pairs of figures are identical .

Fig. 62 shows such a pair of figures, the two electrode s
being parallel to each other. In the space between the elec-
trodes neither the positive nor the negative figure has attaine d
its final extension, the two figures having met each other befor e

they were completed . In the space, where they meet, the two
figures are connected by a third kind of discharge whic h

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 foggy appearance . They all form extensions
of the positive trunks but differ from these by having no

branches and by their foggy appearance . (These differences

Fig. 63 . Part of Positive-Negative
Figure . (Air ; p= 760 ; l - 9; d4=1.4 ;

m=0.8) .
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are very clearly seen on the original photographs but hav e
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 o f
their velocities . It will generally be more convenient to plac e
the two electrodes at a small angle with each other, the velocity -
ratio may then be measured at different points (see Fig . 63) .
There may be some uncertainty measuring these distances
and this method therefore only gives an approximate valu e
of the velocity-ratio . The results obtained in this way agree,
however, fairly well with those obtained with the former
method as will be seen from the following table containing
some of our measurements .

Table 11 . Ratio of Positive and Negative Velocitie s
Determined by Means of Simultaneous Figures .

Spar k

Length
Pressure

	

rims.
mm . hg.

	

mm.
rueg .

	

Upos.
mm . Uneg .

mm .

9 .0 760

	

15 .0 64 2,3 5
9 .0 -

	

14.0 8 0 1 7 5
7 .0 -- 14 .4 66 2 .1 8
5 .0 11 .0 4 .5 2 .4 5
3 .0 10 .0 2 .5 4 .0
3 .0 400 20 .0 5 .6 3 . 6
2 .0 -- 18 .0 3 .7 4 . 9
2 .0 300 17 .5 5 .3 3 .3

Another question of some importance is whether the velo-
city along the surface of the plate is greater than the velocit y
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 .

d o = 2.8 mm .

d o =1.3 -

d o about

1 .4 mm.



On the Lichtenberg Figures .

	

6 1

The boundary lines between the figure around the elevate d
electrode and the figures from the other electrodes were there -
by displaced somewhat toward the elevated electrode, bu t
not appreciably more than what was to be expected on ac -
count of the greater distance . Even if this method does not
allow anything like an exact comparison between the velocity
in free air and along a plate, the experiment nevertheles s
indicates that there is no very great difference between th e
two velocities .

Chapter V . .

Preliminary Theory of the Lichtenberg Figures .

1. Theory of the Negative Figures . In Chapter
IV. 3. we supposed the negative figures to be due to ionization
by collision produced by electrons moving outwards from th e
electrode . We shall now develop this working theory a littl e
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 electri c
impulse arriving at and being reflected from the electrod e
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 circumferenc e
of the electrode but with greater intensity at some point s
than at others . From those favourite points the negative
discharge, carried by the swiftly moving electrons, will sprea d
rapidly over the adjoining parts of the plate and thereb y
automatically reduce the electric force in the adjacent point s
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 electrod e

and distributed more or less at random along it . This question
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is best illustrated by photographs taken at rather low pressur e
(see Fig. 28) where the distances between the starting points
are greater than at higher pressure .

At some distance from the electrode the different flow s
have spread to such an extent that they cover the whole
circumference with the exception of the thin black partin g
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 th e
figure has attained its final size . We will now, for the sake
of simplicity, suppose that the ionization is so intense in th e
already formed part of the figure that the drop of potentia l
from the electrode to the front part of the figure may be
neglected . In this case the density of the electric charge wil l
he the same over the entire covered. area and equal t o

qV4rdo'

	

(a)

where V is the P . D . between the electrodes A and B, e the
dielectric constant of the plate and d o the thickness of same
in centimetres . A corresponding surface density equal to + q' ,

is found on the electrode B. The free charge on the two surface s
will, however, only have a density of 	 q and d- q, where

q

	

Ord o '

The electric force at the edge of the figure depends on th e
free negative charge on the electrode A and on the develope d
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 point s
in considerable distances from A, we may as a first approx-
imation neglect the influence of the charge on A and onl y
take account of the homogeneous circular charge distributio n
of intensity -q on the surface of the plate and the corre-
sponding charge distribution+ q . on B . We may furthe r

V

	

( b)
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simplify our considerations by supposing that the thicknes s
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 wil l
approximately be the same as if the figure was infinite wit h

q.

Øa

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

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

As the electric force only depends upon the free charge s
and as these are independent of the dielectric constant of th e
plate, the forces which are active in the formation of th e
figure and consequently also the siz e
of the figure are independent of this
constant, a result proved . experi-
mentally by W. v . BEZOLD .

In Fig. 65 ab represents the cros s
section of a long rectilinear strip
with a surface density of free electricity equal to 62 at b
and to a1 at a and varying linearly from a to b . The electric
force at a point o in the middle of the strip has a componen t
in the direction oa equal to 41 . da-agi =	 4l `la where 2 12l

	

dl '

is the width of the strip and dl the gradient of the charge

density. We sh.al.l . 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

&a-.w
. .iiiiiiiiiii .- -

Fig. 65.

~
a
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point a' on the lower surface of P is therefore very small an d
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, E . The effect of such parts of the charge bein g
at a distance from aa ' , which is great compared with th e
thickness of the plate, will very nearly be the same in thes e
two points, and the horizontal component in a must there -
fore mainly be due to the charges in the neighbourhood of tha t
point, say, to the charges on the strip bc, the width of th e
strip being equal to 2ad o where the coefficient a 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 = ,ado dq .

	

(c)

wherex is the gradient of the charge density on the uppe r

surface of P, while R is a coefficient, which is independen t
of do. The value of q in the homogeneous part of the figure
inside the edge is inversely proportional to do and we may
reasonably suppose the same to be the case within the edg e
where the density is variable . If this is so, the product do -ix
will be independent of d o . As the size of the figure must be
determined by the intensity of the force at the edge of th e
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 do the distanc e
bc in Fig. 64 becornes so great that the charge does no t
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 decrease s
with increasing thickness of the plate, slowly at first wit h
thin plates but more rapidly with thicker ones until the dist-
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ante be becomes so great as to be comparable to the range o f
the figures . In this case our suppositions do not apply any
longer, but it is easily seen that the range will approach a
certain limit when do becomes very great. All these de-
ductions agree with the experimental results .

The diffusion of the electrons along the surface of th e
plate must also depend on the horizontal component of th e
electric force . We may therefore expect that the velocity wil l

tea '4,
Fig . 66 . Sketch of Cross Section of a Dark Line a

depend on the thickness of the plate in a similar manner .
as the range, a result also borne out by the experiments (se e
Figs. 34, 54, and 55) .

We shall now consider the formation of the dark lines . The
negative flow from a starting point at the edge of the electrod e
spreads outwards on the surface of the plate . The velocity
is greatest in the radial direction but a sidewards spreadin g
out - due to the mutual repulsion of the charge in the flo w
- 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 i moving to th e
right and S 2 to the left . At the point s halfway between S1
and S2 the horizontal component E of the force is necessarily
always zero, and no ionization by collision will take plac e
there. At points to the right and left of s, E will be differen t
from zero and varying with the time, the maximum value
of E increasing with increasing distance from s. At two points

vid . Selsk . Matli.-fysiske Medd . 1, 11 .
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a and b, this maximum value is just sufficient to produc e
ionization, while between a and b no ionization will take place .
The charge will diffuse over the whole surface, but no photo -
graphic impression is made between a and b, a-b thus being a
cross section of a dark line . A little consideration shows that
the distance between a and b, i . e . the width of the dark lines ,
will be very small when do is very small and will increase
with increasing value of do. This conclusion agrees with th e
experimental facts referred to in Chapter III .

The present theory also leads to the conclusion that th e
range ought to be proportional to the duration of the impulse .
This is, to a certain extent, in agreement with the experi-
ments described in Chapter III . a. and illustrated by th e
Figs. 36 and 37. When the voltage is kept on too long, mor e
complicated forms of discharges appear, but we shall not at
present enter into any further discussion of this point . '

The present theory is certainly only a preliminary and
approxim.ative 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 doe s
not say anything about the distribution of charge within
this region . Besides, some of the approximations made ar e
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 negativ e
figures are due to electrons moving outwards from the elec-
trode and causing ionization along their path .

2. Theory of the Positive Figure . By a careful exa-
mination of all the experimental data we have collected abou t
the positive figures, we have been led to the conclusion tha t
these figures are due to positive particles moving outward s
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 stil l
outstanding . The whole question is, however, so importan t
and its discussion will occupy so much space that it mus t
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

free charge in the positive figure spreading out from A. ao 'a'b `
shows the corresponding induced charge at the lower surfac e
of P, while ao'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 induce d
charge on its lower surface move outwards with the velocity U of
the positive discharge . If the distance between P and B i s
very small, so small that no considerable ionization take s
place between them, the charge on B will spread in a simila r
manner, and no secondary figure appears . The .plate P in thi s
case, when developed, shows a more or less homogeneou s
blackening over the whole area 'below the positive figure whil e
the intensity outside the boundary of this figure graduall y

5 *

b 6
7 7

z

Fig. 67 . Sketch of Formation of a Negative
Secondary Figure .
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dies away. This effect on the film is due to the feeble Toni
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
ionization taking place in the layer of air between P and B
gives rise to certain complications, and a secondarÿ figur e
generally appears . We shall now consider this process a littl e
closer . At a certain moment the charge distribution may be a s
indicated in Fig . 67 . The vertical component of the electri c
force at c 2 will then be very small while to the left of c 2 this
component will have values which increase with increasin g
distance from c 2 . At, some point c this vertical force may
be just great enough to give ionization by collision . The
intensity of this ionization will rapidly increase if we go furthe r
to the left of the point c, and will result in a negative charg e
cock being deposited on P . This charge produces a rather stron g
horizontal component of the electric field at c, resulting in a
diffusion	 generally combined with ionization - of th e
charges towards c2 . The new charge distribution may be repre-
sented by the line c 1c2 . Tn the meantime the front of the charg e
on the surface of P has reached the position (4,, and th e
induced charge at the lower surface of P the position a l ' bl ' .
The charge on the electrode B will not now be represente d
by the line ao"ai"b i" but rather by the dotted line shown
between d and b l" , and the vertical component of the electric
force in the space between P and B will attain its greatest
value somewhere in the neighbourhood of the point e 4 . This
force will cause a new ionization by collision between B an d
P, resulting in . a negative charge c 3 c 4c 5 being deposited on P.

This charge will again diffuse especially towards cs . 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 negativ e
figure . On the outer side of the lines of the positive secondary
figures we may, on the other hand, expect to find offshoot s
of a positive character being due to lateral diffusion of th e
accumulated positive charges . The secondary lines will evi -

=O gin ,	 	 I	 i	 i	 ~I

	

p - 1.5Omii&,h
5

	

1orffdwn.

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

dently have a :tendency to be parallel with the simultaneous
boundary of the primary figure, but if some obstacle is place d
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 . It is to be expected that the distance between the se-
condary 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 V [ .
Positive Lichtenberg Figures in Various Gases .

Very few observations have been published about positiv e
figures in other gases than air, E . REITLINGER (1861) 2 noted that

Table 12. Statistical Data of Figures in Mixture s
of Nitrogen and Oxygen .

(l = 0.5mm . p = 150mm . hg. D

	

18mm . ;d0

	

1 .4mm.) .

Gas
Ø

co

0

a, .x.o G
~

i

	

~
I t

w q ~
0 o

a)

	

~
+'

~

	

~

Z,'Èi m

a' h' c ~ . Remark s

N2 0 ,

per cent

	

mm . mm. mm .
100 ! 0 35 34 2 .9 * 4 .4

	

13 .5 9 .5

	

* Branche s
95 5 35 30 2 .6 2.6

	

7 .9 12 .5

	

in the top
93 7 37 30 2.8 1 .7

	

3.0 12-0

	

not counte d
92 8 37

	

I 34 2.8 1 .0

	

1 .1 12. 2
90

	

I,. 10 t 42 32 2 .9 0 .9

	

0.5 13. 0
85 15 40 36 3 .0 0

	

0 12. 0
80

I

20 35 37 2 .9 0

	

0 12. 0
67 33 i 32 28 3 1 0

	

0 1,1 .5
50 50 40 35 2 .7 0

	

0 8.0
33 67 31

	

I 25 2 .7 0

	

0 6 .0

Mean value . 36.4 32 .1

	

2 .74

	

!

' Column a contains the average number of branches in the top, only branches exceedin g
- 1 mm. in length being counted. A pointed end of a trunk is counted as a branch .

Column b contains the average value of the total length of all the branches per top .
Column . c the average length of branch-free trunk just below toe top .

a figure' in hydrogen has more branches than a figure in air .
W. HojTz (1905) 1 is of the opinion that the nature of th e
gas is of very little importance . S . MIKoa A (1917) 1 states ,
that the figures in air and in nitrogen of atmospheric origin
are similar and that figures in oxygen, hydrogen, carbon dioxide
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and coal gas are so faint as to be almost invisible . We have
taken some series of positive figures in nitrogen, oxygen ,
hydrogen, and different mixtures of these gases . Occasionally
a figure has been taken in. carbon dioxide and in a mixture o f
argon and air . All these experiments have been of a wholl y

9Qq 4*~q OQ

.,ft s a-e.n.

L=0 5rn0b.

	

1	 I	 l '	 II
0 10 Y0 . 30nuØ.

p -1~Dm~Kq.

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 o f
sufficient interest to be quoted here .

Mixture of nitrogen and oxygen . In pure nitrogen
the figures are very clear and intense, the trunks and th e*a branches being almost black on the developed plate ,
the top branches being somewhat »weaker« and not so sharpl y
defined . With increasing percentage of oxygen the figure be-
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comes fainter and with 1 per cent nitrogen and 99 per cen t
oxygen it is just visible .*) But other and more striking alter-
ations take place . In pure nitrogen there is a well develope d
top consisting of a system of branches at the end of eac h
trunk. With increasing percentage of oxygen this is greatly
reduced . With 5 percent of oxygen the top is reduced to abou t

9.M/f' %Ho

L= 0..5"oota .
O 10 20 m //c .

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

p=150/f2mIIy.

halfe size and the remaining branches are stouter and mor e
trunk like (see rig . 68). With 7 per cent oxygen many of .the
trunks have no top at all but only some short irregular branche s
at the end of each trunk . With 10 per cent oxygen the trunk s
lave a pointed end but no branches, and with still more Oxyge n
the trunks are but ended . An increase in the percentage o f
oxygen beyond 15 does not seem to cause any great alter-
ation in the, shape of the figure with the exception that th e

* All figures refer to per tela of volume . .
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outermost branchless part of the trunks becomes shorter .
Neither the number of trunks nor the number of branche s
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

4.11 45~~0 rt10%A .

p=I.5Omm119.
oL zo go

,	 "loon
Fig . 71 . Sections of Positive Figures in Mixture s

of Nitrogen, Oxygen, and Hydrogen.

nitrogen figure . In order to illustrate these points further, w e
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 bee n
lost in the reproduction. Some statistical data about figures
in such mixtures have been collected in Table 12 .

l °0, .5 FIZIIL .
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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 influenc e
on the top is much less pronounced . Sections of such figure s
are shown in Fig. 70 .

Some examples of figures in mixtures of nitrogen, oxyge n
and hydrogen are shown in Fig . 71 .

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

Chapter Vll .
Measurements of the Retardation Caused by Spark Gaps.

The velocity . of the positive or negative discharge as
determined by . means of the årrangemuiet shown in Fig . 43
may with a similar arrangement be used for the measure =

ment of very short intervals of time . As an example hereo f
we shall quote some measurements made by this method o f
the retardation caused by spark gaps . A sketch of the arran-
gement is shown in Fig . 72. The spark gap g 2 is enclosed
in a tube of insulating material, and the inside of this tub e

Fig . 72 . Sketch of Arrangement for Measurin g
Spark Retardation .
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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 g2. We call th e
two states of the gap respectively the normal and the ionized .
The spark gags g2 is inserted in a wire leading from the point
rn to the electrode A 2, another similar wire of equal length
leading from in to the electrode A1, equal to A 2 . If there was
no retardation in the gap g 2, the discharges from A, and A 2 ,
caused by a spark in g 1 , would start simultaneously and meet
midway between A, and A 2. The retardation actually cause d
by g, can now be measured by determining the range ro of

the discharge from A l at the moment the discharge. from
A 2 starts. The retardation T is then equal to

T = r0
v '

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 Spark Gaps in Air at Atmos-

pheric Pressure . Measured by Means of Negative Figures .

Velocity v = 2 .5 x 10 7 cm/sec . }

Spark Length

	

Spark Gap

	

_ r o

~~

	

r 0b

	

T
2 .5x1i)7

a 2
mm .

	

mm .

	

mm .

	

sec .

6 .0 1 .0

	

norm al

	

> 12 .5

	

> 5 .0 x 10-- 8
ionized 5 .0 2.0 x 10- 8
ionized 5 5 2.2 x 70- 8

6 .0 0.2

	

normal 6.5 2.6 x10-8
-

	

ionized 2.5 1 .0 x 10-- 8
- _ ---

6 .0

	

~

	

. U.1 normal 1 .2x 10-8
- ionized 0.5 0 .2 x 10-8

We have thus been able to measure the retardation cause d
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 1x 10-9 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 1, the other betwee n
m and A 2 (see Fig . 72) .

I wish to . express my indebtedness to Mr . 0 . ELLEKILD E

for his assistance in some of these experiments and to Mr .
J. P. CHRISTENSEN for his valuable help in the whole in-
vestigation.

Royal Technical College or Copenhagen ,
September 1918 .

Meddelt paa Mødet d .8 :Marts 1918.
Færdig fra Trykkenet cî.12 . 1`ébruar 1919
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