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Introduction,

The structure of matter has long interested invese
tigators in all branches of science, Only in comparatively
recent years, however, has it been possible to formulate

any theory giving a clear explanation of the observed
facts, Workers in chemistry have studied the interaction
of atoms and molecules, and have brought to light con-
siderable information regarding molecular structure: but
to the physicist has been left the problem of determining
the structure of the atom and the nature of radiation,
A close relationship exists between these two problems
and a number of methods of approach have been employed
by different investigators.

The first step forward ip the recent advance in
atoms research came with the discovery of radioactivity
by Rutherford, The study of radiocactive transformations

atom and the consequent explanation of the
led to thenuclear theory of the/periodic properties of the
elements, Spectroscopy and Xeray analysis have also cone
tributed a great deal to our knowledge of atomic phene
omena, Spectral series have been worked out for a large
number of the elements, and the effect on the energy
levels in the atom due to perturbing external fields has

been investigated,
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The splitting of lines in the Balmer series of
hydrogen by an electric field was discovered by Stark,
This effect, named after the discoverer, has been ine
vestigated by Stark and his coeworkers in order to ob-
tain both displacements and relative intensities of the
components in the case of hydrogen, Because of several
outstanding discrepancies between the observations of
Stark and those of more recent experimenters, and also
between obsefvation and theory, the present re«determination
of intensities was carried out,

Measurements have been made on the strong compone
ents of the first four members of the Bglmer series, Very
good agreement with the calculations of Schrodinger, based
on wave mechanics, has been obtained; whereas there are
some very marked variations from the values obtained by

Stark,
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Theoretical Survey,

Theoretical interpretations of the Starkeeffect
possessing anything resembling a satisfactéry character
have been essential connections with the quantum theory,
Indeed, the discovery itself was doubtless delayed by the
fact that the classical theory of radiation falled to sug-
gest an observable displacement of the spectral lines, It
was very fortunate, therefore, that the foundation of the
quantum theory of line spectra was laid by Neils Bohr in
& series of papers publighed just prior to the discoveries
of Stark and Lo Sardo, Thus the theoretical interpretations
and experimental facts have developed sidultaneously and
with very great mutual benefit, While the theory has
supplied what has grown to be an entirely adequate formal
interpretation of all essential detaile of the experiments
in hydrogen, it is also true that many theoretical points
were elther suggested or glven a practical test through
contact with observations on the Stark effect. For some
years, in fact, this effect has served as a leading exercise

in the development of quantum methods,
In his early papers Bohr gave a generalization,

applicable to all simply periodic atomic systems, of the
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condition
Bo- nh v

n

m =0, L,Z T

employed by Planck only in the case of the linear oscillator,
A further generalization of the quantum conditions to in-
clude those suitable for multiply periodic systems was wade
independently by Sommerfeld and Wilson in 1915 and in the
following year Epstein and Schwarzschildvalso independantly,
gave a further development of the quantum theory through
an a2Bl333Y0S of the Starkeeffect. Guided by the solution
of the problem of two centres given by Jacobi, who used
elliptic coordinates, Epstein removed one of the centres
to infinity to give the uniform electric field and retained
the other with its Coulomb field, The coordinates then
became parabolic and confocal: a third coordinate is the
angle turned round an axis through the nucleus and parallel
to the applied field, The variables are found to be sep-
arable In the Hamilton-Jacobi partial diffarential equation,
The momenta derived therefrom are used in the guantum
conditions :

NET n, h I O
where S*l are the parabolic coordinates and ¢ 1is the angle

just mentioned, The evaluvation of these elliptic integrals
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gives to stated approximatione the energy of the system i,e,
the values of the spectral terms in the presence of the
external field, In his first paper Epstein made his results
acourate to the first power of the applied field, and later
included very small terms proportional to the square of the
field (second order effect),

The next advance in theoretical views of the Starke
effect was made by Bohr and consisted in an attempt to give
a more definite picture of the hydrogen atom under the in-
fluence of an external field together with some general
conclusions regarding polarization and intznsities of Stark
components which were based on this more definite study of the
motion of the electron, The behaviour of the mechanical
system was determined by Bohr through an application of
perturbation theory borrowed from astronomy, The con-
clusions regarding the details of polarization and intensity
which failed to appear in Epstein's treatment were then
sketched on the basis of his Correspondenee Principle, 1In
essence this principle merely claims that in the limit of
high quantum rumbers the classical theory must give correct
results,

For Newtonian mechanics a single electron moving

* The method apparently allows any degree of accuracy,

but in reality neglects from the beginning the
observed fine structure of the Balmer lines.
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about a nkucleus gives a degenerate system., For relativity
mechanics we have two incommensurate frequencies so that
the electron will never get back to its starting point.
Under the classical theory the frequency of the
electron in its orbit is equal to the frequency of the
emitted radiation, and all frequencies are emitted at the
gsame time,
If we define J, the periodicity modulus of the
action function, or the phase integral frgd% ~liere the
P's and q's are those arising in the HamiltoneJacobl diff-
erential equation, we have the frequency v given by
>E

- where k=1 gives the fundamental frequency and

V=K o,

k=2,3,4e---- gives overtones,

and u=324(ks%§) gives the combination tones,
S s

For the quantum theory we have :
‘Ss = 1’\$h = f F‘OLDLS U-)
hy=-8-E = a & (2)

Aprlying this to the hydrogen atom

V = 277”/»«-8“ [J’-* _(__}:__.’3—;2_}
h 3. a
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where J and A J both satisfy condition (1), Thus in the
quantum theory there is a different AE for the overtones
which are no longer integral multiples of the fundamental,

Any quantum theory frequency can exist only in case
it approaches a classical theory frequency for kigh Quantum
numbers, This is Bohr's correspondence principle., Overtones
cah exist only if they exist in the classical theory. For
this reason the simple Bohr theory of the atom with circular
orbits is invalidated, there being only one possible freqe
uency in the corresponding classical case.

In the limit the amplitude in emitted radiation
must correspond statistically to that of classical theory.
Thus the electric momentj:?r;’e expressed in a Fourier seriesj amd
for a large number of atoms which are radiating, the ampe
litude of the electric wector will be proportional to the
coefficient in the Fourier series of the particular term
expressing this frequency, When a transition occurs between
orbits in which the difference in frequency of revolution
is appreciable the problem arices as to how the amplitude
of the emitted radiation depends on the amplitudes in the
initial and final states, Thus in practice different methods

of averaging between the allled Fourier coefficiznts in the
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jnitial and final states are tried, and when the correct
experimental intensities are obtained it is assumed that
the method of averaging is correct, The energy actually
emitted for any transition is proportional to the number
of atoms undergoing this transition., Thus the coefficient
in the Fourier expansion is a measure of the probability
of a single atom emitting this ffequency.

The application of the correspondence principle
to the problem of calculating relative intensities of Stark
components has been carried out by Kramers for the Balmer
series of hydragen and for ionized helium, In order to do
this it was necessary to make a Fourier series analysis for
the transitions condidered, and to compute the coefficients,
A discussion of his results is included in a later section
of the paper.

Epstein formulated empirical laws governing the
polarizations of the emitted lines. Bohr explains these
empirical laws on the basis of the correspondence principle
which implies that & line can be polarized in a given directe
ion only if the Fourier series for the corresponding electrioc
wector contains the frequency of the emitted line, He then

gtates the polarization laws in the following form:-
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If n ¢ is the quantum number associated with the
Epstein phase integral for the variable ¢ mentioned above,
then for a transition between any two states if n P changes
by zero the emitted line is polarized with its electric nector
parallel to the electric field, while if n ¢ changes by * 1
the emitted line is polarized with its electric wector per-
pendicular to the field,

A more complete physical interpretation of the atom
in a fie1l4 is glven by Kramers*in a paper correlating
fine structure and the Starkeeffect for the Balmer series
in hydrogen and the ionized helium line > 4686,

Sommeereldj applying the quantum theory to elliptic
orbits in which the variation of mass with velocity was
taken into account, was able to account for the fine struc-
ture of the Balmer lines, Observations in hydrogen are very
imperfect, but the fine structure of lonized helium series
as observed by Pascheﬂtconfirm Sommerfeld's results, Sommer-
feld then tried to solve the problem of the hydrogen atom
in an electric field in which the variation of mass was taken
into account, but ths equations arising in the case cannot

be solved by a separation of the variables., Thus the question

arises as to whether these are continous«sharply defined.

H.,A.Kramers - zeits, « Phw 3., 199, 1920,

v A,Sommerfeld, -~ Ann,d,Phys. 51, 1, 1916
t F,Paschen - Ann.d. Phys, 50, 901, 1916,
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lines connecting the Stark components with the fine struc-
vaze. The treatment of the problem by Kramers is carried
out by a method of approxiﬁmation using angle variables in
the Hamilton«Jacobl partial differential equations, and based
on the perturbation theory as used by Bohr. In the absence
of an electric field he obtains the fine structure in the
same form as was previously given by Sommerfeld, In this
case the motion is characterized by the quantum numbers
which specify the axes of the orbital ellipse, and by two
frequencies, ~ one the frequency of revbdlution of the electron
and the other the precession frequency of the orbit, When
an electric field is applied, a third gquantum number is
introduced which determines the angular momentum about an
axis parallel to the field, and thereby the inclination of
the orbital plane to the direction of the field, Since the
value zer¢o for this quantum number corresponds to motion
through the nucleus, we are led to Bohr's earlier assumption
that this value is not possible,

With increasing field the motion no longer remains
in a plane; and the angular momentum together with the minor
axis of the orbit, oscillate between fixed limits, thereby

introducing a new frequency into the motion, 1In hizh fields

N,Bohr D.K,D,V¥idensk, Selsk, Skr, Afd, &, R.iv, 1, 1919,
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this frequency is shown to become double that of the fre-
quency of the rotation of the plane of the orbit abcut ibe
axis of the electric field.

From his calculations he finds that in the presence
of weak fields the components of fine structure split with
one or more sharp polarized components which are displaced
by amounts proportional to the square of the electric force,
As the electric field is increased new components appear;
and in strong fields all these components coincide with
those given by the theory as given by Epstein,

A new field of investigation of the Stark-effect
problem was opened up with the introduction of the Helsen-
berg~Born-Jordan matrix mechanics, According to this theory
no continous picture of what occdrs in the atom during rad~
jation is required. The Helsenberg matrix is formed, the
elements of which are merely made up of the amplitude and
phase connectad with any jump, Using A special form of the
quantum condition for change in energy, together with a con-
plete matrix mechanic;:;g;ch is analagous to the Hamlltonian
mechanics used in the earlier work, Using operator methods

the Stark-effect displacements were worked out for hydrogen

by Pauli and Dirac., By an application of perturbation theory

°W%.Pauli Jr. %s.f Phys. 36, 336 L926.
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to quantum mechanics, the Starkeeffect was calculated by
Foste;‘for helium, Moreover, by determining the matrices
required to give the analagous transformation to the canonical
transformation in classical mechanics, Foster calculated the
intensities of the helium components, In deing this he em-
Ployed the general principle referred to later of assuming

that the intensities are proportional to the square of the
amplitudes of the associated vibrations, In order to get the
relative intensities of the components, these values are mul-
tiplied by the Krénigfprobability factors,

A further advance was made by the introduction of
wave mechanics by Schredinger. This theory resulted from
some earlier work Dy de Broglié’in which a material point
is associated with a group of waves, According to wave
mechanics, the solution of a problem in quantum mechanics
is made to depend on the solution of a differential equation,
known as the wave equation , in which the energy of the
system appears, In solving such & problem the energy is cal-
culated on classical grounds as in the 0ld theory, and the
only solutions of the wave equation admitted are those which
are finite, single-valued and bounded in the phase space, for

the special values of the energy corresponding to the ststionary

v J.S.Foster - Prec.Ray. Soc, 117.127, 1927,
° ¥ Schrodinger - Abhandlungen zur Wellenmechanik, Barth, Leipzig

(1927,
* L.de Broglie- Ann d. Phys, 10,22, 1925,
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stgtes of the system,

By calculating the energy for the hydrogen atom
in a constsnt fiheld of force, the displacements produced
in the Stark-effect were ¢hus calculated, Schrddinger does
this both by a method of separation of the variables such
as was employed by Epstein in his early work, and also by
means of perturbation theory in a manner analagous to that
of Bohr, The extension of this work to the calculation of

intensities is given in a later section,
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Experimental Survey.

*
The observations of Stark were made using

for the transverse effect a canal ray tube of the
type shown in figure (la). An electromotive force
of from 5000 to 10000 volts, produced by a large in-
duction coil, is used to operate the tube. This is
applied between the ancde (A) and the perforated
cathode (C). A second electromotive force of from
1000 to 6000 volts supplies the field required to
produce the Btark analysis between (¢) and the auxiliary
electrode (F) placed a few mm., away. The light is
taken from aréection midway between (C) and (F) where
the field is constant. 4 reproduction of Stark's
analysis is shown in figure (l.b.) Longitudinal ob-
servations were also made, but these led only to the
result that the p-components were invisible and the

s-components unpolarized.

-‘r
10 Surdo made some independent investigations

*7., Stark - Elecktrische Spektralanalyse, TLeipsig (Hirzel)}1914.

t1o surdo - Rend &, Linc 22, 664, 1913,
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using a tube in which the discharge was constricted
near the cathode. The field causing the splitting
of the lines was produced in the Crookes dark space
in Which the total fall of potential of the tube
takes plsce. This type of source has been used by
many Workeis in the study of the Stark-effect, and
a number of variations in the method have been em-
pPloyed in. order to obtain a sharp analysis. The
most successful modification has been that designed
by Foster whose general procedure has been followed

in all the tubes used in the present work.

The general features of the Stark effect which

have been observed may be summarized as follows:

(1) .Asymmetric displaéements of the individual
lines are observed for all elements.

(2) New combination lines appearing in the
field, which produce group éymmetr&.

(3) Changa in relative intensity of components
at different field strengths; including the
phenomenon of vanishing components

obgserved by Foster <5y helium,

Yl) J.3. Foster - Proc. Roy Soc. A. 114, 47, 1927,
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(5)

(6)

(7)

(8)

Qe

Displacements showing & non-linear relation with
field strength in low fields. (In hydrogen this

(2)
becomes evident from the fine structure theory.
A second order shift towards the red in strong
fields. This has been observed in hydrogen by

(3) (4)

Takamine and M. Kokubw and by Foster.

Single spectral series shows the same Stark

patterns throughout.

The direction in which a displacement talies place
may change from one line to another in the same

series.

In the case of neon where the terms are multiplets
an analogue to the Paschen-Back effect has re-
cently been observed in the 1aboratory? It is

found that in high fields the displacements of

the lines in the normai group tend to fuse. Those
of the groups coming in in the electric field are
effected in like mammer, the whole structure forming
a normal pattern such as is found in the case of

simple spectra.

(2) H... .Kramers 2Zs f£. Phys. 3. 199, 1920.

(3( T.Takamine and N.Xokubu,lem.Coll.Sci.Kyoto 3,271,1919.
(4) J.3.Poster Astraphys.Jjourn. 63 191,1926.

* Nv’Row\es.
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Experimental Arrangements,

In carrying out the measurements of intensities of
the Stark compononents a Lo Surdo source was employed in cone
Junction with a vacuum system, A high potential apparatus

supplied from 5000 to 10,000 volge to the tube, the current
drawn varying from 4 to 12 mil,amps, The time of exposure
varied from 30 minutes to 4 hours, Spectrograms of the light
from the Crookes dark space were obtained, and by means of a
wedge method using a Moll microphotometer, quantitative measure-
ments were made which show marked agreement with the calcu=~
lations of Schrodinger based on Wave mechanics,

The gases used in these experiments were hydrogen,
helium and neon, The hydrogen was prepared in the laboratory,
and was used alone and with varying proportions of helium,

The helium was introduced in order to enhance the Balmer series,

Water vapour was also tried for this purpose, but at the presge
sures required to operate the tubes, it did not appear to have

the desired effect, Both the hydrogen and the helium were

kept over water, and were purified by passing over charcoal

immersed in liquid alr, The neon was admitted to the system

through a mercury trap, and was used practically pure, the

whole tube being thoroughly roasted and evavuvated before
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admitting the gas. H_ ,however, always appeared stronger in
an appreciable projeoy hon

the tube under these circumstances than when a—retieceable

preperatton of hydrogen was added, Neon was therefore used

in obtaining the H, photographs,

The vacuum system (Fig.2) consiste of a large capacity
for keeping the pressure constant, a pyrese charcoal bulb through
which the gas is forced to pass before entering the discharge
tube, and a McLeod gauge constructed so as to read pressures
up to five millimeters of mercury. The seals from the pyrese
to the glass are in all cases made with wax,

The principle underlying the Lo Surdo type of tube is
that extremely high fields may be produced by the fall of poten-
tial in the Crookes dark space by constricting the dlescharge
at thie portion of the tubes This method does away with the
necessity of having two sources of high potential as required
with the canal ray tube, and also gives very much better light
intensity., In order to have this field large enough to give
a measureable Stark-effect the constriction is made from
1l to 2,5 mm in diameter in the neighbourhood of the cathode,

The constriction of the discharge has been effected in a number
of ways by different experimenters, the method employed by
the writer being illustrated in (Fig.3.a)
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A heavy aluminium anode A is sealed into the main see-
tion of the tube which is made of pyrex, A lead to the vacuum
system is made from near the anode, and is bent in line with
the axis of the tube so as to allow rotary adjustment at the
ground glass joint used in makibng connection. At a distance
of about 10 cms, from the anode the tube narrows down to 1,3cus,
internal diameter., Into this part ies fitted a lavite block(L)
which has previously been made in the required shape and then
hardened by heating, The lavite is then sealed int¢ the pyrex
as firmly as is possible without using sufficient heating to
cauge adhesion between the two, Because of the nearly equal
coefficients of expansion of the pyrex and the lavite, such a
tube will stand considerable heating without cracking, Care
gshould be taken, however, to allow the heat tu distribute it
gelf slowly by running the tube for a few seconds at a time
at the beginning of a run,

The cathode (C) is an aluminium rod fitting into the
lavite, This is held in position by a brass sleeve (S) which
fits ggainsy the lower edge of the lavite block, The electrode
may be rotated by means of a ground glass joint, to one portion
of which is attached a flexible steel wire, A brass plug at
the free end of the wire slides into the sleeve already men

tioned,
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and the pin(P)holds the parts together, The pin moves within
limiting slots in the brass slesve, A compressed spring bstween
the plug and the electrode serves to hold the cathode in position,
Connections to the electrical apparatus are made by tungsten
wires which are sealed into the pyresag with 702-P glass, Z
The general type of lawite section is shown in fig,(3.8).
A 6 mm. hole with flat ends is cut into the lawite at each end
as indicated. A small hols is then drilled off centre, varying
from 1,5 to 2.5 mm, in diameter, the lower edge of which is
rounded slightly in order to prevent heating, A slit from
5 to 75 mm.in width 1s cut in the lawite in order to allow
the light to pass out through the window to the spectregraph,
The cathode in such a tube is a cylindrical rod which fits into
the lower large hole in the lanite, With this arrangement
pressures up to 2 or 3 mm, may be employed, and the fall of
potential produced by the electrical apparatus described later
takes place in from 1 to 3 mm, according to the length of the
Crookes dark space., An intense light exlists in the dark space
when the tube is operated, and the conditions are excellent for
studying the Stark-effect, In oeder to produce a convenient
field distribution the cathode surface is drawn back about .3 mm,

from the lamite, This makes the field decrease slightly at the
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cathode, whereas a steadily increasing field is produced if the
lamite and aluminiuma are in contact. The former distribution

is especially good f?;fzﬁéggtark-effect. Another advantage lies
in the fact that in this way the cathode is kept insulated from
the walls, This is very important when a2 metal coating is
produced by sputtering from the cathode, In order to further
control the trouble due to sputtering the end of the aluminium
rod forming the electrode is turned to a slightly smaller diameter
than that of the lawite over the 3 cms, of its length nearest

its facs,

During an exposure of three hours the bombardment of
positive tons produces a small conical hole in the cathode
gsurface which varies in depth firom about 1 to 3 mm, according
to the conditions under which the tube is operated, In cases
when a very deep hole is produced.it is of extremely small
diameter, and in no case does the hole seesm to effect the field
distribution during an exposure, If for any reason & fresh
surface is required, the cathode may be rotated by the ground
glass joint, After a long run, however, the tube has to be
taken down, the lamite cleaned, and the cathode re-surfaced

before it will run steadily again,
Various modifications of the type of tube were employed
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(el
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in the present work, the changes in design being made in an
attempt to get field distributions which would produce lines
suitable for intensity measurements,

A ribbon - shaped hole (1,5 X 7 mm,) is cut through
the central part of the lamite section. The end of the cathode
is cut down to fit tightly into this hole, and the slit is cut
rarallel to the cathode face and in the direction of the long
side of the hole at a distance of ,2 mm, from the cathode, Fig,
(4.3.). This tube was used in a horizontal position, and using
a narrow slit and good focus, the Stark components were obtained
parallel to one another on the photographic plate, Preliminary
photographs showed that the light intensity was constant across
the central 4 mm, of the discharge, This type of source pere
mitted the use of the wedge in line with the source of light
giving the Stark components, but gave no means of detecting
secondary lines which might be superposed and thereby spoil

intensity measurements.,

A tube was made as shown in fig, (4.b) which would
give lines nearly parallel over a portion of their length,
but curved at the ends so that secondary lines could be
detected, The lamite section is sealed into a tube at right
angles to the direction of the discharge., The cathode is
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cylindrical and fits into a hole in the la¥ite which is cut
glightly off centre. The discharge passes from the anode
through & hole(l X 3 mm,) in the lamite to the curved surface
of tJe aluminium, The central section of the lawite is made
about 5 mm, thick, Through this a very narrow slit is cut

to the hole through which the discharge passes,the centre of
the slit being almost tangential to the curved surface of the
cathode. The light was observed with the tube in a horizontal
position, This tube gave lines which could easily be measured
on the microphotometer, the intensities to be found from an
accompanying wedge pictures as described later, but overheating
of the cathode made it impossible to use it with the high
current density required to bring out the higher members of
the series.

(111) A tube similar to (1) was used in which the end of
the ribbon cathode was made with its outer edges curved, the
intensity measurements to be made as it (1) Insufficient
light intensity made thies design useless for the higher series
members,

(1v) In order to be able to use a higher current density,
tubes were built with ribbon shaped holes of various sizes in
the lamwite. The discharge passed tc a solid cylindrical
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cathode as in the general type, a Geissler tube with the same
gas pressure being attached by ground glass joints, so that

& normal gas spectrum could be obtained on the same plate to
be used as a comparison,

(V) Due to the simplicity of design and superiority of
light intensity available in tubes of the normal type, running
in a vertical position with high current density over a very
small area, attempts were made to modify this type so as to
give a distribution suitable for obtaining Moll photometer
curves giving a correct record of the blackening of the lines.
Tubes were made in which the small hole constricting the dise
charge was modified in the following ways:

(a) A hole 1 mm, in diameter was drilled and tapered at
the lower end with a 10° taper beginning about 2 mm., from its
lower end. Fig. (4.0)

(b) A hole similar to the above was made using a 20%°taper.
(o) A hole 1,5 mm,in diameter was cut straight through
and widened slightly, over a length of about 4 mm, at a dise
tance of about 3 mm., from the lower edge. In this case the
cathode was placed flush with the end of the hole, Fig,(4.d)
(a) A hole 1,5 mm, in diameter was cut and widened to

about twice this diameter by means of a large drill at its
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lower end, Fig., (4.e)

All these designs improved the distribution, but the best
resultd were obtained using type (d4) in which the cathode was
drawn back through at least .3 mm, from the lower end of the
hole. This is the type of tube used in obtaining the plates
from which measurements were taken,

The electrical apparatus operating the tubes is made
from parts obtained from the General Electric Company as shown
in Fig. (5). A transformer rated to give 100 mil,amps, at
10,000 volts supplies the required high potential, Sixtyecycle
alternating current passes through the primary and a controlling
rheostat Ro, The centre of the secondary is grounded and the
two half waves are rectified by kenotrowms (¥). The filament
current of the kenotrowms is controlled by the rtheostat R1 which
i1g in series with the kenotroue primary, the voltage across
which is readfrom the voltmeter, The pulses resulting in the
direct current so produced are greatly reduced by two 1.4
condensers (€) connected in series, parallel with the tube.
Further reduction ig effected and the discharge is steadied
by the 400 henry inductance (L)and water resistance (R3)in
geries with the tube,

The voltage across the tube is read on an electrostatic
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voltmeter, (Vo) while a small Weston direct current ammateriA)
gives the current, The applied voltage is kept constant during
a run by small adjustments of the rheostat(R\

Two spectrographs were employed, one a Hilger quartz
model E.I, and the other a glass spectrograph built at the
Laboratory.

(1) The glase spectrograph is equipped with six priems
ground by Fecker and having faces(6 X lo)cms. These are mounte
ed on a plane iron table which is boxed in, and the whole is
kept at constant temperature by means of heating elements
placed underneath and a tolmene expansion thermostat in the
centre, The collimator and camera lenses are similar doublets
of 115 cm, focal length, ground by MacDowell,

The spectrograph is built in two sections, raised to
a convenient height from the floor by an iron framework, The
camera section can thus be moved to any desired position, The
plate holder is made to hold(1i"x Sf)plates, and by means of
a bellows extension both adjustments in height and tilt are
made possible, All the photographe from which measurements
have been taken were obtained using this instrument, The
dispersion for six prisms varies from 15 J§ P®F ™ in the

red at H  to 2.2 A° per 32 mm.at 4000 A
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(2) The Hilger spectrograph is an E, 1, moddl and is equip-
ped with both quartz and glass dispersive systems, This was
used only during some preliminary experiments on tube design
because of its relatively low resolving and dispersive power
over the visible range.

The optical train used to produce sharp images on the
slit of the spectrograph consists of a lers and Wollasten
double image prism, Very good focussing is required in order
to eliminate overlapping of the light emitted at different
field strengths, In order to have the focus equally good
for both the p - and the s - component images, the double
image prism is used at a small angle to the horizontal, The
lenses used were a Zeiss Tessar P 6,5 camera lens and a Ziss
F2.7 camera lens, the latter being required with the glass
spectrograph in order to fill the collimator lens with light,

Eastman 40 plates were employed for all the lines
e xcept Hd. For this line Eastman panchromatic cinematograph
film was found very satisfactory, it being fast and very free
from grain, A hydrochinéne developer was used, made up
according to a formula of L.E,Jewell, which is rather slow

in its action, and very good for spectroscopic work,
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Intensity Measurements,

The problem of making intensity measurements on spectral
lines is a very difficult one, and only in recent years have
such measurements reached any degree of accuracy, Direct measure-
ments of radiation intensities are impracticable, so that photo-
graphic records have to be used, Thus the problem resolves it-
gelf into that of determining the relation between the blackening
of the plate and the absolute intensity of the light falling on
it, or, as 1s more generally the case in spectroscopic work,
the relative amount of blackening produced by two sources of
known relative intensities, The laws of blackening having been
accurately found, it is then possible to compare intensities of
lines provided some standard of comparison is used on each plate,
Th= difficulty arises on account of the complex relations

involved in the plate calibmtion, It has been found that the
blackening is a function of the following variables:-

(1) The exposure.

(2) The time of development,

(3) The developer,

(4) The type of plate,

(5) The sensitivity curve of the plate.

(6) The type of source (intermittent or steady)

(7) The intensity and wave length of the light,

(8) The dispersion of the spectrograph.
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The intensities determined from such a calibxation are photo-
graphic intensities only., In order to determine absolute
intensities a standard source whose energy distribution is
known is required, and the widths of the lines have to be
taken into account as described later,

The problem of determining relative intensities of
lines which appear on the same plate differing only slightly
in wave length is free from many of these difficulties, Such
is the case in measuring relative intensities of Stark compone
ents, Here the dispersion of the spectrograrh and the sen
gitivity of the plate may be assumed constant over any set of
components, and in all cases this time of exposure and plate
treatment are the same for the lines coneidered,

Stark measured the photogrephlic relative intensities
for the Stark components of the férst four members of the
Balmer series of hydrogen.ds has already been pointed out
these measurements have been found incorrect in several instances
and a new determination was required.,

The determination of intensities by means of a neutral
glass wedge has been carried out with considerable success by

4? Merton and Nicholson and other experimenters, This general

method was therefore employed in the prresent problem,

Merton and Nicholson - Phil,Trans A 216,459, 1916,
and 217,237, 1917,
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A "neutral®™ tinted glass wedge is one which shows no
absorption of a selective character thﬁoughout the region over
which it is employed. In practice such a wedge is compensated
by a similar wedge of colourless glass which is cemented to it
s0 as to form a plane parallel plate, This wedge is placed in
front of the slit of the spectrograph causing the lines at the
pPhotographic plate to fade away towards the dense end of the
wedge, Thus the length of the lines on the plate correspond
to intensities,

The simple theory of the wedge showing the relation
between intensity and length of line follows from a consider-
ation of the diagram in the margin,

If light of intensity I1 pene=
trates a thickness di. of the

iy

wedge, and that of intensity
I> penetrates a thickness do,

then we have :

e i T TSy

I ~-mal,
2 I, = e’
T e s

R
I
A

where k} is the coefficient of

extinction per unit thickneas

of the wedge for a wave length .

and log, 511[1 )=k (dp - 4,)
~ =K ( |' - lz ) where K=k tan« and
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and( are the lengths of Wedge penetrated by the light of
intensity I1 and Iz respectively,
We now define the density of the wedge D} for any
wave - length )\ by the relation:

log"’gi—;fn (L-d) 1 =

¢ ) =D (L=f .2, D}‘.43’+3k tana
From this formula the relative intensities of two lines of
nearly the same wave length may be deteérmined., For infinitely
narrow lines this formdla should give the true relative in-
tensities, but in practice the lines are of finite width, and

the relative energy content is given by
f 1, a

oo
» 2
In order to evaluate these integrals an enlargement is made

of the wedge photograph and the areas of the lines considered
are determined by means of planireter,

The intensities given by ;/EL as obtained from the
formula are known as the photographic intensities, If the
lines are of nearly the same wave length, and are sharp in
character the photographic intensitlies will correspond very
nearly to the absolute intensities., In the present inves-

tigation the photographic inteheities only are measured,
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In order to find the ratio %ﬁx it is first necessary
to determine D, for the wedge used, and to obtain accurate
measurements of the distance (L-{.) on the photographic plate,

The wedge calibuation for D, was made by using crossed
nicols to reduce the light intensity in a known ratio and the
wedge constant determined from the formula.

The optical system is shown in Fig. (6).

A Nernst glower is used as source, This 1is placed at the
principal focus of the lens L thus producing a parallel
beam in which the nicol prisms are placed., The lens(L)
focussed the light at the slit of the spectrograph. The
neutral wedge is mounted on the slit, and thus the image
obtained on the photographic plate gives an exact record
of the point in the wedge at which the light is completely
cut off,

In practice two equal exposuges are made on the same
plate, different intensities being obtained by rotating
the analyzing nicol, An iron arc comparison spectrum is
added in order to determine the wave length accurately.

For convenience the ratio I1 s Iz are taken as 10 ¢ I

giving
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Since the light transmitted by a pair of nicols varies
with the square of the sine of the angle through which
the analyzing nicol (A) is turned from extinction, the
angles of rotation required are found to be 180 26, and
90° in order to give the correct intensity ratios. The
angles are read on a fixed divided circle by means of a
peinter attached to(A.)

The nicol . prisms are cut with their end faces
perpendicular to the beam of light so that no error arises
due to variation in the angleucf incidence of the polarizna
light when(A)ies rotated, In order to eliminate error due
to loss of light from the corners of the prisms when parte
ially crossed, a diaphgré%(p)is ingerted between(P)and (A)
which restricts the light to a circular section through
the centre of the prisms,

Considerable variation in the voltage operating
the glower made it necessary to use a "floating battery"
in order to keep the source constant during the caliblwation

See Fig. (7).
The voltage of the 96 volt battery(B)is balanced against
that from the 220 volt D.,C.maing, the variable 390 ohms

resistance being set s0 that a small charging current passes
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through the battery. Fluctuations in the applied voltage
thus do not change the glower current, but simply varf‘the
charging current, (V)is a voltmeter measuring the voltage
across the glower, LAeis a milli-dmmeter measuring the
charging current And (A2) an ammeter showing the current
through the Nernst glower (Gp. The latter current was kept
constant at ,4amps, during exposures of twenty mimites each,
The slit of the spectrograprh was set at O,1 mm,

The relative blackening of the wedge images was
then determinsd at the desired wave length by means of a
Moll self- recording microphotometer., Points of equal blacke
ening were matched in the two curves, and, the magnificatien
being known, the distance ([.-<{.) could be measured, From
this value, obtained from a number of plates in order to
eliminate error in the prism settings, the value of waas

determined, (See Plate I u)aﬂd(e))

Line D \

H « &9

H « 30
8 309

Values of DA H v JUl
H 564

&
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In the present experiments the intensities were
determined in two distinctly different ways.
(1) A source giving parallel components was used with
sufficient magnification to produce images on the slit
equal in length to the neutral wedge. Two similar wedges
were mounted on the slit of the spectrograph, and the two sets
of Stark-effect components were focussed so that the light
from each passed through one of the wedges before reaching
the spectrograph. An enlargement was made of the plate
and the distance ( (.-{. ) was found by measuring the diff-
erence in height of the lines, This value together with
the known value for D \ ,and the magnification of the en-
largement, gave the relative intensities for any two lines
in the reglon of wave-length, comsidered.
(i1) Stark photographs were taken with tubes giving a
constant field over a short portion of the image. A wedge
photograph of a continous sou®te was then put on the same plate.
In order to determine the intensities in this case, & Moll
photometer curve was taken of the Stark components over
the section in which the lines ran parallel, and without
making any change in the adjustments of the instrument,a
second curve was taken across the wedge photograph for the

same reglon,
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By matching deflections of the photometer for the
lines considered with the corresponding deflections in the
wedge curve, the blackening of the plate corresponding to
known heights of the wedge could be found, and hence the
required values of ({.-1._), the Moll magnification being
known, The intensity calculations were then carried out

just as in the previous method,
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Discussion.

An outline has already been given of the methods
employed in the theoreg$ical determination of relative intene
sities for the Stark«components of the Balmer series of
hydrogen, The values obtained by Kramers*using the corres=
pondence princople, and by Schrodinger and Epstein using
wave mechanics are plotted and compared with the experimental
results of Stark and the writer in plates III , V, VII and IX,

The estimates od intensities made by Kramers are
based on application of the Bohr correspondence principle,
According to this the relative intensities with which the
Stark components appear should be intimately related to
the values of the squares of the amplhtudes of the correse-
ponding harmonic vibrations occu§gng in the motion of the
system within the limits considered, Accordingly Kramers
calculates the intehsities by finding the mean of the sum
of the squares of the "relative amplitudes"™ of the vibrations
occuring in the initial and final ststes, The "relative
amplitudes® are the ratios of the coefficients arising in
the Fourier expansion of the harmonic vibration of the
system t0 the semlemajor axis of the orbit which the

electron is assumed to describe, In this way the values

* H A,Kramers -~ D.,XK.,D, Vidensk. Selgk Skr, Naturv, og Mathem

Af4,8, R 111, 3, 1919,
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are brought to the same order of magnitude for the two states
considered, It is pointed out that initially there is no
way of knowing the relative importance of the two states 1in
determining the intensities, and on this account the intro.
duction of "relative amplitudes™ is necessary, Bohfrpredicted
that for hydrogen both states woulfl have to be taken into
account, but that in the case of helium the initial state
only would be considereds The latter has recently been
shown to be the case by Foster in his treatment of helhum
displacements and intensities by quantum mechanics, In
this work Foster finds admirable agreement between theory

and experiment using fields as high as 1,00,000 volts
per cm, It will be noticed, however, from the tables in
Kramers’paper that much better agreement with the experiment-
al results of Stark would be obtained if the intensities

for hydrogen were calculated from the values of the rel-
ative amplitudes in the initial states only,

It is clear that any treatment of the problem based

on the correspondence principle will become more accurate
as the quantum numbers increase, since the motion in this
case approaches the classical form, For this reason a study

of the first few members of the Balmer series affords a very

N.Bohr D,K.D, Vidensk, Selsk, Skr,Naturv, og Mathem Afd.g,
R 1V, 101, 1922,
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godd test for the theory, The observations of Stark are in
very good qualitative agreement with Kramers calculations;
but several lines are reported which are forbidden by the
theory, and in a few outstanding instances a reversal of
intensities occurs between the observed and theoretical
results, (e.g. H@i 4 ¢+ 6 s - components and H, *6 v 222

S = components.)

In a few cases Kramers finds that his calculated
intensities are zero when the intensities are not actually
zero, This is explained either on the grounds of & change
in the Fourier coefficients caused by fine structure cone
siderations which he neglects, or by supposing that while
the amplitudes may be zero in the initial and final states
of the atom, they need not be zero for all the mechanically
possible positions between thege states, Neglecting these
states, the intensity may appear to be zero,whble if they
were taken into consideration the intensities would no longer
vanish,

*Foster andTKiuti have both obtained numerous rlates
confirming the theoretical calculations of displacements
without any of the additional lines which Stark reports;

and Foster has explained Stark's result on the basis of

* J,S.Foster - Phys, Rev, 23,6, 668, 13924,
t M, Kiuti - Jap.Journal of Phys. §, 13, 1325.
vJ,S.,Foster - Asteophysical Journal 62 ,4, 229, 1925,
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the effect psoduced on the lines by slight field variations
during an exposure,

The present investigation was begun in order to ob-
tain more accurate results than those of Stark with which
to compare the estimates given by Kramers, and to use the
results to determine the corrections in the theory required
to make it agree with experiment, Some preliminary work
was carried out in tube design, and results were obtained

%
for H _,using the direct wedge method.

e
Shortly after this work had besen done there appeared

a determination of intensities based on wave mechanics by
Schrodinger which was strongly supported by the measurements
on H e o

Schrbdingef‘shows that the wave mechanics and quantum
mechanics are equivalent and that for any problem he can
write the terme of the corresponding Heisenberg matrix as
known functions of the solutions of the wave equation,
Therefore, in order to calculate the intensities of the
Stark components, the wave equation is put into the Starke
effect form and solved, It is then possible to form a

matrix, corresronding to that of Heisenberg, in which each

of the elementsis & function of the solution obtained,

t J.S.Foster and M,L,Chalk, Nature 118, 592, 1925,
* E.Schrédinger - Ann, d. Phys, 4 80, 437, 1926.
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the solutions being normalized beforehand, According to
Heisenberg the square of the amplitude ofi an element in
the matrix is a measure of the probability of transition
between the two states considered, In order to determine
the energy emitted at that frequency, the square of the
amplitude is multiplied by the coefficient of the fourth
power of the frequency of emission as required on the
classical theory,

Following Heisenberg, Schrodinger determines the
relative intensitiss by calculating the values of the %erms
in his new matrix, and performing the above operations,
Actually in determining the relative intensities in the
case of the Stark components, the multiplication by the term
containing the frequency is of comparatively small ilmport-
ance, since the difference in frequencies for the lines
considered is always small, The effect of this term would
be, however, to make the intensities slightly weaker for
components lying towards the red,

The selection and polarization rules for the Starke
effect are included in the solution of the wave equation,
and agree with the results already obtained by experiment

and from the calculations of Schrodinger,
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*Epstein independently calculated the intensities
cf the Stark components for the first foue Balmer seriss
lines using the Schrodinger wave equation, The equation
is solved by a method of successive approximations, and
applying the above method,the amplitude and the polariz.
ation rules are determined.

These amplitudes are compared with the results
obtained by Stark and are plotted in plates 111, V, ¥11,
and 1X, The agreement with Stark's results is much better
than is obtained by Kramers from the correspondence prin-
ciple., In using the amplitudes insted of their squares,

(@s is done by both Kramers and Schrédinger), Epstein quotes
from & paper on the intensities of multiplets by H,N,Russell
in which it is stated that the observed values, estimated
by the experimental physicist from the blackening of the
photographic plate, are not proportional to the intensities
but to their square roots, i.e, to the amplitudes of the
emitted waves,

On the other ahnd, Erstein's results are in total
disarresment with the values obtained by Schrodinger though
he considers the same problem and uses the same equation,

The discrepancies are quite unaccouhted for by his neglecting

* P,Epstein., Phys.Rev, 28 695, 1926,
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to square the amplitudes, The results have not been checked
by the writer but it ie thought that an error has been
introduced into the expression obtained for the amplitudes,
From these results, mgreover, there is no evidence of the
sum of the intensities in the two polarizations being equal
as predicted by Bohr, and demanded by the theory of Schroe
dinger, This latter condition is further to be expected
from the theoretical results obtained by Foster*in the case
of helium which are qualitatimely correct in the lines
observed,

Finally it must be stated that for all the components
observed by the writer, the intensities correspond to those
calculated by Schrdédinger, A description of therplates and
the results obtained for the separate components are given

in the following sections,

* J.S.Foster. Proc. Ray. Sec. 117, 37, 1927.
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Results-

The results obtained in the determination of the
intensities may best be explained by reference to Plates
I - IX. The results for each of the lines are tabulated
and a general criticism of the observations follows.

The observed values for different pairs of components
are compared with the relative intensities as calculated
f?om Sehroedinger's values., The lines are designated

in the usual way in terms of the unit of displacement.

Lihe Polarigzation Observed Calc.Rel.Ints
Rel.Ints.
H P * 3 1.38 1.3%7
A =z
£ 3 3¢ 32 3416
+ &
> 4 &.40 a3.31
+ 2

1.40 1.42

e} 14
Hjo
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Line Polarization Observed Calc.Rel.Ints.
Rel.Ints. Schroedinger
H P * 8 1
¢ + 10
1.02 31.04 1,06
1.11
+8 4,54
6 4,59 4,74
4,65
*10 4,45
£ 6 4,24 4,46
4,03
8 4 1.541
t6 1056 1.56
1.59J
s 4 9.06 |
+ 2 Y 6,24 6e 35
3,42
y,
+6 4,00 4,07

| +
V]
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H P * 18 1.18 1.14
¥ <15
+ b 1.03 1.23
+ &
s * 10 1,11\ 1.07 1.063
* 13 1.05
H D + 28 1.78 1.34
¢ + 24
s + 6
* 10 1.77 2,02

The intensities of the components in the case o6f Hd\
were measured from the photograph shown in Plate II. An
exposure of one hour was made using neon in the tube with
an applied voltage of BOOO volts and a current of 4 mil.amps.
Wo secondary spectrum lines appear. Visual observations
and photometer curves from other photographs were obtained
which gave good support to the measured intensities. The
strong central p-component which appears in the photometer

curve is due to the overlapping of the p-components, and
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does not indicate an undisplaced line in this polarization.
Measurements were made in HP from four different

plates using different proportions of hydrdgen and helium

in the tubes.s Two of the plates (See plate lc) were

taken using a tube of type (i)‘with a ribbon cathode

and direct wedge photographs were obtained. The field

distribution and light intensity were found to be constant

from a preliminary exposure with the wedge removed from

in front of the slit. This is shown in Plate I a. and

the contact print Ib. The tuﬁe was operated at 7000

volts, drawing a current of 15 mil. amps. The other

results were ébtained using a tube of type (4.d.) such

as was used for the other lines. One of the photographs

is reproduced in plate IV.

In determining the intensities for the com-
ponents in Hy considerable difficulty arose because
of the superimposed secondary lines (Plate VI). With
the field distribution employed, these could always be
observed, however, and the measurements on the photometer

curves were taeken from section of the curve which was
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believed to be free from secondary lines. Although
the inner components in the s-polarization were
strong.no intensity measurements were made on these
lines becausse of the overlapping of the p-components.
The two sets of p-components *18; *15 and *-5; ~&
shown in the diagram Plate VII are not necessarily
pletted on the same scale, because although relative
intensities were obtained for the pair *18: =15 and
for the pair =5 : X 2 no measurement giving the ratio
of the intensities of lines belonging to the different
sets was obtained.

Measurements on Hz'were interfered with by
secondary lines, but one photograph was sufficiently
clear to yield the results shown in Plates VIII and IX.

Very good agreement with the calculations of
Schroedinger is obtained for all the components of
Hc#and H{swhieh have been observ:d.

In the case of H&’ Kiuti has obtained the weak

components s-*5 and *6 required by the theory and

found a faint indication of p =8 from the apparent
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relative intensities of these to the grating ghosts,
he estimates their intensities to be a few thousandths
of that of the strongest lines. Yo attempt was made to
obtain these lines in the present investigation, since
direct measurements between such weak components and
the other lines could not be determined with any better

degree of accuracy than has already been attained.

Estimates Sf the inte:iities for H phave been
made by both Foster and Kiuti. Both these writers
report analyses varying considerably from the original
results of Stark. From observations on Hp, Ha and Hs
Kiuti peints out, however, that his results for in-
tensities agree qualitatively with those of Stark, and
he states that the theory (of Kramers) emphasizes the
intensities of the outer cémponents too much. Foster
estimates the relative intensity of s *4 to s X6 as

being 2; but no quantitative mesurements have been made

by any experimenters since Stark published his results.

*J.S. Foster- Astrophys Journ. 62 &29, 19&5.
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The results for Ht show g reversal ol the p 2
to p-5 intensities as observed by Stark; but otherwise
no very great variations from his results are obtained.
In Hy pt28 to p t24 intensities may be affected by
secondary lines. The agreement with the theory is not
good, but is considerably better than that existing for
Stark's observations on the same lines.

The diagram of intensities, shown in Plates
III, VvV, VII and IX, gives a clear representation of the
results obtained and their relation to &1 the theoretical
and experimental work which has been done on the de-
termination oé intensities of Stark-components in
hydfogen. It is not thought that the type of source
could account for variations in intensity comparable
with those existing between the results of Stark and
those of the writer. XNo forbidden components are
present in the new photographs, and & very clear
analysis is obtained, this being veiy clearly de-

monstrated by the strong helium lines which appear

on the plates. It is therefore thought that the
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meagurements herein reported are considerably more
accurate than any which were reported by Stark.
From the results obtained it méy be stated
that, within the limits of experimmntal error, the
calculations of Schroedinger for the relative in-
tensities of Stark components in the Balmer lines

of hydrogen are correct.
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