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For gold the number of deflexions was observed up to
$=150° and found to be correct. Taking e us 100 times
the electronic charge and V=2 x 10? em. per sec., this gives as
the closest approach of nucleus and « particle 3-5 x 107!% em.

The closest possible approach of all.is between an « particle
and a hydrogen nucleus in a straight-on collision. With

=2 x 10? this gives a distance 1'7x10"¥em. If it can
be verified that the distribution of H particles is as predicted
in this paper, then we may conclude that the radii of the
nucleli of hydrogen and helium are certainly less than
10-1% cm,

LIX. On the Effect of Electric and Magnetic I'ields on Spectral
Lines. Dy N. Bour, Dr.plil. Copenhagen *.

IN a previous papert the writer has shown. that an
explanation of some of the laws of line spectra may be
obtained by applying Planck’s theory of black radiation to
Rutherford’s theory of the structure of atoms, In the pre-
sent paper these considerations will be further developed,
and it will be shown that it seems possible on the theory to
account for some of the characteristic features of the recent
discovery by Stark f of the ecffect of an electric field on
spectral lines, as well as of the effect of a magnetic field
first discovered by Zeeman. It will also be shown that the
theory secms to offer an explanation of the appearance of
ordinary double spectral lines §. '

§ 1. The Fmission of a Line Spectrum,

The theory put forward by the writer to explain the emis-
sion of a line-spectrum may be summarized as follows :—
The principal assumption of Planck’s theory is that the

# (Communicated by Sir . Rutherford, F.R.S.

+ Phil. Mag. vol. xxvi. pp. 1, 476, 857 {1913).

I Sitzungsb, d. Kgl. Akad. d. Wiss, Berlin, 1913, p. 932,

§ While this paper was in course of preparation, a thooretical paper
dealing with the same subject was published by E. Warbure ( Ferk. d.
deutsch, Phys. Ges. xv. p. 1259 (1913)). The later finds that the effect of
electrie and magnetic fields to be expected on my theory of the hydrogen
spectrum is of the same order of magnitude as determined by experiment.

However, contrary to the conclusions of the present papar, Warbury
concludes that it does not seem possible on the theory to account in
detail for the experimental results, In his opinion the theory leads to
a broadening of the hydrogen lines in an electric field, instead of the
appearance of the homogeneous components observed by Stark, He also
calculates that the Zeeman effect should vary from line to line in a
manney inconsistent with experiment.

rl'
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energy of a system of vibrating electrified particles cannot
be transterred into radiation, and wviee versd, in the continuous
way assumed 1n the ordinary electrodynamies, hut only 1n
finite quanta of the amount /v, where % is a universal con-
stant and » the frequency of the radiation *. Applying this
assumption to the emission of a line-spectrum, and assuming
that a certain spectral line of frequency » corresponds to a
radiation emitted during the fransition of an elementary
systom from a state in which its energy is A; to one in which
it 15 A,, we have

?LI-’_*:.A.]_“‘—“A.E.. ' " . (1)

According to Balmer, Rlydberg, and Ritz the frequency of
the lines in the line-spectrum of an element can be expressed
by the formula

v=ﬁ.(n1)—ﬁ,('?zg), e e e e e (2)

where n; and ng aro whole numbers and £, £, ... a series of
functions of », which can be expressed by

Fr(n :};gby(a'z), N )

where K i3 a universal constant and ¢ a function which for
large values of = approaches the value unity. The complete
spectrum 1s obtained by combining the numbers #, aud =,
as well as the functions fy, f; ..., in every possible way.

On the above view this can be interpreted by assuming :

(1) That every line in the spectrum corresponds to u
radiation emitted by a certain elementary system during its
passage between two states in which the energy, omitting an
arbitrary constant, 1s given by —Ahf,(n,) and —/if(n,)
respectively ; |

(2) That the system can pass between any two such states
during emission of a homogeneous radiation,

Thej states 1n question will be denoted as “stationary
states.”

# In Planck’s original theory certain other assumptions about the
propertles of the vibrating systems were used. However, Debye (Ann.

d. Phys. xxxiii. p. 1427 (1910)) has shown that it is possible to deduce

Planck’s formula of radiation without using any assumption about the
vibrators, if it be supposed that energy can be transferred between them
and the radiation, only 1n finite quanta he, It l‘ﬂﬂ%’ further be remarked
that Poincaré (Journ. d. Physique, 1i. p. 5 (1912)) has deduced the
necesgity of assuming that the transference of energy takes Plr..ge in
quanta Av in order to explain the experimental laws of black radiation.
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The spectrum of hydrogen observed in ordinary vacuum-
tubes * is represented by (2) and (3) by putting

di(n)y=¢y(n)=...=1. . . . . (4)

Accordingly we shall assume that this spectrum is emitted
hy a system posscssing a series of stationary states in which,
corresponding to the nth state, the energy, omitting the
arbitrary constant, 1s given by

K
.A.H= —fl ?—12. . . - - : » » (5)

According to Rutherford’s theory, the atom ot an element
consists of a central positive nucleus surrounded by electrons
rotating in closed orbits. Concordant evidence, obtained in
very different ways, indicates that the number of electrons in
the neutral atom is equal to the number of the corresponding
element in the periodic table . |

On this theory the structure of the neutral hydrogen atom
is of oxtreme simplicity ; it consists of an electron rotating
round a positive nucleus of opposite charge. In such «
system we get on the ordinary mechanics the following equa-
tions for the frequency of revolution @ and the major axis 2a
of the relative orbit of the particles '

2 2W(M +??-Q~ 2q == iﬂ (6)
“ TN Wt
where e and —e are the charges, M and m tho masses of the
nucleus and the clectron respectively, and where W is the
amount of energy to be transterred to the system in order to
remove the electron to an infinite distance from the nuclens.
It may be noticed that the expressions are independent of the
degree of eceentricity of the orbits. .

In order to obtain a mechanical interpretation of the
above-mentioned stationary states, let us now in (6) put
W,=~—A’. This gives

Wa= @L Wy = gﬁEI{J(M -l-m)_! 20 = —@f. . (1)
nt’ mietmMn® 7 hK

According to this view, a line of the hydrogen spectrum
is emitted during the passage of the atom between two

¥ A series of lines, first observed by Pickering in stellar spectra and
recently by F owler 1n vacuum-t}lbea contalning & nsi:{tm'@ of hydrogen
and helium, is generally also ascribed to hydrogen. These lines, however,
can be accounted for on the present theory, if we aseribe them to helium.
(Phil. Mag. loe. eit. p. 103 comp. alzo ¢ Nature,” xeil, p. 231 (1913).)

+ Comp. A, v. d. Broek, Phys. Zewtschr, xiv. p. 32 (1913), comp, also
several recent contributions to ¢ Nature.
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stationary states corresponding to different values for .
We must assume that the mechanism of emission eannot be
described in detail on the basis of the ordinary electro-
dynamics. However, it is known that it is possible on the
latter theory to account satisfuctorily for the phenomena of
radiation in the region of slow vibrations, It our point of
view is sound, wiﬁ{aéﬁould therefore expect to find in this
region some connexion between the present theory and the
ordinary ideas of electrodynamics.

From (7) we see that w, vanishes for large values of =,
and that at the same ting thHe ratio w.jw,+; tends to unity.
On the present theory the frequency of the radiation emitted
by the transition from the (n+1)th to the nth stationary

siate 18 cqual to %(AHH--A“). When =n is large, this

approaches to i%% On the ordinary electrodynamics we

LI _ELTRTH

the frequency 6F revolution, and consequently it 1s to be
anticipated that for large values of n -

EzA?:fzmn, A €)

shounld expect the frequency of the radiation to be equal to

dn

Introducing the values for A, and w, giveﬂ by (5) and (7),
we see that n disappears from this equation, and that the

condition of identity 1s
K

B Evrﬂe“mN_.[ (9)
_-IEIE(IM_'__??L)- & & & & & ] L

From direct observations we have K=3-290, 10", Intro-
ducing recent values for e, m, and h*, we get for the
expression on the right side of (9) 3:26.10'%, The agree-
ment is inside the limit of experimental errors in the deter-
mination of ¢, m, and k; and we may therefore conclude that
the connexion sought between the present considerations and
the ordinary electrodynamics actually exists.

From (7) and (9) we get |

2mietmM 4m2e¢mM _ (M +m)

— — e — TR ' 2&1” — T T.
W, WA (M A+ m)’ ©n (M +m)’ 2ar?e i M.

(10)

For n=1, corresponding to the normal state of the atom,
we get Z2a=11.107%; a value of the same order of mag-
nitude as the values for the diameters of atoms calculated on

¥ Phil, Mag. loc. aif. 1. 487,

Phil. Mag. 8. 6. Vol, 27. No. 159. March 1314. 2 M
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ihe kinetic theory of gases. For higher values of n, how-
ever, 2a is great compared with the values of ordinary atomie
dimensions. As I pointed out in my former paper, this
result may be connected with the non-appearance in vacuum-
tuhes of hydrogen lines corresponding to high numbers n
Balmer’s formula and observed in the spectra of stars.
Further, it will appear from the considerations of the next
“section that the large diameter of the orbits offers an expla-
nation of the surprisingly greal magnitude of the Stark

effect. o
From (10) it appears that the condition (8) holds, not only
"""" (10 Lﬁw{?ﬁﬂﬁs of n. “Tn addition; for

for Targe values of » but for all values oi'n .
A stationary orbit W js ‘eqtial to the mean value of the total

kinetic energy T of the particles; from (10) we therefore

A

get
: Tﬂ:%ﬂ]tm”_- P . » . . . (]1)

motion of the particles in the stationary states of the svstem

can be determined by help of the ordinary mechanies, On

this assumption it can be shown generally that the conditions

(8) and (11) are equivalent. Consider a particle moving 1n

1 closed orbit in a stationary ficld. liet @ be the frequency
of revolution, T the mean value of the kinetic energy during
« revolution, and —W the mean value of. the.sum of tho

kinetic encrgy and ‘the potential energy of the Ipﬂrtir:t]e
ralative to the stationary held " Applving Hamilton’s prin-

ciple, we get for a small variation of the orbit

3\&’:-2:-.;8(3). e )

{

If the new orhit is also one of dynamical equilibrium, we get
SA = —8W, where A is the total energy of the system, and
‘+ will be seen that the equivalence of (8) and (11) tollows
immediately from (12).

" In these deductions we have made . |
the degree of eccentricity of the orbits. If the orbits are

cireular (11) is equivalent to the simple condition that the

angular momentum of the system in the stationary states 1s
: : h

equal to an entire multiple of 5 f |

In Planck’s vibrators the particles are held by quasi-

elastic forces, and the mean value of the kinetic energy 1s

ne assumptions anbhout

* Clomp. J, W. Nicholson, ‘Month, Not. Rey. Agtr. Sce, Ixxii, p. 679
(1912), -
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equal to the mean value of the potential energy due to the
displacements. Consequently (11) forms a complete analogy
to Planck’s original relation S

U=nhyv

between the energy U of a monochromatic vibrator and its
frequency v, This analogy offers another way of representing
the present theory-—a way more similar to that used in m;hf
former paper *, Considering, however, the widely different
assumptions underlying the relation (11) and ™ Planck’s
relation, it may seem more adequate not to scek the hasis of
our considerations in the formal analogy in question, but
directly in the principal condition (1) and in the laws of the
line-spectra.

In dealing with the more complicated structure of the
spectra of other elements, we must assume that the atoms of
ruch elemonts posgsess several different series of stationary
states. This complexity of the system of stationary states
compared with that of the hydrogen atom, might 11&1:111*;1]]5;
be anticipated from the greator number of electrons in the
heavier atoms, which render possible several different types of
configurations of the particles.
~ According to (1), (2), and (3) the energy of the nth state
in the rth series is, omitting the arbitrary constant, given by

hK
Aﬂ,r"—“—ﬁ {n). . .. . . (13)

_ The present theory is not sufficiently developed to account
in detail for the expression (13). Iowever, a simple inter-
prefation may be obtained of the fact that in every series
¢.(n) approaches unity for large values of n.

Suppose that in the stationary states one of the electrons
moves al a distance from. the nucleus which is larce com-
pared with the distance of the other electrons. If the atom
is neutral, the outer electron will be subject to very nearly
the same forces as the electron in the hydrogen atom, Con-
sequently, the expression (13) may be interpreted as indicating
the presence of a number of series of stationary states of the

* Note added during the proof.—In the Phys. Zeitschr. of Feb. 1,
.. Gehrcke has attempted to represent the theory of the hydmg‘m;
spectrum 1 a way somewhat diﬂgmnt from that in my former paper,
Like the procedure in my paper, Gehrcke does not attempt to give
a mechanical exglﬂna,tmn of Planck’s relation hetween the 1'1*equenccv of
the radiation and the amount of energy emitted; but he does also not try
to give & mechanical interpretation of the dynamical equilibrium of the
atom 1n 1ts possible stationary states, or to obtain 2 connexion to
ordinary mechanics in the region of slow vibrations,

2 M2
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atom in which the configuration of the inner electrons 13 very
nearly the same for all states in one series, while the con-
ficuration of the outer electron changes from state to state
in the series approximatcly in the game way as in the
hydrogen atom.

It will appear that these considerations offer a possible
simple explanation of the appearance of the Rydberg con-
stant in the formula for the spectral series of every clement.
In this connexion, however, it may be noticed that on this
point of view the Rydberg constant is not exactly the same
for every element, since the expression (8) for K depends
on the mass of the central nucleus. The correction due to
the finite value of M ig very small for elements of high
atomic weight, but is comparatively large for hydrogon.
It may therefore not be permissible to calenlage the Rydberg
constant directly from the hydrogen spectrum. Instead of
the value 104675 generally assumed, the theoretical value
for a heavy atom 13 109735. '

§ 2. The Ejfect of an Lilectric Field.

As mentioned above, J. Stark has recently discovered
that the presence of an external electric field produces a
characteristic effect on the line-spectrum of an element.
The effect was observed for hydrogen and helium, By
spectroscopic observation in a direction perpendicular to the
field, each of the lines of the hydrogen spectrum wuas broken
up into five homogeneous components sitnated very nearly
symmetrically with regard to the original line. 'The three
inner components were of feehle intensity and polarized
with electric vector perpendicular to the field, while the two
outer stronger components were polarized with electric veetor
parallel to the field. The distance between the components
was found to be proportional to the eloctrie foree within the
Jimits of experimental errors. With a field of 13,000 volt
per em. the observed difference in the wave-length of the
two outer components was 3°6x 107° em. and 52 x 107" cm,
for Hg and H, respectively. For both systems of lines
emitted by helium, Sturk observed an eftect on the lines of
the Diffuse series which was of the same order of magnitude
as that observed for the hydrogen lines, but of a different
type. Thus the components were situated unsymmetrically
with regard to the original line, and were also not polarized
relative to the field. The effect of the field on the lines of
the Principal series and the Sharp series was very small and
hardly distinguishable,

On the theory of thiz paper the effect ot un external field
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on the lines of a spectrum may be due to two different
canses— |

(1) The field may influence the stationary states of the
emitting system, and thereby the energy possessed by the
system 1n these states.

(2) It may influence the mechanism of transition between
the stationary states, and thereby tho relation between
the frequency of the radiation and the amount of encrgy
emitted,

Considering an external electric field we shall not expect
an cffect of the second kind. Having assumed thoe atoms to
be systems of particles governed by electrostatic forces, we
may consider the presence of the field simply as a cowmpli-
cation of the original system; but on the interpretation
oiven in the former section of the general principle of Ritz
of combination of spectral lines, we may oxpect that the
relation (1) will hold for every system of electrified

_particles.

It appears that a nccessary condition for the correctness
of this view is that the frequencies ot the components of
spectral lines produced by the cleciric field can be expressed
by a formula of the type (2). As we shall sce, this seems to
be consistent with Stark’s experiments.

Let us first consider the effect of an electric field on the
hydrogen spectrum.  In order to find the eftect of the field
on the energy of the atom in the different stutionary stutes,
we shall scek for its influence on the relation between the
energy and the frequency of the system. 1In this calculation
we shall make use of the ordinary mechanics, from analogy
with the considerations of the former section.

For simplicity, let us suppose that the mass ot the nucleus
is infinitely great in comparizon with that of the elecctron.
Consider an electron originally moving in a cirenlar orbit
round the nucleus., Through the efiect of an external
clectric field the orbit will be deformed., If the force 1s
not accurately perpendicular to the plane of the orbit, this
deformation will in course of time be considerable, even ik
the external electric force is very small compared with the
attraction between the particles, In this case, the orbit
may at every moment be covsidered as an ellipse with the
nucleus in the focus, and the effect of the field will consist
in a gradual variation of the direction of the major-axis as
well as of the eccentricity. During this variation, the length
of the major-axis will approximately remain constant and
equal to the diameter of the original circular orbit. A de-
tailed investigation of the motion of the electron muy be
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very complicated ; but it can be simply shown that the
problem only allows of two stationary orbits of the electron.
In these, the eccentricity is equal to 1 and the major-axis
parallel to the axis of the external field ; the orbits stmply
consist of a straight line throngh the nucleus parallel to the
axis of the field, one on each side of it. It can also be shown
that orbits which are very ncar to these limiting cases will
be very nearly stationary.

Neglecting quantities proportional to the square of the
magnitude of the oxternal clectric force, we get for the
rectilinear orbits in question

Wl o (1$3Eﬂ—2) . (14)
— dnrhng® e )’ .

where @ is the frequency of vibration and 2a the amplitude
of the orbit. I¢ is the external electric force, and the two
gsigns correspond to orbits in which the direction of the
major-axis from the nucleus is the same or opposite to that
of the electric force rospectively. For the total cnergy ol
the system we havo
= X 5 20eR, 15
AH(J—“E&-h_-LIE N e 1)
where € is an arbitrary constant. The mean value of the
kinetic energy of the electron during the vibration 1s

e? /o at -
T=ﬁ(1+zh~g—. C e . (16)
Leaving aside for # moment the discussion of the possimlity
of such orbits, let us investigate what series of stationary
states may be expected from the expressions (14) and (15).
In order to determine the stationary states we shall, as 1n
the former scction, seek a connexion with ordinary electro-
dynamics in the region of slow vibrations. Proceeding as
on page 509, supposc when n is large

dAx

dan heon,

where A, -?md w, denote the eneroy and the freqneney n
the nth state. By help of (14) and (15) we get
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This cives - QmqeNm - 1..a
= n= —}:/-’-—-— N a (l$ 5 ) E):.

nIx 4,.4 |
or 2 = “'ﬁ-(l-i-E-' hin ) .

2afetm \ T —  16me®m?

Introducing this in (14), (15), and (16) we get

(17)

| dmietm [, . Shdnt | |
O T (1+E16w*ﬁﬂm)’ - - U9)
nd '*
’ A = (! 2wt m LT Sltnt (19)
" TR ( T lﬂwdﬂﬁnlﬂ)?. -

' 2arfetm [ L 34t
T — ' - * ' ' B * - .
A n*h® (l B 167T4£E'*:}LE) ' (20)

It should be remembered that these deductions hold only
for large values of n. Hor the mechanical interpretation
of the ecalculations we need theretore only assume that the
cceentricity 18 very nearly unity for the large orbits. On
the other hand, it appears from (17), (18), and (19) that
the principal terms in the expressions for 2a,, w,, and A, are
the samo as those deduced in the former section directly from
the Balmer formula, If we therefore suppose that these
quantities in the presence of an electric field can be oxpressed

02

by a series of terms involvikg ascending powers of i —, we
| e

may reoard the above deduction as a determination of the
coefficient of the second term in this scries, and may expect
the validity of the expressions for every value of n. 1t may
be considered, in support of this conclusion, that we obtain
the same simple relation (11) between the frequency ot
revolution and the mean value of ‘the kinetic energy as was
found without the field, ¢f. p. H10.

In the presence of an electric field we shall therefore
assume the existence of two scries of stationary states of the
hydrogen atom, in which the energy is given by (1¥). In
order to obtain the continuity necessary for a connexion
with ordinary electrodynamics, we have assumed that the
system can pass only between the different states in each
series, (On this assumption we get for the frequency of the
radiation: emitted by a transition between two states cor-
responding to ng and n,; respectively :

Do 30t |
= (A=A = 5 (= L) (1FE ni?)

h? nyt Mg lomie’ m?

R €25
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This formula gives for every hydrogen line two components
situated symmetrically with regard to the original Lne.
Their difference in frequency is proportional to the electric
force and equal to ¥

AF_ 5 h E (ﬂgg—ﬂlﬂ>i ' - ' e (22)

47 em

According to the deduction of (21) we may expect that
for high values of » the radiation corresponds to vibrations
parallel to the electric force. From analogy with the above
considerations and in order to obtain agreement with Stark’s
result we shall assume that this polarization holds also for
sinall values of n.

Introducing in (21) the experimental values for e, m, and
h, and putting E =433 corresponding to an electric force of
13,000 volt per em., we obtain for the distance between the
components of Hg(ny=2; ny=4) and H,(n=2; ny=2),
4:77.107® and 6°65.107% cm. respectively. We see that
these valnes are of the same order of magnitude as the dis-
tance observed by Stark between the two components pola-
rized parallel to the. eloctric force, viz. 3+6.107° and
52.10-% em.  The values calculated are somewhat higher
than those observed ; the difference, however, might possibly
be due to the difficulties, mentioned in Stark’s paper, of tho
determination of the magnitude of the electric force in bis
preliminary experimental arrangement.

For the ratio between the displacements of Hgz and Hy we
get from (21) 0.7168, independent of the magnitude of the
electric fuorce. 1t will be seen that this value agrees closely
with that observed, viz, 3'6/5:2 or 0:69, In this ¢coOnnexion
it may be noticed that the value calculated for the ratio in
question is independent of the value of the numerical Factor
in the expression (21), and consequently of the detailed
assumptions used in deducing this expression. The value
for the ratio can be derived directly from the agsumption of
the existence of a series of stationary states, in which the
energy can be expressed in terms corresponding to ascending

0

powers of I ,

A possible origin of the feeble components polarized per-
pendicular to the field, which were observed by Stark, may

¥ Note added during the proof--In the Phys. Zeischr. of Feb. I,
A. Garbasso and Ii, Gehreke (¢f. note, p. 511) have deduced expressions
for ar which differ from (22) only by a numerical factor of 2 and 4/3
respectively, The arguments of (iarbaszso are stated very briefly, but
scem of a type similav to those of the present paper. The line of
arguments of Gehreke differs essentially from that usec here,
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be found when a closer examination is made of the effect
of the electric field on the motion of the electron *. This
problem, however, will not be considered further at this

&tu ge.

The problem of the influence of an electric field on the
spectra of other elements is naturally far more cmnplicate_d
than for hydrogen, and cannot be discussed 1n detail until
the theory for such spectra is further developed. 1t seems,
however, possible on the present theory to obtain a simple
explanation of the characteristic ditterence, observed by Stark,
in the effect of the field on the lines of the different series ok
the helium spectrum.

According to the last section, the different series of lines
in the spectrum of an element correspond to different series
of stationary states of the atom in wkich one of the electrons
moves in an orbit outside the others. For any high value
of n this orbit is approximately the same as that of the
eleeiron in a hydrogen atom. In the discussion we assumed
ihat the effect of an electric field on the encrgy of the
stationary states of the hydrogen atom, 1s connected with a
considerable variation in the position and eccentricity of the
orbit of the electron in the presence of the field. The POSSI-
bility of such a variation is due to the fuct that without the
field every eclliptical orbit is stationary. When, however,
there are perturbing forces from the inner electrons the latter
condition is not satisfied, and thus the effect of an external
electric ficld on the stationary states may be expected to be
much smaller than for the corresponding states of the
hydrogen atom.

A measure of this effect of the inner electrons on the
motion of the outer may be obtained by considering the
function ¢.(n). The nearer this function approaches unity
the smaller is the disturbance due to the inner electrons, and
the more the motion of the outer approaches to that of the
electron in the hydrogen atom. Now for the elements of
low atomic weight, such as helinm and lithium, ¢(n) has a
value very nearly unity for the Diffuse series, while for the
Sharp series or the Principal series, the value 1s not at all as
ciose. On our theory we should, therefore, expect a much
oreater influence of an electric field on the first sories than

® Note added during the proof.—In Verk. d. Deutsch. Phys, Ges. 1914,
p. 20, K. Schwarzschild has discussed the problem of the effect of the
fisld on the wotion of the electron in some detail. In contrast to the
above considerations he attewpts to apply the results on the explanation
of the Stark effect without leaving ordinary electrodyunmics.
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on the other two series, This is in agreement with Stark’s
experiments ™.

On the present point of view a line of the Diffuse series
of the helium spectrum corresponds to a transition between
two stationary states, one of which is affected by the presence
of an electric field, and the other not: while for the hydrogen
lines both states were assamed to be affected by the field.
This circumstance may afford an explanation of the fact
observed by Stark, viz. that the components of the heliam
Jines were not polarized relatively to the field like the
hydrogen lines.

§ 8. The Effect of a Magnetic Field.

An effect of a magnctic ficld on the line-spectrnm of an
element was discovered by Zeeman in 1896, Dy spectro-
scopic observation in a direction perpendicular to the field
the lines are resolved, in tho simplest case, into symmotrieal
triplets of which the centrul components have the same
position as the original line and are polarized with clectric
vector purallel to the field, while the outer components are
polarized with clectric vector perpendicular to the magnetic
field. . '

As is well known, Lorentz succoeded in explaining this
result on the basis of the classical electron theory. According
to his calealation, which was found to agree with Zeeman’s
ohservation within the limit of experimental error, the differ-
ence in frequency between the outer and the inner com-
ponents is the same for every spectral line, and equal to

=1 CH ... .. . (23)

dar em

where H is the magnetic force and ¢ the velocity of light.
Later more complicated types of magnetic eifect on spectral
lines bave been observed, In most cases, bowever, simple
numerical relations are found to exist between the distance
of the cowponents observed and that calculated by Lorentz.
Further, the recent experiments by Paschen and Back T on
the magnetic effect on double lines, which will be mentioned
in the next section, indicate that the complicated types of
Yeeman effect are intimately connected with complication

% Since the valie of ¢y(n) differs widely from unity for all series of
lines in the spectra of the heavier elements, it is 10 be expected that
tho electric effect should be very small, or undetectable for such
elements. |
+ See . Runge, Phys, Zedechr. viil, p, 232 (1907).

* Ann. d. Phys, xxxix. p, 897 (1912), x1, p. 9060 (1913).
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of structure in the undisplaced lines. Theoretical expla-
nations of these results have been proposed by Voigt™ and
sommerfeld T. -

Since in the presence of u magnetic field the specirum of
an element cannot be expressed by a formula of the type (2),
it follows that tho etfect of the field cannot be explained
by considerations analogous to those employed in section 2

in considering the effect of an electric field.  1f we retain the

principal assumption of stationary states, we must assume
that a magnetic field exerts an intluence on the mechanism
of transition betwecn the stationary states, and thereby on
the relation between the frequency of the radiation and the
amount of enervy emitted (¢f. p.513). In order to investigate
this problem we shall seck a connexion with ordinary
mechanics in the region of slow vibrations, from analogy.

‘with the procedure of the former sections,

“onsider an electron rotating round a positive nucleus ok
infinite mass. In the stutionary states of the system the
motion of the electron without any field will be an ellipse
with the nucleus in the focus. Similarly, suppose that in the
presence of a magnetic field the motion of the electron 11
the gtationary states can bo calculated in the ordinary way;
then, according to a general theorem ot Larmor I, the orbit
of the electron in the field will be a superposition of an
elliptical orbit and a uniform rotation round an axis through
the nucleus parallel to the magnetic force. This implies a°
neglect of terms proportional to the square of the magnetic
force. The trequency of rotation is equal to T in (23).
According to ordinary electrodynamics the radiation emitted
by the rotating system will correspond to a Zeoman triplet,
the central component of which has the same frequency as the
frequency of revolution in the elliptical orbit, In addition,
Langevin § has shown that the total energy of the system
is not altered by the rotation, since a possible gain 1n the
kinotic energy of the electrons may be considered as balanced

* Ann. d. Phys. x1. p. 368, xHi. p. 403, xlii. p. 210 (1913).
t Ann, d. Phys. x1. p. 748 (1913). |
1 ¢Alther and Matter,” Cambridge, 1900, p. 041,

§ Anp, de Chim. et de Phys. v.p. 70 (1906). In this CG'I’IHEJEiﬂ]] it may
be remarked that on the present theory the rotation will give rise to

~diamagnetism only, since the kinetic eneryy of the electrons in the

statiopary states cannot be transferred into heat motion such as 18 sup-
posed by Langevin in his theory of mﬂ%neti&am. This conclusion seems
consistent with experiments which show that the monatomic gases
helium and argon ave diamagunetic (see I’. Tanzler, dnn. d. Phys. xx1v.
p. 931 (1907)), although the structure of these atoms, proposed 1n my
former paper, was of & type which on Langevin's theory ghould show
puramagnetlsm,
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by a corresponding loss of potential energy of the whole
system relative to the field.

In order, therefore, to obtain the connexion with the
ordinary mechanies and at the sumo time to be in agreement
with experimont *, we are led to assumo that the effect of a
magnetice fLield on the stationary states of the hydrogen atom
consists simply in a superposed rotation of frequency T round
the axis of the field, and that the radiation emitted by the trans-
ition between two stationary states is changed by the field so
as to have the polarization and frequencies of a Zeeman triplet,
It will be seen that this assumption is equivalent to supposing
that the energy of the hydrogen atom in its stationary states
13 not altered by the presence of the field, but that the relation
(1) in case of vibrations perpendicular to the field is replaced
by the relution

IAI—A.2=7&(P_$T). coe . (24)

The essential difference between these assumptions and those
employed in explaining the eflect of an electric field will be
noticed +,

From the analogy between the explanation of the hydrogen
speetrum and that of spectral series of other elements given
in the first section, we may naturally assume that similar
assumptions will hold for the stationary states of other atoms.
A possible explanation on this basis of the complex Zeeman
ettect of double lines will be indicated in the next section,

y 4. Double Spectral Lines,

According to the considerations used in scctions 1 and 2,
each series of lines in the spectrum of an element corresponds
to a series of stationary states of the atom, in which one of
the electrons moves outside the others. The configuration
of the Inner electrons is assumed to be very nearly the same
1n cach series, while that of the outer electron changes from

* See I'r, Croze, Journ. de Phys. i1, p. 882 (1913).

T Note added during the proofi—~In Phys. Zeitsehr, of Teb. 15,
K. Herzfeld has discussed in detail the different possibilities of the effect
of a magnetic field which might he expected on the theory of the
hydrogen spectrum proposed by the writer. His conclusions are equiva-
lent with those obtained above. In addition he considers the effect of
terms proportional to the square of the magnetic force and shows that
in & strong magnetic field these terms may be expected to have an
appreciable influence on the magnetic resolution of the hvdrogen lines
corresponding to high numbers in the Balmer series. This Is & con.
sequence of the larpe orbits of the electron in the siationary states
corresponding to high values of .
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state to state approximately in the samoe way as that of the
electron in the stationary states of the hydrogen atom.

On this interpretation we may naturally assume that the
appearance of double lines in the spectra of many elements *
is due to small perturbing forces originating in the confi-
ouration of the inner electrons and having a different effect
on the motion of the outer electron according to different
positions of its orbits. Irom the fuct that the frequency of
the components of double lines can be expressed by a formula
of the type (2), we may conclude, on the considerations of
section 2 and 3, that the perturbing forces in question are
of electrostatic and not of electromagnatic origin., As we
shall see, this view seems to offer a simple explanation of the
laws observed for the variation of the distances hetween
the components in a series of double lines.

At a distance from the contre of the atom, great in compa-
rison with the distances of the inner electrons, the total force
due to the nucleus and the inner electrons will be very nearly
equal to that from a nucleus of a single positive charge. At
a distance » the force may be expressed by -

e I’ -
’:;"*'?TE'I'QT‘F"”’ C e e e (2D)

r r

where P, Q,.... may vary with the direction of the line
from the nucleus to the outer electron, as well as with the
time. The second term in (25) corresponds to a configuration
of the inner electrons and the nucleus equivalent to an electric
doublet. In case of such a configuration il will appear that
the condition of dissymmetry necessary for a different effect
on different orbits of the outer electron 1s satisfied. For
conficurations more symmetrical,*in_which_ the centre of
gravity of the inner electrons coincides with that of the

% Ths lines of the ordinary hydrogen spectrum from a vacuum-tube
also appear as close doublets with high dispersion, Counsidering, however,
the want of sharpnessof the lines and the discrepancies between the
distance of components found by different observers, it seems probable
that the lines are not true doublets, but are due to an eftect of the electrie
field in the discharge. Thia is also indicated by the fact that the distance

between the components observed inereases with the number of the
line, contrary to the behaviour of ordinary double lines. The distance

between the components observed by Paschen and I3ack (loc. ¢i.) was

0:20.10~8cm. and 0-24 . 107° em, for H, and Hpg respectively. Accﬂrding
to Stark’s experiments on kg this corresponds to a reamh'ltmn produce
bv an electrie force of about 900 volt per em. The ratio between an

elactric resolution of IT, and Hg should, according to the calculations of
section 2, he 76 the ratio betwween the components observed is

20/24 or 083,
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nucleus, P> will be zero and the perturbine forees will be
given by the higher terms in (25).

T.et us now assume that for a certain series of stationary
states P is different from uero. According to our con-
siderations, the major-axis of the orbit of the outer electron
is approximately equal to that in the stationary states of the
hydrogen atom. The major-axis will therefore be approxi-
mately proportional to n?, Accordingly the quantity corre-
sponding to E in the equation (19) and due to the second
term in (25) will vary approximately as n=% The ditference
in the energy of the two stationary states corresponding to
(19) may therefore bo expected to vary approximately asn™*.
This corresponds to the wvariation observed for the distances
between the components of the double lines in the spectra of

the alkali metals.

The visible spectra of the alkali metals consist of three

series of double lines. The difference in frequency of the
components of the lines of the Sharp series and the Diffuse
serics is the same for every line. Forthe P’rincipal series the
difference diminishes rapidly with the number of the line in
the series, the difference being approximately proportional
to the inverse fourth power of this number, It will appear
that this spectrum can he interpreted on the assumption of
three series of stationary states of the atom, corresponding
to different configurations of the inner electrons; viz.: two
single series L. and IT., and a double series IIL. representing
for every n two stationary states for which the difference 1n
energy varies in proportion to n~*. The Principal series of
doubiets corresponds to a transition from a pair of the
states TIT. to the first state of I., while the Sharp and Diffuse
serieg correspond to transitions respectively from states l.
and 11L. to the first pair of state I11.

I shall not here try to develop these considerations in
further detail, but confine myself to show that the view
adopted scems to indicate a possible explanation of the results
of the experiments by Paschen and Back on the effect of a
magnetic field on spectral lines of complicated structure.
The characteristic result of these experiments iz the great
difference between the effect of o weak and a strong mag-
netic field. In the presence of a weak magnetic field the
components of a double line are resolved Ina complicated
way. If the field increases, the distances between the 5111]-:
components at first increase regularly with the strength of
the fiald. When, however, the distances are of the same
order of magnitude as the distance between the components
of the original double line, the aspect of the system of lines
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gradually alters. The single lines get diffuse and grow
together; and when the field is inereased still more the whole
system of lines tends to shrink into three homogeneous com-
ponents, with the same relative positions as the components
of a.simple Zeeman triplet, | '

An analogy to these results is obtained by considering the
simultaneous effect of an electric and a maonetic field on a
system consisting of an electron rotating round a nucleuns of
infinite mass. In section 2 we assumed that the effect of an
external electric field i1s 1o increase the eccentricity of the
orbit of the clectron and to direct the major-axis parallel to
tho electric forco. According to section 8, the effect of a
magnetic ficld is to superpose a rotation of uniform frequency
on the orbit of the electron. To consider the simultaneous
effect of electric and magnetic fields the axes of which are
perpendicular to each other, let us first suppose that the
offect of the clectric force is large compared with the effect
of the magnetic force. 'In this case, the dirccting effect of
the electric force will oppose the rotatory effect of tho
magnetic force, and the result mav be the appearance of a
number of stationary orbits close to the orbits to be expected
when the electric field acts alone. If, on the other hand, the
etfect of the magnetic field is large compared with that of
the electric field, the directing effect of the latter cannot
prevent the general rotation of the system, and it is easily
seen that the case will be very similar to that due to the
magnetic field alone. The necessary condition for the appli-
cation of this analogy to the case of the magnetic effect on
double lines, 1s that the configuration of the inner electrons
does not rotate in the ficld with the same frequency as the
orbits of the outer electrons. It may he noticed that these
considerations bear an analogy to the theory of Sommerfeld
(¢f. p. 519), which corresponds to the analogy between the

considerations of the former scction and the theory of
Lorentz.

Coneluding Remarks.

In the deductions of this paper the following gencral
assumptions are used :—

- 1. Thatan elementary system containing rotating electrons
will not emit energy radiation in the contintnous way assumed
in ordinary electrodynanies, hbut that radiation is onl y emittod
during the passing of the system between a certain number of
stationary states,

2. That the dynamical equilibrium of the system in’the
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stationary states is governed by the ordinary laws of me-
chanics, while these laws do not hold for the passing of the
system between the differont stationary states. '

2. That .the radiation emitted during the passing of the
system between two stationary states is homogeneous ; and
that only in the region of slow vibrations does the frequency
approach that to be expected on ordinary electrod ynamics,
while in general the frequency »1s determined by the relation
E = h.v, where B is the total amount of energy emitted
and & Planck’s constant. |

Tt has baen attempted toshow that, applying these assump-
tions to Rutherford’s theory of the structure of utoms, 1t seems
possible to obtain an explanation of the laws of line-spectra
discovered by Balmer, Rydberg, and Ritz. |

It has further been attempted to show thatit seems possible
to nccount for some of the general features of the cffect of
magnetic and electric fields on spectral lines discovered by
Zeeman and Stark. In the case of an electric field it 18
~ssumed that no alterations in the ahove assumptions take
place. In the case of a magnelic field, however, it is found
necessary to modify the third assumption 1n order to retain
the connexion with ordinary electrodynamics in the region of

zlow vibrations.
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LX. Separation of Close Spectrum Lines for Monochromatic
 Illumination. By R. W. Woob, Professor of Experimental
Physics, Johns Hopkins University, and Adams Eesearch
Fellow of Columbia University™.

[I'late VIL]

IN many branches of research in physical opties it often

becomes necessary, for one reason or another, to separate
two or more close spectrum lines, utilizing the light of one
only.

For example, in experuments upon the monochromatie
excitation of resonance spectra, the line utilized for the
‘lumination of the fluorescing vapour must be isolated
either by absorbing screens or by a spectroscope, used as a
monochromator,

If the latter method is employed the illumination is much
restricted by the necessity of employing a slit, or rather two
elits; and in the case of close spectrum lines, such as the D
lines of sodium, the necessity of employing very fine slits
makes it very nearly impossible to accomplish anything in

* Communieated by the Author,
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this way. Iven in the case of the three green copper lines,

I found the greatost difficulty in getting suthicient 1llumina-
tion with a single line isolated by means of a very large
monochromator of 1°5 metres focus. '

In the present paper I shall give a method which enables

s to utilize u source of light of large size, say 1 x3 cm.,

and remove one or more lines from it with practically no loss
of light. . |

For example, we can form two images of a sodium flame by
meuns of a condenser havingan effective aperture equal to 12,
one ‘image containing only the light of wave-length 5390,
the other only light of wave-length 5896, both images being
very nearly as intense (with respect to one sodium line) as
¢ the condenser had been employed without the separating
apparatus. .-. |

The method is an improvement upon one which 1 used
many years ago in the study of the dispersion of sodium
vapour and described briefly at that time. It is a polarization
method, and may be deseribed briefly as follows.

If plane-polarized monochromatic light is passed through
a plate of some doubly refracting crystal with its direction
of vibration making an angle of 45° with the axis, it will
emerge plane-polarized parallel to the original plane for
cortain thicknesses of the plate, and plane-polarized at a
right angle to this plane for other thicknesses. For inter-
mediate thicknesses it will be elliptically or circularly
polarized.

If we employ a plate of quartz 30 mm. thick the emergent
waves of D, and D, of sodium will be plane-polarized at
richt angles to each other, and either can be quenched by a
nicol suitably oriented. If white light 1s used, and analysed
by a spectroscope, the spectrum will be furrcwed by dark
bands, the distance hetween a bright and a dark band being,
in the yellow region, 6 Angstrom units, the distance between
the D) lines.

A it was desired to utilizo this principle for the separation
of the D lines for the purposo of exciting the resonance
radiation of sodium vapour by the light of Dy and D;
separately, by which means we may determine whether the
mechanisms which give rise to the radiations are coupled
together, an investigation which is being carried to a suc-
cossful conclusion in collaboration with .. Dunoyer at the
present time, it became neccssary to bring the method up to
the highest possible cfficiency. As it is necessary to employ
o large  condenser and work with very divergent and con-
vergent cones of light, a block of quartz of very large size
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