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THE HYDROGEN ATOM

by
Re Mo langers

A.BST‘B.ACT'.V A critical examination of dispersion theory indiéates that
V’/a measﬁrement of the refrscﬁve index of atomic hydrogen is impor»tant for the
theoiy of matters Such an experiment is fully described and discussede The
result is that /ui_/ i.:(/'% i'ﬂ-iG)X/O_L/ o Incidentally, it is found
that a partial pressure of half a millimeter of atomic hydrpg‘*envcan be had in
a discharge tube while the discharge is one Thermal conditions in such tubes
are discussed and investigated.

The experimental result is ‘at first sight not in sgpport ‘of the new
quantum mechanics which requires /uﬁ-/ = 250 « However, by assuming
that ¥ & 1is conmected with volume in tie kinetic theory gense 1t turns out
that the expectation from the theory is effectively /,u/fzr/ 7% Zf 1/075[
This leads support to the physical reality of the quantity ¢ @ and
leads to a prediction. of an increase in refractivity at very low pressures for
almost any gase Pictures are given of the normal hydrogen atom and also its

_ excl ted states and of the configuration under the action of a light wave.



One of the most impressive features of clascical electrodynamiés is

the ease and directness with which the phenomena of dispersion can be explained.

The laws of dependence of the refractive index on fredquency, density and tempera-

ture can be desori bed very successfully and the relation derived conmecting
refractive index with dlelectric constant is indeed a triumph for the theory.
In fact 80 sound are the foundatiomsof the theory that it has become a test
of hypotheses of the structure of mattere.

The notions of atomic structure developed according to the guantum
theory as it stood up to about a year ago have failed in this test and for
that reason as much as for any other they are being discarded. uhe failufe

consisted chiefly in the faot that the frequemciee 7/ calculated from the

formila . o 7‘5’
—/ = — . a A
s T m 425, y -7

‘as derived by Sommerfeld, Epstein, Debye ami others on the basis of the older

quantum theory were not in agreement with the observed frequencies of anomalous

dispersion.
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Thie difficulty was so keenly felt that guided largely by a formula

_proposed by Ladenbturg and improved by Kramers a new quantum theory was formu-

lated to adjust the matters I mean to sgy that the matrix theory of Heisenberg,

Born, and Jordan, is almost squivalent to assuming at the start that the atom is
cm#posed of harmonic oscillators which are known to give anomlou‘s dispersion
at the frequencies which they absorb or emite The quantum conditiong

{) -9 "4
is merely a matrix statement of the rule which Kramers showeci led to a satis-
factory dispersion formula.

The method of Schrodinger is not 80 brutally direct in achieving the
same resulte On that account alone it is to be preferred. It has also the
advantage that instead of considering just the energy relations ipvolved in
the problem, it gives déscription of the whole process. In other words it
states the distribution of electiric charge .a,s a function of timé amd space
under the action of the electric field of a light wave and permits the calcula-
-tion of the resulting electric moment and connects this with the refract iv;
index as in the classical theorye It is in fact the first serious attempt

~at a opmplete detailed account of the mattere. Our formulae have heretofore
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':ﬁnomnological lawe with qualitative justification on the basis of models
.whioch no one believed. The theories proposed in the past' contained always
more or less arbitrary quaﬁtities which were determined only by experiment,.
The Schrodinger mechanics however, makes bold to predict quantitatively, all
observable facts of dispersion (perhaps anomalous dispersion is not to be
insiéted on too stronglyle Where as the explicit expressions involving density
temperature, frequency, ifield strength, etc., have not been published as yet,
the principles according to which they can be derived, are kﬁown. It mast be
emphasized that we are now for the first time in position to use all guantita=-
tive experiments as a test of tHhe theory.

However, in attempting to take advantage of this possibility, one finds
that so0 far only one oase has been sufficiently treated theoretically. This
case is the hydrogen atom in the normal state. This state of affairs makes the
experimental determination of the refrastive ir;dex of atomic hydrogen a mtter
of considerable importance.

What follows ia an account of such an experiment together with a dis-
cussion of its relation to the theory. First, the principle of the measurement

will be given and then mention will be made of several schemes to carry it
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, g\;t. The method chosen wil; next be describgd and the result stated and

" analyzed especially from the point of viev} of precision and reliability in the
'faoe of the many spurious effects which play a parte The 6bservationa1 ovi-
dence wili be compgred with the predictions of the theory of Schr&}diﬁger and
§onc1usions will be drawn as to the structure of the hydrogen gto‘m_and as well
as to the interpretation to be plased on the quantity which is called charge

density in the new mechanicse

ET

PRINCIPLE OF THE MEASUREMENT.

In the determination of the refractive index of a gas there is no
apparatus comparable with the interferometere Which form is most convenient
depends on the particular problem involved but the principle of the measurement
is the same for all, namely - the optical path of a beam of light traversing a
geometrical distance L in a medium of refrasctive index /u isv 'uL. A change
in optical path is indicated in an interferometer by a shiftvof fri.nges. 1f
one path is kept constant and another changed by A4 { M L) then the fringes duwe
to the superpésition o:t“ a monochromatic beam of wave length /z which has tra-

versed one of these paths on & chherent beam which has traversed the other,
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‘will shift according to the equat ione
. /
N o= 2l gL)
4 P (1)

. where 4 N i measured in fringese As 4 N, A amd L are easlly observable
qua.ntities Ap is readily computede If we have a value of s for comparison
than any other /b( is xnowne - The reference is furnished by taking/b( for a
~yacuum equal to unity.

In the experiment under consideration only the roughest sort of numeri-
cal value can be hoped fare We may at first disregard the hinor departures

from the standard laws and making the approximations that are allowed because

/{ is close to one we may write, if )o is density and T temperature

/AAF“A/ N Ty - . : (2)
m - .

du _ 0 o

dT (3)

If then, the fringe system is determined by a certain length of path

con taining molecular hydrogen at pressure p, on changing a known fraction of
the molecules into atoms, a shift will be produced according to an equation

which can be deduced from (1) and (2); namely,

1
I

_ ol a9 ) = [y 1
A/V‘T-:;: ’7‘;;[1(/@) //Ml%/

where L is moasured in cms if )\ is measured in cme, p is the initial pressure

(®)
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aft ﬂole‘cular hydrogen in ms, T the tempelrature at which it has the pressure p

| {the volume being assumed invariable) and where . is the frastion of hydrogen

. which ig dissooiatede The quantities/of#L and 1, are the refractive indices

of moleculsr and atomic hydrogen respectively under standard conditi‘ons,

vi.e. 760 mn, 0°C.
The Jaminasg( the Michel son interferometer ;.re both sgita‘ble for the

determination of the guantities in (4), especially bedause they jpermit large

vealues of L and therefore give high sensitivitye.

Possible Methods.

The main difficulty in the experimental technigue is fo érodme the
sufficient atomic hydrogen and keep it long enough to mske the méasurements.
Perhaps the most attractive means i# to use high temperatures to produce the
dissociatione We can caloulate the dissociation as a functi»on’of the temperature

from the equation of van t'Hoff
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where k is the equilibrium constant of the reaction H, = 2H, 1.8e-

2 4y

EEH, T T g P

Using the syecific heats and entropies of atomic amd molecular hydrogen given by

lewis aud Randall, we can integrate the equation and get:
= RT log k = Qg = 35 T log T + 00045 ‘Bz + _1.1?'1‘

where Qg, the heat of dissociation of molecular hydrogen is now known definitely

to be very close to 105,000 czlories per mole. This equation shows that for a
pressure of 1 om, dissociation begins. to become appreciable at 2000°K and at
25000 most of the molecules are broken upe Duffendack has designed a furnace
whioh attains such temperstures and with it he has produced dissociation in
hydrogen and other gasess Wich such a technique in mind, prelizﬁinary experi-~
ments were carried out to find whether interferometric tha could be
| made under conditions where violent convection was teking placee Whoreas a
great deal could be done by judicious arrangement of the appé.ratus, still it
was found that the fringes were too unsteady for accurate reading in tubss
subject to temperatures of only a few hundred degrees over room temperature,
snd results vere so discouraging that this method was given upe If the conveo-

tion of gas were time only difficulty involved, it might have been worth while '
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. to ’émtim, but it wae found that the construction of even small furnaces was
a matter of considerable diffieulty, amd calculation showed that with short
| paths and intense extrane ous #llumination and temperature gradients in the
optically flat windows which were necessary, the sensitivity that could be
.expectedv. Was hopeleésly low. |

Methods whi#h involved the production of atomic hydrbgen in one vessel
and measuring it in a cogected vessel through which it was made to stream
were regarded as unreliable because‘ of the difficulty of measﬁrihg pressure,
density‘and concentration of atomic hydrcgene

%’he yield which can be obtsined from collisions of the second kind
with excited atoms such as mercury, proves, in cases which have go far been
reported, to be so small that the effect on optical path length would be
negligidble.

The only other methods known for the production of afomi-c hydrogen

in cmsiderable concentrations are through the agency of electric discharge.

oV\
The inform“tLaS to the action of the disciarge on the hydrogen gas

has heretofore been of a qualitative characters Yet conclusions can be drawn
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ﬂ)at are reliable, It is known with certainty that the Balmer spectrum is due
to the atom arnd the many lined spectrun to the moleculee the conditions under
| which the atomic spectrum is strong are just those which from chemical reasoning
are favorable for the existence of the atomiec forme In the sense of Bom md
Pramk energy sinks (catalysts and reduciable substances) must be absent in order
t_:o prevent the escape of the heat of dissociation when two atoms come together.
. The experiments of Wood, ‘Bonhoeffer, Mohler, Urey anl Smallwood, have shown
con8lusively that atomlic hydrogen is present in large concentrations in dis-
charge tubes showing the purs Balmer spectrum at pressures of the order of one
MeMe

It was decided therefore, to use the electric discharge as dissociating
agent devising conditions and spparatus to avold as far as possible the distwrd-

ing factors involved.

EXPERTMENTAL
A. THE INTPERFEROMETER used finally was a modiflcation of the Michelson

typee the optical arrangement is shown diagrammaticslly in figure I. The
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_l;ﬁ"’ are somewhat over a meter longe &n important feature is the fact that the

| two beasms produced by the splitting device M are made parallel by the mirrér Rye
M oanm R, were rigidly fastened to a heavy steel base while Ry and #y were supported
by two plates which were each held by springs against three adjusting sorews.

and

Distances were calculated so that small adjustments of the screws behind ‘ﬁl

Mo weie sufficient to equalize the two paths so that white light fringes could
be founde 4she mirrors wtre about 10 cm above & thick reinforced concrete slab in
some of the work, and a ribbed cast iron surface plate in the‘rest. the se
rigid bases which were approximately 10 x 70 x 150 cm rested on three rubdber or
felt pads (1 inch sheet rubber was better than felt and the i_ron base was better
than the concrete).

In trying various ideas for the elimination of convection, for the
application of cooling agents, etc., other arrangements of the optical pathe were
usad. oometimes they were at right angles to each other, andl sofmtimes one Was

made vertical by mounting one mirror on a four inch pipee But the disposition in

Plgare I 15 vastly superior to all the others both in ease of adjustment (which

is not an easy matter in an instrument of such size) end in steadjhess of fringes..
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» m tﬁis latter property this scheme is like the Jamin interferometer for the

f paths are everywhere close together and are almost egqually affected by disturbing
" influences such as vibrations, air currents, differential thermal expension,

etCe

Be THE DEVICE M , used instead of compensating plane mrallels, is a novelty
which is strongly recomended especially when specislly made instruments are used
- for which adjusting appliances are not available. It consists; of two matched
prisms cemented together on their lsrgest faces with Canada Balsamg Before
Bementing, one of thése faces is coated with a half reflecting filme The prisms
mast be matched to the extent that their refractive indices must be equwal for
all wave lengths and the angles marked ¢ in figure 2Imust be‘cl'osezly equale This
is accomplished best by working with one stick of double height and sawing it
in two aft_er polishinge

About a dozen such cubes have been made up of glass and quartz and the
following process was found to be easy after a little practises A uniform semi-
transparent film is coated on one prism and after making sure that there are no

particles on the diagonal faces a drop of thick Canada Balsam is put on one and
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mg two prisms pressed together with as much force as ones arms can supply. The
“b'bnk is warmed gently on a hot plate to about 50°¢ turning it over and over to
’equalize temperatures as mucsh as possibles In this stage the solvent of the
Canada Balsam is driven off while the film ig kept liguide When the faces are
all about as hot as the fingers care to handle the face OA is made perpendicular
to OB The condition that ome wishes to fulfill is that any incident ray such as
PQ is equally divided by the face OC and after the separnted rays have travelled
over exactly egquivalent paths they are joined again at some point R into a single
ray RS. When tiis condition is obtained, the eye will see white ligit fringes
wheu the illumination is placed as in the figures. To bring this about, & wesk
monochromatic source with a somewhat weaker vhite light background is useds Fo-
cussing the eye on the face OB and getting the edges at O superposed the prisms
are pushed around until monochromatic fringes are seens The block is permitted to
c00l sanewhat so that one must exert appreciable force to rnove. thé fringess If
the £iltew becomes too stiff the l?lock must be warmed slightly on the hot plate
from time to time. Pressure is applied to make the fringes move until the white
light fringes appears The search should not take fifteen mimutes. When they are

in view the block is allowed to becoms cold adjusting their position and direction
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agfrequent intervals. When c0ld the fringes hold their position (if they have
: ‘ipehan'adjusted properly) while cooling) for months without much creepinge

The device has the following unusual advantagess

(a) All rays gre compangated in a single piece so0 that repeated adjusting
a-_fterv each change in apparé.tus‘ 1s unnecessary.

{b) It is the most economical in light losses since there is the minimum
‘number of air-glass transitions and all are at approximately normal inci-
q.ence, ani sincev it is umnecessary to make a heavy coat to Qet rid of false
reflections,.

(¢} The semi-reflecting film is protected from deterioration by chemi cal
or mechanical agents and the troublseome process of getting a good coat ie
done once for all. .

(d) There are no false imagese The reflections from Of amd OB aré easily

disposed of by making & different from 45° or simply by uéing a telescope

or other observing apparatus which is focussed on the .proper fringese

It is a relief {0 get rid of this annoyznce.

(e) No holder or adjusting screws are requirede A bit of soft wax or a

light spring keoeps it in place since it is a geometrically stable figure.
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(£} It constitutes without anmy suxilliary parts s remarkably simple
and rugged Michelson interferomstere It cen be held in the hand and passed
around e
There may be some applications of the Michelson interferometer which it

| | | e e pana b2 LT
will not serve, in other respects it may be more versatile,\. 11; sh@ld be mentioned
vtha.t ci-ystalline pfisms can produce double sets of fringes which may become mixed
ﬁp under some conditions of uses In these cases it has been found useful to
separate the fringe systems with a Wollaston Prism or to elimihate one set with a
| Ricole
Ce THE DISCHARGE TUBESe In the final state of the apparatus, fhé two arms
of the interferometer of figure 1 camtained identicel tubese In Athe Process ;af
development a great variety of shapes, lengths and other features \:was tried with
special ends in viewe Thick and thin tubes were tried coiled im all sorts of

weyse Large and small aluminum platinum and copper, electrodes were trieds Out-

side sheet metsl and mercury electrodes were also useds GSeveral tubes were

0l
ghaped to fit completely into cooling baths and in order to try liquid air,Awas

made to go inside a specially made Dewar flask with a hole thru the bottom for

observations This was a masterpiece of Mr.Clanc4y's art and I regret very mmch
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, _{-;i:a,txythe only thing it accomplished was t0 produce spurious effects which wasted
AgAgreat deal of time before their true rsture was diecoverede

The shape designed at the lag is shown in figure 3 It is a cylinder of
specially selected straight pyrex tubing, varying from 60 to 90 cm in length =md
a‘;’rom 0e6 t0 245 cm in internal diametere The side arms are short qapillary tubes
which can be closed by stopcocks. a few centimeters from the main tubee.

The electrodes £ are large aluminium d ises or cylinders through vhich s

Wi s
hole,bored equal in size to the internal diameter of the glass tubes The elec-

trodég are waxed to the discharge tube and beyond their outside face a short length
L of glass tubing continues the discharge tube a few centimeterse On the ends
of these pieces are waxed the matched optically plane parallel plates Pe B
represents a binding post.

Two such tubes were mounted in the interferometer arms by means of wax
or V-blockse They were accurately aligred so that 2ll the fielld ﬁfas visible out
to very nearly the walls of the tubese Connections were provided from one tube
to another, to the source of hydrogen, to the pump, pressure gauge, etcs Var ious
auxiliary devices were attached directly to the center of thg discharge tube on

different occasions with the object of determining the pressures and temperatures
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‘ 13 the dischargee The most successful will be described la tere
This particular structure of tube was devised for the following beneflts:

(a) The parasitical volums was negligibly small so that when the stop~
cocks were olosed the average densi tyﬁ-emamed cmstant regardless of temperature
changess

{(v) By putting the electrodss around the tube instead of off in side arms,
one could look through all of the gas so that the special temperature conditions
which are found to prevail at the electrodes play a part in tias optical pathe.
In this way densi{y gradients along the tube are prevented from having any in-
fluence on the fringes.

(c) It is essential to be able to view all parts of the cross section of
the tube in order to be able to take into account the temperature and density
gradients at right angles to the line of sight.

(d] The pleces L had to be added because of the effect pro}luced by the
oanal rays which strecamed for some distance through the hole in the electrodes.

(e) Comnecting tubes of eggdl length were necessary in order to equalize
dispersion in the two arms and thereby pemit the use of white light fringes with

a central black fringee For the same reason the end plates of the two tubes
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h.d, to be optically equivalent.

(£) 'the small area of metallic surface presented by the electrodes to
‘the gas greatly reduced the catalytic recombination of the hydrogen atoms. the
" increased heating effect was taken care of by the large bulk and surface with
consequently high heat capacity and heat dissipative power of the AB cylinders
or discse The fact that most of the Al surface was exposed to the air outside
helped in heat dissipation and prmitted cooling with moist clothss By this
means it was found that Wood's suggestion to have very long tubés g0 that the
electrodes would not affect the center of the system was unnecessary and whereas
two _meta tubes with large metallié surface were found to be blus for a consideradle
distance from the electrodes, these tubes gave pure Balmer spectra right up to
and through the hole in the electrodes
| -

These points will be considered again laters

De THE FLECTRICAL SYSTEM, The binding posts B in figure I were connected to
8 large camdenser with an adjustable spark gap in series. The capacities used
went up to about <01 mfde ''he candenser was charged by high voltage transformers,

some of them giving as high as 25,000 voltse Most of the results, however, were

obtained with a 10 XVA transformer giving 16,000 volts at 50 cycles. <hokse



~18-
33113 and serles resistances in the primary regulated the power and the voltage.
A‘ Condensed discharge was most frequently used, but the spark gap could be closed
"a.ni uncondensed dischai'ge was thoroughly imvestigatede Attention should be
called to the fact that contrary to comon opinion & condenser in series with a
‘&ischarge‘ tube frequently 1mpi-oves t e perfomsangce of the transfomer by raising
vthe po#er factor in the second’ary. It is surprising to observe the imcreased
1ﬁtensity that one may deziive from a small transformer by putting in the proper
oapacitye Moreover since the discharge is not condensed there»‘ is no perceptidle
broadening of the linese

Ammeters and voltmeters were used on the high side and in addition to
these a wattmeter was used on the low sice, so that some idea of énergy and field
intensity could be obtainede
Be . NER OBSERVING APPARATUS was sometimes visual, sometimes photographice
The illumination was provided by a high current density carboﬁ ax;c (20 ~ 35 amps
in 1/4 to 1/ 2 inch carbons) or else by incandescent lampe using é.s much as two
thouesand wattse Mercury light was also used but ocould not be had in the intensity

of the arce The matter of intensity was extremely important; first, because of

the many extra glass-air tramsitions (probably 30 or more) in addition to the
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_ mﬂal losses in the imperfect reflectors and the unavoidable waste in the half
 gilvered film.of the interferometers The éecond reason for high intensity is
' the unfortunate brilliance of the light reff't ected from the walls of the tubee
this,
This nuisance could be reduced by having parallel lighte To achi eve/ the source
‘(wh‘ich was extended and therefore required no lens) was placed‘at great distamnce
| (up to 10 metres) from the sppreratus and the beam diaphragmed down in several
élaces to just the size of the tubese A third cause requiring high intensity
was the unavoidable presence of the light from the di scharge»tubeo This source
had every advantage over the proper source except intrinsic brilliancy. Because
of this extraneous light it was impossible to observe reliably without color
filters except with a most brilliant arce It was mainly on this account that
observations were made with spectroscope and spectrographe f‘or ﬂ}en one could
atteni to a part of the spectrum which was not illuminated by the hydrogen dis-
chargees A further advan tage was the possibility of observin,é: thé fitness of the
tube by the purity of its spectrume However, one had to sacrifice the view of
the whole field at one glance and therefore all methods of observation had to be

tried in turne The lavish use of diaphrsgm is to be highly urged for such worke

T™wo or three were used betwesen the source and the dividing arrangement M and one
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‘ w;,s ‘placed near each mirror and others -distributed wherever possible in the

" beam beyond the interferometers Their importance in improving the visibility
' of the fringes can hardly be overestimated.

FPor direct visual observation s hozﬂe made telescope was usede Since
the thck band of a white light fringe system was being observed one could focus
on the mirrors Ry or Hy anl use spots or etched lines on these mirrors as
fiducial marks from which to Judge the shift of fringes. This scheme rendered
immaterial any relative motion between the interferometer and fhe telescope or
eyes Uolor screens were also used to eliminate the hydrogen dimebarge and
to clarify the fringese If ome had a very sharp fil ter that did not coincide
with the hydrogen lines the improvement was astonishing amd the precision of a
reading was tripled a2t least.

In using a spectroscope or svectrograph the fringes are focussed on
the narrow slit at a distance determined by the size of the irﬁagé dégired. One
can use the cross hairs of the spectroscope or a fine wire across the slit as
fiducial marks as well as the etched line mentioned before. The fringes are
made horizamtal anl one sces through the instrument the spectra of the source

traversed by a horizontal bdlack line and by almost horizontal fringese. The



-25-
. :doviétion of the fringes from the hori‘zontal is a measure of the difference of
.dispersion of the gas in the two pathss ‘hen the discharge is turned on, the
| line spectrum sppears superposed on the continuous background. But in a good
gube, there is very little light due to the discharge between the Balmer lines,
and one ig hardly disturbed by the extremeous light, and it serves to indicate
wben the discharge is pascsing through tne tubse

The photographic ?lates used were mainly, Ilford high speed panchromatic

or Wratten and Vainwright panchromatic - the #irst mentioned being best of all

in speed, smallness of grain, and flatness of semsitivity over the visual regione

Fe AUXILIARY MEASURING APPARATUSe Besides electrical instruments already

mentioned, several indicators had to be used« There was, of course, a McLeod

geuge for pressure measurement, designed especially for accurate readings, in

th> range from .01 mm to several cms. This was accomplished by having a mo-
| t

derately small bulb, a couple of small auxiliary bulbs in plase of a very long

capillary and a moderate length of large caplllary tube.

But 1t was umnnecessary to rely on the Mcleod gauge for the pressure.

The interferometer is a perfectly good instrument for this purpose and was



2 2m

. uzad almost exclusively for the determinstion of pressures used in calculations.
By the same means and using atmospheric preésuna, all volumes between stopcocks

| gould be determined with extrems accurasy and these calibrated volumes used to
expand gas from atmospherid pressure down to any lower pressure the final pres-
sure being as accurately known as the ratio. of the volumese There was no diffi-
cylty then in ordinary pressure measurements or in adding known increments to
the pressure, but the det?rmination of pressure while .the discharge was on

(which was HBOBssary to find the percentage dissociation) was qﬁite another matter.
Attempts were made to accomplish this with the Mcleod gauge, with drops in

closed end capillary tubes attached to the discharge and with rubber diaphragms
connected to & minute mirror mounted so0 that a motion of the diaphragm pro-
duced a rotation of the mirrore MNone of these were pushed hard enough to warrmt
Judgement on their virtuess. Iinstead the Interferometer itself was used for

this purpose and also & dark space gauge shown in Tigure 4e¢ The ground joint

an right angle bend enabdled one to vary the tilt of the gauge until the face

of the cathode was exactly at right angles to the sighting tube with which the
distance from the cathode to the edpe of the dark space was measurede The

sighting tube was simply & tube of bukelite closed at the end towards t.e eye
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exc;ept for a tiny pinhole about Q0e2 mm in diameters. At the other end two fine
hairs were. stuck on with shellac to make cross hairse This tube was moumted
on a comparator so that a motion parallel to the motion of the edge of the
negative glow co‘q.ld be followed and read on & scale graduated to OI mme The
voltsge across the gauge varied from about 350 to 425 volts, it was supplied
.by 8 storage battery and was measured on a voltmeter in parallel with the gauge.
4 galvanometer in series‘ gave the current flowing. The procedure in making
pressure measurements with this gauge and with the interferoxﬁeter, and the
formulae involved will be taken up under enother headings The use of a dark
space gauge was suggested to me by Sinclair Smithe.

No accurate temperature measurement of the inside of the tube were maidee.
The célculations of temperature éiVen later are considered ﬁore f'eliable

end more significant than direct measurvements at particular pointse.

Ge PROCEEDURE IN MEASUREMENT: For the determination of the fringe shift,

due to the passage of the discharge, all stopcocks were closed so that no change

in density could take place, the fringes were watched or photogrsaphed under
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: q‘uiet conditions with no discharge. Thg di scharge was now flashed on amd a
»sudden Jump of fringes was looked fors In order not to heat the tube unduly,
the discharge was kept on only for an instant. 4 Jump in fringes was looked
for again when the di scharge was snapped off, this procedure was repeated over
'ani over agaln at all pressufes from the lowest that the difquiop pump would
give up to several ceutimeterses The power was varied from the analiest that
would pass th.rbugh the tube to several kilowattse Frequencies of 25, 50, 60
250 and 500 cycles were employede. All available light source‘s were used in
turn. Moist hydrogen, collected over water from a tank, or generated by elec-
trolysis of NaOH, nitrogen, air and helium were placed in the tubes. Vavelengths
from about 8300 to 7900 &£ were used in- illuminations Attenda.nti conditions of
the discharge tube, vibfations in the neighborhood, presencev of nx?rcury vapor
or its absence weré taken into account,(currenf; vol tage and powere were all
observed)e The sensitivity of the visual observation was esfiméted by using
mechanically produced and calibrated fringeshiftse On the photographic plate,
the shift of the fringes with respect to the fiduclal mark, was measured with
comparator for several wavelengths in different parts of the spectrume Any

peculliar behavior of the fringes was verified and observations repeated until
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_ _fhe czuse had been tracked downe S0 large a number of observations were taken
(many thousandd and so great a variety of cmditions were imposed and so care~
' fully were these conditions analyzed, that tiere is no guwestion but that the
full behaviour of the fringes was completely wmderstood and that the results
which will be stated later are reliable statements of facts, no matter what
conclusionse are derived from these faots.

The pressure measuyements with the interferometer were made by opening
 the stopcock between the two tubes (all others being closed) ‘an:l passing
the dl scharge through one. Gas flowed from this one into the other becasuse of
digsociation and temperature increases The shift in fringes accompanying this
change in density was measurede At the same time the power in the electrical
cirouit was measured, In the case of the dark space gauge, the edge of the
dark space was sighted without the discharge, all stopcocks being closed, ex-
gepting the one between the discharge tube and tie gauge. 'I'hé di- scharge was
now passed and the power noteds The change in dark space determined the
pressures

Temperature caditions were observed by the motion of the fringes j.n

diftrerent portions of the circular fields From this motion the density distri-
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‘.ﬁ;,ti"on could be deduced, and from it the temperature distriltione. Another
:‘upans of making a temperature estimate was to measure the pressure change
"with the dark space gsuge using helium in the tube, in this case no dissocia-
_tlon could take place and the change in pressure was determined only by the
é,verage change in temperature.. Along with these temperature mesasurements, ﬂqe
'regula:é fringe-shift measurements (2ll stopcocks closed) were made for the
determination of index of refraction of atomic hydrogen, and all discharge

conditions etc., were observed and correlateds

AESUITS.

When all accidental shifts are avoided as far as possible, and when
accomnt is taken of those which remained in gertain wnimportant limiting cases,
the fringe-shift due to the change from molecular to atomic hydrog‘en is zero.
In other words, according to equation 4, the refractive index of atomic hydro-
gen under standard conditions is one-half that of molecular hydrogene KNumer-
10ally at about 6000 £

A
- J/4H-- 1 = 1,38 x 10~

o,
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Another way of putting this is to ssy that the effect of two hydrogen
atoms on a light wave which does not Qoinc ide in frequency with an absorptiom
line 1s the same whether the atoms are united to form a molecule or are free
to move any distance from each others This result is quite in accord with the
ldess of som chemists who feel they haveevidemce shaw ing that the hydrogen
molecule is Just a peir of loosely associated hydrogen atomse It is also in
. accord with the spectroscopic evidence of the similarity between the radiation
from molecules and the line spectra of the atoms of which the& ai'e composed.
This simi-.larity has led to the assumption that there is a permanence of
quantization of electrons when their atoms combine to form molecules. Al-
thxough sinée there are energy chaiges involved in the warping of the charge
distributions, one cannot expect the refractive index to remain ,qgite unchanged
' 8t111 since the heat of the association is small compared with the electron
energy, the chamge in refractive index should be fairly srnall;

The exact equality between/qﬂl -1 and zyﬁ; fl) cannot of course
be concluded from these messurements. It will be obvious that the possible
difference is determined by the accidental effeots which have persisted in

our observations, by the precision of the Observations, and by the guantity of
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_éto’fhic hydrogen which was present in the tube while the observations were
being madee The gumer ical value of thid difference will be estimated hser

one The final result will be that we may write/uf: -1 -[1.38 + ,zfg]x 104,
The second result of the experiment is that in a properly arranged tube, free
.fro'm reéucible substances a.nd‘ using mois$ hydrogen at pressures ip the neigh~

' borhoéd of 1 mme 80 that pure Balmer spectrum is obtained, concentrstions of

20 percent or more may e:fist over periods of time of 01 of a second. 7This
has, of course, been observed before and it is not surprisingi that under condi-
tions suitable for the excitation both of molecular and atomic hydrogen that
when only the atomic spectrum is shown, there should be a considercble fracw
tion of atomss In fact, I think it is perfectly sound to conclude that upder
these conditions, the absence of the molecular spectrum while the discharge

is passing, shows an absence of molecules during this time. Since the resonance
potentials of the two systems are so close to each other, and since as far as
we know, there are no metastable states, the probability of excitation mmst be
comparable, and there is no means of explaining the quenching of the molecular

spectrum other than the absence of t® molecular forme How long the atoms

persist after the disscciating sagency of the discharge has been removed is another




=29~
‘ﬁvxatter. out from the chemical kinetics of porn amd rranck, and from numerous
experiments of ‘ood, somhoeffer, Urey and Smallwood, and others, we believe that
the homdgeneous reccmbingtion of hydrogen atoms is & slow process compared
with the intervals of .01l or a second or less between discharges. Some data
.on the rate of this reaction is had in the measurements with Yarying frequency,
but it is rather too sparse to provide definite conclusions. However, the work
is being carried on and a good value for the rate of reaction is looked for by
such measurenent se

The third result worth mentioning is the fact that the pressures which
exist in discharge tubes are of the order which could be calculated from the
increase in temperature, due to the energy supplie_d to jbhe tubes‘. Juantitative
results are not very precise, but they are sufficient to anﬁwer a‘doubt which
is very common as to whether one mgy define temperature in a discharge tube or
whether the existence of numerous high velocity particles, mdvi:dg under the
action of electric field, destroys the usefulmness of this conceptions The
answer is, that if one uses the gaslaw

PV = NRT

to determine temperature from the pressure, then the temperature is a perfectly

definite t ning.
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ANALYSIS OF THE OBSERVATIONS.

Ae SPURIOUS EF@CTS. It is considered essential to discuss before anything
else, the possible undesirable effects and to> show how they were taken into
acqount. ,Of the maxy people with whom the results have been discussed no one
has brought up a possibilitvahich has not been considered. k}oregver, tﬁe
.fact vthat in the final design no measurable shift was obtained over a wide
range ard variety of con?itions ‘gives one cmsiderable confidence in the
belief that nothing of importance was neglecteds TFollows a iist of difficulties
which may perhaps are peculdadr to this particular application of the inter-
ferometers

Io Motion of gas into side armse The volume not included in the light
path was only about five percent of the totale If the maiﬁ tube‘lwas 100°C
above room temperaﬁre and the side arms at room temperature (this is an
extreme case), the relative density would 59 4 to 3, If the sﬁbscriypt refers

to the large volume and 2 to the small and O to the initial state, we may wri te

fi =5 L.
0. 95/°I+ 0.05f, : [,

and

whence

ey
U

99 £,



=31=-
;howing that one hundred degrees difference makees only a one percent change
in density and therefore by (2) in ¢ - le This is for smsller than the
precision of the experiment and can be entirely disregardeds The parasitic
volune will then be considered zero in the case vhere all stopcocks are closed.
I Change in length of the tube due to thermal expansion when the discharge
is tumed one In effect this reduced the optiecal path by substituting for air
at atmospheric pressure, 2 gas at very low pressures
AN = (1 -« (L At (5)
Z

where ~C air at atmospheric pressure and 15°C is = 1.00027

0
A = wave length or 6000 A

coefficient of expansion of pyrex = 3.6 x 1076 per ¢

Q
0

A"lf = gverage change in temperature of the tube

™~
]

index of refraction of the gas in the tube

[
]

length of tube = 90 om
This gives a shift of le4 x 10":5 fringes per degree change in temperatuwre.
Thie is very small, even for extreme temperaturess Moreover the rise in tem-

perature is gradual and would not at all interfere with visual observation even
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_ :if 1t were large s.ince it was a sudden change that was to be looked fore In
the photographs. the exposure was only about one second in which time the
change in length must have been small, especi aily considering that the tube
heated only.to a certain temperature and fluctuated only slowly and slightly
from it when the discharge wés turned on and off. Finally the ch;mge in
1ength was measured by attaching the mirror Rl to the tube vhich was fastensd
only at the other ende In this way the effective shift was multiplated over

a thousand fold since the formula now is

N:_/(/(AL:CLT
JaN y 7\

The shift before the tube rcached equilibrium was a few fringes showing that
the change in length was negligible in the case when only /(/«- 1) was effec-

tive in prodweing a shift,

III Temperature changes along the length of the tube. Equation 1 is more

properly written

AN = o [ el | (6)
A
sinoe we have shown »

N\ (;LL:O
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~we can write

AN - w‘i’ Ajg,‘&w;)dv[

and from equation (2) if only temperature changes

AN:MAIfCIL (7)
A

53 is here the average density over the aoss sections Now the integral
represents the amount of matter in the tube (since practically all of the tube

is in the optical path) and is independant of temperature so that

AN S,Odl_ =0

and A N = 0 for this case.

IV Electrostatic effectse Several phenomena come under this headse 1t 1s
conceivable that if the electric parts have large distributed capacity rigidly

2

attached to the interferometer, the mechanical forces due to the attractions
‘ r

on induced charges, esPecially with such high voltages, mgy warp one of the

arms more than the others Such an effect was apparentlylohxerved under some

gonditions especially when external electrodes of large area were used. In

suweh the high capacities were visible and could be removed or reduceds. The

characteristic features of the effect are its startling suadenness znd ite in-
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_ é.ependanoe of the stremngth of discharge or pressure in the tube. This last
point definitely showed that it had no cmmnection with the properties of
hydrogen and indeed it was found that He or alr did Jjust as welle. At any rate
it was noticed and disposed of. '

Another possible effect is the change in/q with field intensity.
Thia fvould not be expected to be importante It should be proportional to
field intensity which was lowse At most it was a few hunired volts per cms

‘ ‘ ¢
when the voltage was on the electrodes and no current pascing. ‘/hen the
discharge was on or between discharges it was of course, much lowers It
should be proportional to pressure snd therefore should be more nbticeable
at high pressures. It was looked for under these favorable conditions and
found not to be appreciable.
¥V Heating of the plane parallel ends of tie discharge tubes For a time

the flat ends were waxed diresctly to the outside of the eleciro&es without
the extension pileces L shown in figure 3. It was noti _eed that at low pressures
a slow shift took place, in the direction of imcreasing refraction. The
change was greater in the center than at the edgese On shmtting off the dis-

charge the return was slower than the original change. The magnitude of the
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effect increased for a time as the pressurs increased ani grew rapidly immediately
after the discharge was tumed on and more slowly later on, reaching a steady
value in about fifteen seconds. All these properties are characteri stics of
temperature effectses It was concluded that the hezting was due to the bombard-
ment of the ends by camal rays rushing toward the electrodes ani p}a.ssing on
through the hole in theme. this wa.s- plansible becanse the temperatures coeffi-
clent refractive index of glass is sometimes of the order of a couple of uni ts
in the fifth decimal place, and a heating of the inside face ‘could produce the
effect observeds Yor example with a heavy flint glass an average change of
temperature through the plate of 1°C might produce with plates 2 mm thick
{since there were two of them and the light passed through fwi ce) a displk ce-
ment of a taith of a fringe.

The effect might have been removed by using at opposite ends, plates with
temperature coefiicients that had different signse oput the méthbd chosen was
easier and chespers '7ith extension tubes L of two or three centi eters lengt h
the effect disapveareds Une could see the red beam of canal rays streaming to-
wards the end of the tube but stopping before getting there. uaowever itne small

positive effect which was found at the lowest pressure may be attributed to this
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:cause. The mean path of_ canal rays at this pressure (about 1 mm) is usually
much smaller than 2 cms but it imust be remembered that in this case the rays
were 'pz-otons and of very small dizsmeters.

VI Ions, Excited atoms ani Electronse It might be expected that these
constituents could contribute to the refraction. In the usual ca‘se where
condensed discharge was used they can be disvosed of irmediately because the
excitation existed for such a short time:prcbably less than 0001 sece It
could not be blurred out perceptidbly by a moving mirror with ‘a time resolving
power Of that order of magnitude. After the exocitation ceased ths excited
atoms and electrons would disappear in 107 sec. and the ioms in 10™% sec.

It mgy therefore, be considered that they last only while the discharge is
actually pascinge Sinoe this is only for a small fraction of the total time
betweefx successive discharges, any effect which they produce will be unnoticed
by the eye or the photographic platee

When ordinary discharge is used the curremt flows during most of the
cycle but on the other hand the current density is less 11; the same proportion

as the time is greater. Now the excited atoms in hydrogen under heavy discharge

-4
according to Ladenburg, Kopfermamn and Carst are only about 10  of the total
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N ﬁumber anl since their value ofM-l) awzy from absorption lines is not many
times tha{ of the normal atom, their contrijbution is nil.

It remains t0 estimate the number of ions and electrons. A great de2l of
experimentd work has been done in this direction, some of which are probably
‘less acéurate than the follm&ine; calculation.

‘In n is the number per cm® of charged particles carrying the current
and ~their average velocity then i the current density

. = mev | (8)

For the high current density of 1 ampere/cm2 this gives

Now s nce the carriers under these conditioms are probably all electrons
or protons their velocity can hardly be under. 1'()6 cm/sec. aﬁd cglinot be more
than the velocity of lighte Therefore

6 x102>m > 2x 0 (9

The limits could be narrowed easily and interesting conclusions could be
drawn. ©Suffice it to point out that 6 x 1012 per cmz is a fraction of a per
cent of the atome in the gas at a preszure of 1 mm and since the refractive
index of protons or electrons is low they are without influence on the

measuremente
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ViI. Variation in density over the cross section of the tubes This is
perhaps the most important disturbance. It occurs because of the temperature
gradients which exist becuase the heat'generated by the discharge escapss thru
" the glass wallse. If one starts with straight fringes then the discharge causes
them to bow in the center of the fielde The motion is in the direcyion of
diminishing refraction in the center which is therefore of lowest densitye
A better method of observation is to start with the fringes curved just enough
s0 that the discharge straightens with power and pressuz.'e. It ﬁever attains
mangitudes of more than one fringe and can be reduced by means indicated by
consideration of the theory of the effects

Let us make the most unfavorable assumptions and say that the heat is

developed uniformly through out tiie volume and that it is dissipated only by
conductiones The first of these is not nearly true and is ruther too conservative,
for we know that the greatest voltage gradients are near the elect.rodes which
have by far the greatest heat dissipating capacity. As a matter of fact any
lack of uniformlty of heating would prbvide faster cooling and would be advantageows
for our conclusionses {4n importa_nt example of such non-uniform heating is the

ion and atomic recombination on the walls)e The assumption that only conduction
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iS'Ieffective is of -course only appraximates That it plays the most important
part at moderate power is shown by the bowing of the fringes at very high power
the temperature gradients are more efrective in starting convections Radiation
“accounts for only a few percent of the energy btut even this much is important
vhen it comes to calculating percent of dissociation.
Using the assumptions nevertheless, we can find the temperature gradients

from the definition of thermal conductivity which says that if Q 1s the heat

passing per second through unit swrface and n the normal to it,‘ then

kT

In this equation k 1is independent of pressure at least down to 1 rmme

In the steady state, which is soon reached, the heat passing every second
through a unit surfage on & cylinder concentric with the axis of the ﬁube {di s-
regarding the end convection) is the heat gencrated in unit length divided by

the area per unit length

Q- Wewen o W (11)
Y| 2T 2y L

vhere W is the energy furnished to the tube, L the le1:)gt'.h,2:¢'i the internal

diameter and r the distance from thes axise



This gives fran (10)

whence

ydr- -\—’\/{x > ‘
U ysk L (12)

where T, is the temperature at distance re

It is seen from this that with a given energy density the difference in
temperature between walls a.nd center is proportional to the square of the
diameter of the tube. Withthis in mind, sane tubes were used'with diameters

of 6 mme These tubes showed no temperature bowing until fairly high pressuress

From the gas law one can write

/D = ap_ly\,_ o ‘
-

RT e
where M is the molecular wel gt of the gas,ﬁ is the density at distance r and
p the pressure which is the same all overe The reciprocal of the demsity is
quadratic in r which explains the bowing of the fringes and further the factor

p shows why the effect increases with the pressuree

Caleulation from (12) and (13) leads to the expression for )0
- Y

~ __E___ |

Pe = i T T e e
’ kL La(frj‘iv_ o ey
Ykl -
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where'f’ is the average density which equals the initial uniform density and is

given by

‘Y
= - _2
F Y ~d ¥
Y. A s
L
(4]
" (14) can be also written
I3 - P o
M W R B
O
in which Ty 1s the temperature at the wall vhere r = r;, leee
— VW
= e — (16)
4 kL

There must, of course, be a value of r such that fy = —f; ¢ Since
neither (12) nor (15) contsins the p, this value of r is indepepdent of the
pressures Moreover figure 5 where fﬁ/ ﬁ is ploﬁted as a function of r/ r;, shows
that for all values of ¥ the density ié very little changed from the original
density at from seven to eight tenths of the distance to the wallse Here the
fringe shift is very small and since 1t is easy to block out some portion of
the fiéld' for radii larger than 8 of the total radius (indeed it is very diffi-
cult not to Vdo so) by fixing attention on this portion the observation is free
from disturbance due to density graiientse As a matter of fact the whole shift

at a pressure of 2 mm and energy of #00 watts in the tube the shift is only two
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tenths of a fringe and cmvection makes it still less.

As the data given further on show, the ph.otogralhic observations using
thin tubes were not mmch affected b this cause up to pressures of about‘a.

’ centiméter, and knowing the cause it is possible and safe to correct for it, if
désired, é.t the lower pressureé which alone are important and ’ip which the
effect is very small indeede

It must be felt trqm these facte that density gradients are not serious.
Still a di rect experiment was brought to beor which was free fx;om the possibility
of error in this reppecte Unfortunately it was not started soon enough to be
thoroughly developed else it would have been a sufficient means of clearing
up practically all of the difficulties encountered in the measuremeut.

It was found that BaOH is one of the best catalysts fér the recombination
of atomic hydrogen to moleculare. Accordingly in one of the tubes of the inter-
ferometer NaOH was distributed by allowing a dilute solution tb eﬁter and pumping
off the waters <The tubes were comnected in series armd the di schakrge passed
through them with the stopcocks between closed, but the hydrogen gas at the same
pressure in bothe Now since they were thermally, electrically and optically

the same in all particulars, the temperature changes, density gradients etc.,
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wefe the same in homologous portions amd in the interferometer used the changes
j;n’one would neutralize the changes in the other as far as fringeeshift was
concernede. Sut between discharges the recombination in the NaOH tube would be

- 80 fast that the concentration of atomic hydrogen in it would be zero and s0

any whift of fringes would be & measure of the refractivity of the atomie
hydrogen in the other. No shift was obtained. MNoreover on opening the stopcock
between the tubes the passage of gas from the pure one to the other as indicated
by the fringe-shift showed that cmsiderable atomic hydrogen was presents The
..observat ions were not repeated often enough nor were the conditions varied enough

to entitle this experiment to all the weight 1t might have deserved had it been

prop_erly performeds It will be continuede

B. THE ZERO SHIFTe Most reliance is to be plased on the photographic runs
with t_he thin tubee MTable 1 gives the average of twelve series of runs with
pressure varying fran 1 mm to over 2 ome

Figure 6 is a grathical rgpresentation of Table l. The procedure used
in getting this data was to photograph the fringes _in a very fast spectrograph

(£ 207 lene) first, without the discharge at the lowest yressure then with, the



v,
B
il
..l_
Z
T
A
Z
9,
m
[}




y.

TABLE 1
Pressure in Millimeters of HG Average Fringe Shift
MM Fringes
0e95 +04040
1.9 ~0.015
3e8 ~0.006
Be7 ~0.,001
7e6 0,009
9456 0,004
11.4 ~0+005
1363 ~0.,022
152 -0,047
19 ~0.066

then without, then withe These five exposures taken one after the other indicated
any accldental drifts due;' to temperature changes, turbulence in the air vi‘oré.—
tion due to trafflc nearby, leaks in the apparatus, etc., etce Only such plates
were used as were free from such disturbancese After the five exposures were
mede at the lowest pressure, gas was added and five more taken on a single plate
which would have over fifty exposurese

The next plate would be under different conditions of expésure, energy,
type of discmarge etce, in all the variety that could. be i aginede

Since there were from two to five fringes in the field each eﬁ:posure
provided from four to ten measures of the position (maximum and minimum derimess)
of the fringese The -indivi.dual resdings were just like the average in being close

to zero, or at the high prescures slightly negative. It is not a matter of
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finﬁing a small effect hidden by larger accidental errorse Once in a while an
épparent shift would be observed, but it would have all the earmarks of an
accident. It would come where it shouldn't, it would not be repeatable and would
"have no connection with the discharge comditionse At low and high pressures this
was not sd, but the systematic errors in those cases have been egplained. The
plates were measured with great patience and is believed that the averages given
are good to better than a hundredth of a fringee. In calculating the e-ror of the
experiment such precision will not be claimed in order to err on the safe sidee
The visusal obs;rvations being s0 much easier and quicker and subject to
closer corration with contemporary ¢ anditions were performed in greater mumbers
ant varietve Here the reliability of a single observations is not so large
because of the distracting influence of the electric sparks aﬁd the 1light in the
tube and beczuse of the fact that attention is divided between Waﬁching the
fringes and closing the switch (this was sometimes done by a second person)e
The direct visibm spectroscope most often used was a beautiful instrument
{made by Schmidt and Haensch) giving high mangnification and high dispersion

so that tne field of vision could be made almost free from light from the dis-—

charge and small shifts detectede The telescope to00 was always available so

that after seeing the spectral condits
Y ) 1tion of the tube in +
n the Spectrograph
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one could mmmediately shift and observe the thermal conditions with the telescope.
Aé one watches the fringes over long veriods many motions are visible unless things
are very quiets Nevertneless a sudden shift correlated with the discharge is
easily detected and distinguished from meaningless drifts. The practised eye
notices a sudden changs of a thirtieth of & fringe under favorable conditions.
But 2 twentieth is hard to miss and a tenth can be very well estimateds

In saying that no shift was observed it is meant that taking all observa-
tions into account, including the vhotographic, the shift must have been less
than 0.03 fringes. In order to estimate the possible error we shall assums
that the shift was 0.03 fringes and see what effect that might have on the

(/4H ~1) in equation (3).

Ceo CONCENT’ATION COF ATOMIC HYDRCGENe Before being able to give a numerical
value to the error, one must find the comcentration of atoms at the moment the
Ehift was being observede This question has been investigated experimentally
using the apparztus already described, but it is cmsidered worth while to make
a calculation on the basis of other experiments and it is believed that the

results obtained are as reliable as those given by the experiments first ment ioned.
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Bonhoeffer has measured the rate of recombination of atomic hydrogen

and his measures at 0.5 mm fit exactly the law

A ~k T (17)
X - Xo e

-where ) 1is the fraction of Hz molecules dissociated and k the so-~czlled specific
rate of recombination at 0+5 mm the value 2+ The quantity k must be a function
of the pressure which is zero when p = Os Let us say for the time being k = kopn

and then we can write for (17)

N+t
— 2 ‘%P%t

¥ b@ e (18)
vhere p is the initial pressélre of molecular hydrogen in millimeters,
In sone of our experiments the voltage was supplied from a 16,000 ve 10 kw.

transformer with a large condenser in parallel and a variable spai-k gap in series
with the tube. In a few cases the gap was closed giving a 50-;cyele sine wave,

at other times the gz:ap broke down at least twice a cycle giving condensed dis—~
charges certainly less than a thousandth of a secend in durations The interval
between discharges was, ther-fore, never more than one hundredth of s second and
usually the time during which the discharge was on, was a negligible part of the

cycles The apparent position of the fringes will correspond to the average

value of the dissociation which we proceed to calculate using the most unfavorable
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a:ssumptions, namely, that the intefval between discharges is 0.01 second. 'Te

" have then

|
7;_6 ZM+|P%‘[;
~loo¥ e €
Y ° & (19)
o
*n'f" %
—_— /60 D/" L oo ]
’M —-L
+/ | ‘ ‘ (19')

The next diffienlty is to decide on the pressure dependence of the initial
dissociation )@ e Condidering that in the beginning of the region of pressures
used, the current through the tube for a given voltage increased with the
pressure and considering the facts that at pressures up to about 1 cm., there
were often several discharges per cycle and that the power ‘a.ndvol.ta.ge inputs
were increased with the pressure up to about 12 me, it would be an underestimate
’ at low pressures a:ad an overestimate at high pressures to say that the initial
dissociation did not decrease with increase of pressure. Since both of these
are unfavorable to the conclusions we are to draw we shall make the assumption
with a clear conscience. For the constant of initial ddssociation we again

refer to Bonhoeffer, who finds 2070 for the fraction D/o at some unmentioned

pressure, probably about O0e5 mme Vhen the 10 kwe transformer and the short

duration condensed discharges at 8000 to 16,000 ve giving current densities of °
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_ h{mdi'eds of amperes per square centimeter — while the discharge passed - (average
" 1>;w frequency currents over the whole cycle went up to several amperes per square
" centimeter) are compared with the milliamps usedj by Bonhoeffer, it seems conser-
vative to write

Y, - 0.2

giving from (19')

P h
- /0 A
= — o
T bee

s0 that for the partial pressure of atomic hydrogen we have, épproximately,

Pu = o | ZMIP;L] (20)
As to n, the power of the pressure according to which thg rate of re-
combination increases it might be sald that fob this type of reacbtionk n=2is
~ plausible, but frorg the point of view of the chemical kinetics of -Bom and Franck,
it is well to considér the case n = 3o PFigure 7 shows the isartia.l pressures of
atomic hydrogen as calculated from () for esch of these values of mn.
The maximum partiel pressure of H is 0490 mme and 046 mm. for n = 2 and

n = 3, respectivelys The assumptions made lead, therefore, to no extravagant

values of the dissociatione
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The experiments in connection with this apparatus @epend in the first
place on the fact that to an approximation the refractions of two hydrogen
atoms is the same as that of a hydrogen molecules In using the interferometer
as a pressure gauge, one need not distinguish between the atoms an&bmolecules
‘bu't can say that the position of the fringes depends only on §h9 density as in
equation (2)e

The procedure is to watch the fringes when the two tubes are open to
each other and the discharge passes through one of theme The gas leaving ome
decreases one ontical path and since the connecting tube is small, it increases
the othere. Thus we get a value of the density change from whieh we could calcu-
late the pressure change and therefore the dissociation if ome knew the tempera-
ture. Now since the temperature of the outside,of the tube‘ was @om and
since the disbribt;.tion of temperature could be estimated by thé bowing of the
fringes the dissociation could be founde

However, it is really necessary to go more deeply into the calculation of
the temperature. A complete anslysis can be carried out but is by no means a
simple mattere Part of the complication is due 1;0 the fact that there is mm

2 s0lid bounded on one side by a fairly conductive low pressure gas which is &
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‘ﬁex‘iﬁanent varlable soﬁrce of heat and on the other by a cold gase The expres-
sions resulting from the geometrical shapes are unwieldy for the juggling aromnd
of the curious and unusual boundary conditions which obbaine The wholé calcu—~
lation is of prime importance for a part of the experiment {anomslous dispersion
‘absorption, etcs) which has riot yet been carried out and will lbe reserved until
the data is readys Here only an outline will be drawn to give an idea of the
conditions existinge

Since glass is thin walled and is about four times as 'good a conductor
as hydrogen gas, while the air outside is a comparatively poor conductor we
may neglect the thickness of the glass and imagine that the hydrogen extended
out to r_ the external radius of the glass tube and is there separated from the
air by a polished surface.

Again neglecting end effects, 8 the excess temperature over the outside
air due to an instantaneous source of heat ia.t time ¢t = 0, and of strength wat’

is given by the cmduction equation

) 216 2&
d o {a L 1 28 ] 1)

R: J ¥ YO

subject to the conditions

WV d¥

6=90=’C‘h"‘ Whentaoandr<ri (22)



) Qe

(23)

. where W is ﬁe power 4 T1s am element of time, Ch is the heat capacity of the
hydrogezi and h is a constant determined t;rom the sfeady state (I;h 1§' sometimes
‘cal_ied ermnissivit&).

_ The solution of (&)

2t
- — P
ij—o(ﬁXY)e 4 :

(24)
where Jo‘/* r) is Bessel's function of order zero
‘Tb' _
where 2uE 6, ; —
A, = Y J () Av
RS W °/
Y Dﬁ,*“ J, (/A(’X*J f  (25)

ke
| ?eﬂ«; +*‘L]1(/*'ge)

and where the j's are the roots of the transcendental equation

/‘43—:(/—4 "'e)’l" I(/‘"’e) o (28)

These roots can be found graphically very easily by noticing that

. () X

P

T O ke h
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where x -/4 re

Plotti and J. ) th ph
ottingy; = — Vo = on the same gry
1 T h 2 ’3_" C')Q

the intersection satigfies 26 This is done in figure 8. Only first root

need be considered 'because),,l is about four and the final expression for

—

temperature having /5 in the denominator of the 'X)th term is so rapidly

convergent that only the first term need be considered.
Since the source is a/bermemant one (and in the experiments the frequemy

was 500 cycles so that it may be considered comstants) the actual temperature

. at time ¢t after the discharge has been started is

I - ot
2 h w J‘ZQ Iy Y)_ A__/rlcol(t"?:>

= Jole-0)dt =570 [l <"

(]

. (21)
or
h QL Jo (x5 et
H = 2 vTA—%b— | — J .
DRy, | z_ G g ||
2® /Q”Uﬂ”avmﬂ—’ = é_l ;
‘now the diffusivity o = CA - C}, (28)

and we have

AW— S, ( -?),,_ I “/"l.o“lt |
@("r@:i"ﬁ/ .‘}4’3@;:5%%@ L”e ! ] |



or "by a previous remark

_ohw  Dolmy) —pret
B0 =EY s

(29)

It turns out that the diffusivity has the enormous value

A 1325
S

so that the exponential term is negligible and the steady state is reached

oV

bimmediately and as far as the gas is concerned eguation (12)‘ applies.

The glass tube ha; tremendous heat capacity in comparison with the gas
and therefore its diffusivity is much lower and the time tsken to‘reach its
steady state where the temperature drop across it xés small ivs longers Because
its walls are thin in comp@n with its diameter it can be considered as a
flat slab and because the gas immediately reaches the steédy state the boundary
condition inside is that the vheat supplied is constant,.

A servicable solution for r, < r <re can be finally obtained from

2Tt
alt x
@(Vt} = 8'7\1'/\\"/[0- JT [Z’y < qa-c ”dr/ + 2 CMFOL@ ,J

[

r ,
7o W‘F we can use the uniformly convergent

For small values of
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expahs ion

7‘ ' 3 5 “AA_,>
2 e’*&iiz(%”zw M
which glvwes

- : . I >x N3
O = L 2206 EF [ (i -ERY )

T | (=)

For larger values far e:iample rar; +1m,t=25sec for which

‘2-0%?— = 1,47 we can use the asymtqtic expansion
AT 3 ]38 _

b ,l/ S -

oL;C - e,( ('“ i ) SO’ )
and get

) 2 3'
S WHEe Wt ot 3(3&) +,;{9:ﬁ‘) o
OO v Laiw | v Ay /T e

The outcane of these calculations is to indicate that at tie very start
equation (12) may perhaps not be conservative, but after the tube is slightly
warm it is alrig}:}t to use this form in the proeess of finding the dissoc iat ione
This is 80 because after measuring the exyansion one finds the dissociation by
first subtracting the part due to temperature chamngee This part is certainly

exaggerated if in the expression about to be derived we wuse for the lowest
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tel@yerature of the gas, the value found by measuring the outside temperatwure of
the glass adding the steady state drop through the wallse

it will be umeful in these calculatkons to introduce T the average

Yoo

temperature ¥ the gas
[

T:TO ”‘4“Y15hL'/NT:: Y OL\'

0

A TOF/—](L
-r;__,_\/,___\/_ ' :—roﬁl( )

or

_ - w
Moo =5 (- = gy (52)

It is % which is the effective temperaturs of the tube in produwcing the
pressure change aside from dissociationg and we see fram (23) that it can be

calcalated directly from We

To derive the necessary formula we def ine the dissociation ‘by

Na
\( ‘\'\M—‘\— Mo

(34)
where na is the numler of atoms in the discharge tube and nm:l the tumber of
moleculess

The total number of molecules n, in the system is constant and if By,

is tie number of molecules in the cold tube which is 2t room temperature T and



=57~
wb.ieh cantains no atoms, we can write
Mg = Np) +Mon + L = fh%l;»(l ~J§—)(W'q.~f“%.\ (35)
it Vi and v, are the volumes of the disclorge tube am the cold tube
reégectively, and ;f P, is the initlal pressure and p the final pressure which
is c0nsté.nt throughout the system, we can write the gas law
pvy = (g +ng) R T
v, = 1‘1m2 RT ‘ ‘ (36)
Polvy + v3) = n, 3 T

Subst itut ing from (35) and solving for )Y

P (v
o 2 <L+D#¢MQ>
—CPWﬁ

v "‘_‘
or
— Y
Vo= 28 e e
By an elememtery calculation using (N is the fringe- shift if one tube
25 € :
were pumped out) é/—éd” = —‘jé" and also equation (4) with all numerical

values in ite

A~ N T .
X‘ 2] - (/01?30 A N\ (58)

/01??+AN/T
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It might as well be pointed out here that when the dark space gauge was

used (37) served to calculate Ybut since the volume of the gauge was entirely

'negligible this becomes
} sl . -
¥ z[/«—-/' ?_L] ()

or more  nvéaiently

AP AT 1- _—5’,)“ - (40)
572[“?“’%‘5(’*%*4* i

The pressure changes in the gauge were calculated from the wall known

law in which the dark space d is given by

d = .26 + %% for hydrogen - (41)
P ¢
and
oA = 36, ,,‘ifﬁ for helium T (42)
P Ve

with the voltage kept constant.

In these expressions the second térm depending on cﬁrrent dens ity can
be neglected for our purposes.

The data calculated from equations (38) on, show that the dissociation

depends on the condition of the tube and slightly on the frequency and the powers.
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ﬁ'xe"valﬁ.e at the pressures used ranging from 05 to 2 mm (usually above 1 mm)
reached twenty to thirty percent using the gauge data anl somewhat more when the
interferometer method or the helium check method. was usede These values are

in good agreement with the estimates from Bomhoeffer's datas The measures are
unfortunate in involving dbig ‘corrections for small effectse "z"lor‘st of all is the
jzncerfainty of the value of W the powere This apparently sir‘nple‘ quantity is
hard t0 get ate The watt}meter readings which were aétually used do not represent
the enbrgy dissipated in the tubes Enerw escapes at the electrodes in no in-
considerable amounte More important are the losses iﬁ the transformer and thse
condensers as well as the high voltage voltmeter and other partsA of the circuite
The first two may account for 2070 of the power and the vqltrnetei might sometimes
| have reguired 150 'ﬁo 250 wattee Such losses if they could Dbe cqrrected for might
show double the values_ of the dissociatione For high powerrs thev error might be

very large. For example take equation (40) for small and high power such that

AP AT :
2 might be «4e Suppose that 7 calculated from W to which it was closely
proportional was also 4 so0 that . = Oe If not the trivial correction of 5%

for radiation is made of W, the value of ) becomss 4Jo, if 20¥o is allowed for

de - ‘
cmdenser loss ) = 20%. Ip 26% 1s attributed to voltmeter loss )y = 40%.,
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It is seen that this work must be carried further.

" De ESTIMATE OF ERRORo Iet us not insist on the possible high values of f

N a '
and be satisfied to say that Dt 7 = b/ was & least 0.25 at original pressure
) Ia %)

2mmg that the shift was no more than 0.03 fringes and that accidental errors
were é.bsent. Substituting all values into equation (4) we have partial

pressure of atomic hydrogen is 0+25(1 + 0.25)p

+ 0,03 = 0. 25 96 2717 /.25 24’4'#0_( ;1)]
S 243 160 . /e

6 x10

or

27(/4;4‘/) :/(4’24—_/ - + 0.03 6 )<)0""S~ 2.93 - 760 + /Ll(# _,>

0, 25-90-273 -2(1.25) T

= B * -;/
Zh%% 26 7)()0 | s

This is theifigure that is to be compared with the theor&. Apparently
there 1s a bad discaepaxﬁy. The theomwtical (/q:- 1) calculs fed:for example
from the second order Stark effect term as derived by Epstein and others gives

%; y ) =2 .3 X/OJ/
The order of the discrepancy can be judged» by using the theoretical

value to caloulate the expected fMnge shift at 2 mm using measured atomic



e
hydrogen concentration.
Substituting in equation (4)

- -4 —
5902731352 [, 3 x10 1 38x 107" )
AN 2s1023:l25 0

Cxio > 293 -760

we geot |
AN = (11 fringes

4 shift which would have been plainly visible in every observation,
even under bad condisions.

Another point of view is to say that if the shift was 1ess‘than 0.03
fringes, there must have been'less than 8% atomic hydrogen in the best case.
This is out of the questione The estimates of 2570 are conserva;tive, for
the tube in vwhich the fringe shi;t‘t ‘wsg measured was in the‘best yof condition
and equalled tubes in which other observers claim 100% dissociation.

;n such a state of affairs it behoves us to examine c'los-ely the theory

underlying the predictions which are tested by the experiments
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THERY OF THE NORMAL HYDROGEN ATOM.

Schrodinger's wave equation for this case

8#7‘ ' 2
AN T,,ZT+'~———7”{E+&>W70 (44)
has been well investigated, and the solutions satisfying the necess:ry condi-

tions are known to have the form '

%M——/Zé (Y) >m/%/ b¢)e LWZL&T (45)
\ -

.'h'
The / are spherical harmonics ami since we are dealing with nomal
™
hydrogen we may disregard them because of the restriction that A n=21
and because t.e electric moment induced by a light wave is parallel to it,
so that A\ m = 0. Since n is zero for the norml state the only funotioms
[~ (=]
that appear are Dy and \/,j which are constant and we may. confine our atten-
tion to the functions ), (rle Explicit formulae are available for this
m

function tut as is so often the caze, we find it most convenient for actual

numericsl calculation to derive the value of 9/7 directly from the funddmentsl

integrals which arise in the method of Laplace, namely
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where C is a camtour which has to satisfy a condition, a sufficient but not

necessary form of which is

A\ L ﬂ*'
+h /(Z+ 4177 the (4[7/

ll

For negative values of B in (44} ,2 mist be an integer .and (47) is
satisfied b choosing a closed path around the only pole 2 = = %ﬁf
For positive E,ﬂneed not be an integer and to get the whole transcendental a
more 6onpli cated path is required anml one mast be satisfied with an aporoximate
solution. fhe main difficulty is to get the normalizing function and this
can be found from the work of Oppenheimers

| Enowing all sbout ;ﬁwe can go on and imguire about the distribution in
space and time of electric charge densitye This is given aécwdilng to
Schrodinger by
f) = %Z/ % ' (48)
If we denote by ¢ the properly normalized part of (44) vhich does not

depend on tie time, the charge density in an isolated hydrcgen atom in thet

nomsl state f = 1, m = n = o, subjected to the action of a light wave

F(LM) 2 2t
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L= | = (F ~F o, «,(v), ()
=u(y)-2 27 2t RSN Ve Sndiatan’s
%ﬂy a[[”’) /['—QCI'U ﬁg(fl—&)z—élﬂl

(49)

JCRIEIIIONCGYENTS
(E-E)- 47

o0 o
Aoy = //;w@)?’lwé-a,év)a,(v)aéeo&y -
. . |
O<b[6> fﬁwg.yﬁ@w ga/()a)é({glv)déa(}/ (51)

From this point the Schrodinger method is to follow ‘accurately‘ the

where

anmd

classical theory in which the electric moment is ,

My= | pad o

and the index of refraction is given by

2 - ﬁMQ
/‘ T Fe 2wt | (52)

Where M (t) is the variable part of the electric moM and N the number of

particles per cms.
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Applying these to (49) there results finally

L

" (L, F) ay .
> Lt (L)AL a(ji(f)dg (53)

w)e 2N s [ o

This equation is identical in form with&he classical exmession for a

set of oscillators with natural frequencies (B, ~ B, ) md also a set with

gontihuously varying freéuencies (6 - El” The numerical values for the first
three terms of the smnnation and for the contribution of the continuous spec-
i trum are given in order for the case of the hydrogen atom in the nomal state
undisturbed by outside forces.

— 4 ' - oé/r/o"/f—o 2/ k/o
&1;4): S 520 02T X010 o

The sum which is still low, is already greatly in excess of our experi-
mental values out we have imagined that the atom is alone, while as & matter
of fact it is in a gas at pressure, let us sgy, around 2 mme

Now if we say that (49) TM¥EBE11y descrived the distribution of charge
in space, we see that under the action of the light the normal hydrogen atomm
which originally (figure ) was a spherically symmetrical distribution of

charge decreasing in density exponentially with r is greatly expanded snd the

hydrogen electron is spread partly in large shells as shown in figure P
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‘rl;xese shells correspond to excited states of hydrogene. ihey are important =
the dispersion because of their large momentse Un the other hand the chenpe
that another atam will apwroach to a given radius depends on the square of
that radius so th;t these higher states will suffer many more collisions than
the lowest state. Foote has shovmthat whenever a collision mey affect a
quantum state it does. LIn other words collisions of the second kind have
1009’0 efticiencye.

Calcul ating the mumber of ccllisions on the basis of kilnetic theory it
turns out that all the higher states are compnletely destroyed in the time taken
for‘the passage of one wave train and their c?rimtion to coherent scattering
lost and B0 should not be added in to the elsctric moment. This makes/4; -(
egual to 1548 or less since there is some loss from the lowest terms In any

case the resultxis now equal t0 the experimental value within the estimated

8rYoTe
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CONCLUSIONS
The experiment is therefore not in disaccord with the theory but actually
of fers evidence that the theory is literally true. The excited hydrogen atom
is apparently really a shell of electricity and in general the 'quani:ity ¢ éz
describés the space ocoupied by an atom in the kinetic theory .sense, and once
‘more we have a concrete model of the structure of mattere
Morsover it is to be expected that the dﬁc’tion of excited states
take‘s place in all atoms and that therefore the refractivity %111 depend on
pressure am deviate from emation (2). Pressure effects have been looked for,
but always at high pressures, while this one is probabdbly over above pressures
of one mme It is hoped that an opportunity will be had to search for this
change at very low pressurese It may give important evidence on the excited
states of atoms and moleculese
The author realizes that any virtue in thés work is 1érgeiy dae to his
privilege of starting, planning and almost completing it at the ﬁoman Bridge
Laboratory in Pasadena, Califomia. The problem was first brought to his notice ‘J
i
;
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