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Sammaxy_

The fine structure of the line A4886 of fonized helium emitted
from & discharge tube with hollow cathode cooled by liquid sir was
measured with a Febry-Perot interferomster. The formils for the Fabry-
Perot interferometer patiern exgreased in Pourier series wes epplied in
the enalysis. Of the eight components predicted by theory four were
definitely observed, while the remaining weak ones were infbrreé to be
present, Pelative intensities and positions of the eight components were
found to be in genersl sgreement with theory. The separation between
the two strongest components wes .0995 € .0013 I.A. or .4529 & .0082 cu™t
éiffering from the theoreticsl value by less then one percent. The
Rydberg constant.of helium was celculsted with two different velues of
indices of frection. e/m was also calculated with both the olé and the

latest values of stomic nasses.



INTRODUCTION,

The study of the fine structure of hydrogen lines and that of
ionized helium lines has been condidered so important ever since the ad-
vent of ihe Bohr-Sommerfeld theory on atomie structure, that the genersl
theory of atomic ﬁhonpmtna has been built on it as a cornerstone. Al-
though many more investigations have been devoted to hydrogen than to
fonized heliwp the spectrum of the latter is theoretically more favore
able than that of the former in several respects : first, He* 1s hea~
vier then H and its 1ines are therefors less b:oadamd by the Doppler
effect; seecond, the He' nucleus has twice the charge of the H nucleus
and the spectrum therefore is less influenced by the Stark effect; third,
helium shows no nuclear spin and no complieation will arise from that
cause j and four.th,‘ the aapax?ation of the fine structure components is
much greater than in H due to the larger nuclear charge, Somnerfeld‘'s
thecry of fine structure was first confirmed by Puuchnnl in his measurement
of the fine structure of helium lines, Of all the measured lines of the
Fowler series and Pickering series, the line 4686 wes the brightest
and its structure, especially that excited by continuous current, accord-
ed with the theory most satisfactorily., Later, Leoa worked on the fine
structure of the line 4686 end obtained almost the same result. In the
present work it is attempted to meke a fresh measurement on the same line
~with a Febry-Perot interferometer, This inatrument can give a greater
T 1. Peschen F,, Ann, 4. Fhysik 50 901 (1916)

8, Leo, W,, Ann, d, "hysik 81 767 (1926)



precision in the determination of wiuve-length and of the separations be-
tween the components than the eonosve'gratingo such a3 that used by Pepe
chen and leo, It can also enable one to atudy the relative intensities
guantitatively by means of a recently developed method of analyai¢3 sven
if there im overlapping of different ordera in a pattern of such complex
structure as the line 4686 .+ The source of illumination is & hollow
cathode zlow tubo; essentially like those of Pasclen and leo, but s0
constructed that the cathode is lnmorsed in liquid air in order to dimine
ish the Doppler effect,

3, Fouston, W. V., Thys. Rev,, 51, 446 {1937)
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I, Positions of the components,

Sereldé) applying the special theory of relativity to the
electron mass, obtained the texrm values for a hydrogen~like atom as fol-
lowa

. - B 4 s
T-R._.z+ao¢,g*(%

z > + higher orders of O 2 (1)
n n

3
4
where R is the Ryderberg oconstant varying with the mass of the nueleus ,
2 the .atomie number of the nucleus, n the total quantum number, k the
azimuthal quantum muaber, and oC ( = 27E€2/ h e ) the fine structure
eonstant, The first §orm»eo":z*respanda to Bchr'g formula derived from
non-relativistic mechenicss In the case of small 2z , the relativity

gorrection for the term wvalue beeumes :

.%4, —»%) ' (2)

a
k

when the terms after the second of equation (1) are neglected.

With the intreduction of eiééf&wm.agiﬁ'"'anathw quantum  aumber
§ 18 used %o specify the state of an ‘atom in addition ton and k

{ or Q ), where

g =f2r2 wmd = x-1
2

From e quantum mecheniocal treatiz;mnt, Teisenbery and Jorden © have cel~
culated both the relativity correction and the correcticn due to spin-

orbit interaction, The combined result is

3, Sommerfeld, A., Ann, 4, Thysik 51 1, (1918) or Atomic

Btructum. and Spectral Iines p, 467 (1923),



This is exactly the same as Sommerfeld's formula (2), except that J
18 to be used instead of k. Later,’ Gordon’ obtained the same result
from Dirac's theory of the hydrogen lt.cm luhich is now regurded ~an the
accepted method of derivation. Since there are in general two véluoa
of k ( or 1) corresponding to each § , each energy level for a

given § 18 really & coincidence of two levels for /= § + 1
2

and [ = § — 1 .. Thus more possible transitions are permit-

, 2
ted by the seleection rule ~ ik = + 1, than when each level corres-

ponds to one value of k only, As a matter of fect, the component II
found by Paacfwn in the line 4658 is rot permitted by sueh a rulp.

AK = +1, used in connection with formula (2) but is permitted

by the seleeiion rules Al= + land AJ =0, +1 used in connec-

tion with the formule (3), » This seems to be a triumph of the quentum

mechanieal theory over the older gquantum tieory.

The structure of .he line 468¢ consists of the transitions
betwesn the levels for n = 3 and those for n= 4 pernitted by the

selection rules /= ¢+ 1, A} = 0 +1, esshown in Fig, 1. The

(3)

T4

ecoincident levels ( of same J but different [ ) are drawn separste~

ly in order to be distinetly visuslizeds The wnlues AT ars caleulated

8 o -5 °
by taking Ry, = 100722.4  amd  OoL% = 5328 -107°

- -

. Bs Bohr, MN,, Thil, Yag. 26 1, 476 (1913)

6+ Yelsenberg, ., and Jordan, P.,. Z@ita; fs Phvp, 37 263 (1928)

—_—

8, Houston, W,V., Phvs, Hev.,, 3J 60 (1987}
Gy Birge, ieTe, ~WRegy, 48 ¢l8  (1935)

7. Gordon, ¥,, Zeite. f. Thys. 48 11 (1982)
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it is Qmsily Be@ﬁ that from the 13 possible transitions one cun get 8
gomponents whieh are denoted by a, b, ¢, 4, e, ¥, g, and h, Below the
energy diaprem, these coaponents are drawn gecording to treir theoreti-
cal positions enleulated from 27T, and their relative intensities ave
rourhly renresconted by the elights ( see the following seetion )o Ire
staﬁeé and the transiticns between them, reaulﬁing in & different mule

linlets ( D=F, 7=D, S0, D0, and =8 } are also shown,

IIs Relative Intensitles.

Theoretical relative intensities of the fine structure of 4660

were first eaieulsted by Sormerfeld sad Unscld 10

from Shroedingzer's
forn of wave mechanices, nnd the samne result was obtained by BSaha and
Banerji 11 from Dirac's theory in the form developed by Jarwin and Yeyl,
Aegording to them, t'e relative iunitensities of the couponents of a aultie

plet follow the sum rule, namnely :

{ DI ) {#i) (5P) {DP) : { 3 )
1:80 : 14 1:9:8 1:8 5:19 351 21
and the relative intensities of the 5 multiplets zre !
{ D7) (ry) (&P) { ) { 78 )
1 15 30 15w 3 v

where S'o 0.851, 0 = 1,113, Te 0,085, V= 0,221, In Fiz, 1, the
intensities of each transition are indic ted in the middle f the above
diograsn, and the nunericel values of the intensities of the cumponents

are civen at the botton,

12. Sommerfeld, 4., end Unscld, A., ‘elits, f. hres 36 250 (1926)
88 &

37 (1926)

11, Sava, Y. and Langejl .C., leits, . hras. ?_8 704 (1931



PREVIOUS EXPERIVENTS,

The line 4686 was first discovered in the spesctrum of ¥ -Pup~
pis and was thought to be & hydrogen line, Fowlep in 1012, obteined a
series of lines, smong which 468¢ was the strongest, by passing strong
condensed discterges through helium tubes sontaining hydrogen as an im=
purity, but they were not considered as helium lines until Bohrd found-

1z

ed his theory of the hydrogen atoms ZEvens™ first obtained the line

4686 from the spectrum of g helium tube free from &k hydrogen, thuas give

ing strong support to Bohr's theory. However, frf”owlorl3

polnted out

that the lines observed by him were not accurately represcnted by Bohr's
formule. Then Eohr'® showed that the deviations could be secounted for
by teking into eccount the maes of the nucleus which had been assumed to
'be infinitely large in comparisun with the mass of an slectron in his ori-

14

ginal paper; and Fowler admitted the close egrecuent between the

theoretical and the observed values, Afterwards, Fowler undertook =
further inxastlgati%g and econcluded from the analogy with spar: speetra
of other elements such as Mg. ete, that the series beginning with th
line 4686 and the associzted Tiekering series are cnhanced lines of he~

) line
1ium, Additional ovidence that the line 4686 18 an ionized heliumAin

sonformity with Bohpr's theory was also given by Stark, Had, and Zvans 16,

R it

12 Evans, “,J., Yature 92 5 (1914)
1% Fowler, A, ature 92 O
14 Noture - 92 pp. B31-232 (1914)

18 Yowler A., {oy. Soe. Fhil, Trans. A 214 22s  (1014) ;
HOYs GGy P0G Sepe A 90 486  ( 1914).

16 'Evans, Bedey "hil, MNage 29 284 ( 1915) end the roferences there.
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Before Sommerfeld's theory of fine strueture was published, Yvans

and Croxaon;v, toning that a knowledge of the structire of the line 4680
would serve as a gide in testing different hrpotheses for explaining

the do'blinz of the hydregen lines, investigated this stricture with am
echelon spectroscope, They found the line emitted by » condenser dise
charge broad and diffuse, but it bec me verv sharp when exciied by direect
eurrent, All the photographs showed that this line was a'elose doublet
with components df nearly equal intensity, '‘he separation meésured from

18 on rine

the best photographs was 0,094 ﬁ. After Somuerfeld's paper
structure was published, in whie! he quoted certain unpublished messure-

ments hy Paschen on the finé structure of the 4886 series and some others,
Evens and Croxson re-examined all their photocrapts and found & third com-

nonent,

A few months later, rase ent

~pnblis?:ted his work and gave sirong
sunport to Sommerfeld's theory, Instead of an ec'elon whiech has the dlie-
advantage of overlapping of different ofders, e used a large concave
grating having a disporsicn 2.8 i / mme The wave lenstls were measured
witl reference to other "elium lines caiibvrated with iron standard of
aisson ana.?abry, and the observed values were correct within a few thou-

gadithg of an Angstrom, The best resolved line of all those ohserved

was the line 468¢ and the results were as follows .

17} ivans, leJe, and C, Croxson Nature 92' 55 areh {1918)

18, Sommorfoiﬂ, iey Baye skede de “iss. ‘unich {1916/,
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Spark Pioture. - Continuous Current “ieture.

Theor.  Int, A Prouable Theor, Int, A
aiy Error

% 0 4686.050 0,01 Ta 8.5  4686,028
11, 0u5 54986 0,004 | Igy I, 8 54905
I 1Is 7 5.0 0,003 Ig,p I, 7 54500
T, ? 5,803 04003 ITa)p 745 54703
Xl e 5.77¢  0.006 | III, 1 5549
rza;b 6 8700 04005 | 111, 3 5,368
11, 5 5,717 0,01 ' faint but still visible.
11, 6 5,687 0,008 ; “robable error of A snaller than
m, o 5,540 0,005 | 0,002 A and that of )\ ssaller
111, 0.5 5,807 0,006 | than 0,001 A. '
Ilg(p) 4 5,307 0,002

hardly observable. |

He also caleulated the theoretiecal wave lengthe of t e 12 components ( no

selection rule used )

Seheme 44580,

g n, n' 4, 0 3, 1 g, 2 1, 3
By at | a b o e - Ad
3, O % I 4685,810 54837 5890 84050
2, 1 | 11 5.684 5.710 Ds764 5.924
1, 8 ? 111 5.304 - 54331 5384 54544

where n, n' denote the asimul al and radial gquastus nunbers respectively
L] ]

( same with m, m' )s The underlined components were observed in the spark
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piecture, while in t:e continuous current picture, fewer components were obe
served. Conparing these two groups of ecmponents, one may notice that {1)
the compoment 6,307 d4id not eppear in the continuous current picture (8)
the component 5,703 was the strongest in this picture (3) the components
6,050 4n the firat pieture and 6,028 in the second were very wealk, and

{4] the relative intensities of the components were dirtérant in the two pie-
tures, Brﬁm the s\ of these componente, raschen caleulated the separation of
the hydrogen 4o blet

AVym 0,3845 « 0,0045 et

which i2 exactly the walue required by Bouwnerfeld's theory, However, this

velue deviates from those obtgined from the direet meusurements of the hy-
drogen doublet by other iuvea;igatora. In view of this deviation, Funze 1%
meagured the fine atructure of 4¢84 with four different arrangersnts of
apparstus and four different light sources and found it to he a doublet or

a triplet, Iiis results of five mnweasurements out of the sixteen possible are

a%aments of s0 xees and apparatua Ay be aunmarized as follows { in A ) 3

§ tiollow satiode tube with ' Ecllow eathode tube with
| oondensed diecharge § continnoua current.
o 14 -1ly lgp-Illgy  Ig =1y | Ia - e
Hilcer echelon oOQQ:J 24091 | ————— e
Goerz ectelon | 4117 +4955 ] $1025 2221
Pilger Lumer | 4108 ——e ~ Jom1 ———
plate ' :

e also concluded t'at the component III,, was nut properly a nert of this

group of lines,

2

ie0” , in view of both tre above mentioned deviation and the oceure

rence of a helium band at 4686, inveatizated the fine siructure or the first
lg ma' PQ‘ A!m. dg g h}’a. 79 610 ‘ 1936 }
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two members of the Fowler series ( 4686 and 3203 ) by meens of & high disper-

sion grating. Of the line 4686 the structure was found as follows

Spark Pleture Continuous Current Ficture
Int, N air . Int, A ate

0 46685.931 0 4085527  poorly loealized
" 812 ¢ o213

7 o710 8 2709

1 + 559 1 «5567

3 +412 - 38 ;395

(4] «30¢ sharp

The compoment 4085300 ( IIIg ), which was supposed @s due 1o the transition
d4g = 3y b Pasehben, was also found only in the spark spectum, Ieo a‘aar;"ihad
it to0 a helium band, in agreement with other investigations. !e caleulated
A Yy fron the mean separations in the contimuous current picture and in the
gpark picture, and got a smaller value

A, m W3459 + 4005 el
He aleo pointed out that the continuous current picture and the spark picture
differ from eack other only in line broadth and intensity graduaition and not

in ths nunber of aomponents,

After the pspers by Sommexfeld snd Unssld 10 were published, Tase

20

ghen re-gxanined bis pmvious work by taking photometer curve of the cone

tinuous currsnt picture, and recaleculated A Vy( the theoretieally prohibite-

ed component III, whieh had been talten as a most important fector in the

earliier oalculstion was rejeeted in these later caloculations,

20, TPaschen, F,, Anne d. Phys, 82 680 { 1927 )
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ooy e Al P AP 4 S e I e s e s e e O A A B RIS

i in
| From slin From s\ in | Froma)lleo's
| oculsr measurement | photometer mensurenent | measurement

sYin e | L3605 | 13635 | Jeses

The last r“uit was obtained by tsking Leo"a measurement in the eonitinuous
current cese only. As to relative intensities, he pointed out the general
agreement of his measurement with the thecretical caleulation of Sommerfeld
and Unsold, Finally, he concluded that his measurenent of the absolute wave
length in the continuous current pieture is in aceord witﬁ theory and that

the seperations lead to the theoreticsl valus of A} = 0,3645¢m

Houston®

first used = Fabry-‘f’arét interfercmeteor for moasurenent
of tho line 4686, As he was {nterested in the determination of Ryy ; only
the two ptrongest components I, 1T, were rwasured ( 4686,603 and 4685,703 )
He concluded that these values are not in essontial disagreement with the gen=
eral scheme of Paschen's messurement, His value of Ry, calculated from sush

21 '
value is considered to be the most accurate one, : ‘

e L

81, Birge, Rs Ts, Phys, Rév., Supplement 1, 1 ( 1929 },
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In Fig, 2, is shown the errangement of apparatus whieh consists of

@ discharge tube T, & R-meter speetrograph with prism P, a Fabry « Perot ine

terfercmeter I, the photonetrie arrangement Cp = Fg ( on the right side of




wlde

the dlagram ) snd the cireulstion system ( see Fige 3 )» The discharge tube
etands vertically and the lizht from its cethods is reflested by s mirror M
to the collinotor slit. M' {8 anotler mirrow, to be put in place only when
intensity marks are taken. ILet us describe the different purts in the fol-

lowing sectiona,

Ae Disoharge Tube.

This is s hollow cathode discharge tube cooled by liguid air. The
cathode maode of eopper forms the bhottom of the tube { Fig, 3 ), its tapering
top being sealed into the glass tube., It is immersed in liquid air almost to
its top. The anode is an aluminun ring just above the cathode and is of such
a aize that "1t will not intercept tnellight frdﬁ the cathode %o the window
of the tube, It is also cooled considerably by the liquid air vapor. The dis-
tance between the anode and cathode is made as emall as possible because it
was found that in an old tube so constructed that the distance betwesn ice
electrodes was very great, the space between tham was strongly luminous, thus
probably affecting the reletive intensity of the line 46388 with respect to

the other helium lines, 4s & maetter of fact, this new tube glives the line
448¢ mueh brighter than the 013 one both in absolute intensity and in relative

_1ntsnsity with respeet to the other lines, & lens I is sealed on the top,
gondensing the light from the cathode upon the collimator slit and serving as
& window at t'e saeme time, The length of the tube and the size of its top are
80 designed that when fhe eathods and 8lit are in conjuzste positions, the
solid angle subtended by the top of the tube at the slit is nearly equal to
that subterded by the collimator lens. The diameter of the cathode ia sueh

that the imsge on the slit is sufficiently large to secure fairly uniform il-



LensWindow

J '

Fig. 3

lunination, The tube ie run with a d.c. generator of high voltage in series

with a lamp bank resistance.
Be Cireulation Syatem,

In Fig, 3, hl is a bottle econtaining helium at a pressure of sever~
al em, to be supplied to the discharge tube, Before being admitted to the
eireculation sgstem which contains a buld Ry as reservoir, the helium is first

partially purified with oharcoal Ay eooled by liquid airs It is the purified
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by the charcoal sbsorber Aa during eirculation ‘wh'ich is produced by the diffue
sion pump. The spectyun iz quite pure as the cireulﬁtion}io going on oy 1f
it hes been going on for quite a while before discharge, It is found thet as
the pressure is reduced the relative intensity of thé line 498¢ ‘becomes
greater as compared to the other lines, but there is a lower limit of pres=~
sure ( sbout .2 = 3 mr, ) below which the disclarge ceases to start, During
discharge the helium is absorbed so that finally the discharge stops when the
progsure drops t¢ about .1 mm, or below., l!ence bhefore each exposure, helium
is ususlly supplied from Ry to such a pressure that the discharge cen be

started,

C» Fabry-Perot Interferometex,

The interferometer plates are 1l cm, in diameter and are half sil~ .
vered on the inside surfaces by evapcration. They are held in a hollow eylinder
with a separator which consists of 3 invar posts held in a brass ring. The
paralleliam between the silvered surfaces is secured by adjusting the pressure

againet each other by means of three springzs compressed with screws.,
D¢ Speectrogranh,

This i8 a prism spectrograph with a ha;t prism and a Z-meter caneras
The ratio of the focal lengths of the collimator lens and of the csmera lens
is about 5.5 éo that the slit image on the plate is wide enough to lessen the
effeat of photographie graine. The opening of the camera is 8,2 om, high 80
that the maximum inelination of the beam is only 4.1 / 200, thus justifying

the substitution of cos © by 1 ~ 3%/2 in our caleulation,

Es Fhotometrie Arrangement,

Inteansity naris were put on eagh plate by means of the srrangement
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shown on the right of Fig, 2, SS was & sereen withtwelve slots of 1ongthi
from 0,86 to 48 mm, and was illuminated by a mercur  discrarge tube Hg and s
condensing lens 1y+ A cylindrical lens L, situtated with axis horizontal at
the conjugate position of Hg, formed an image of 5S at the collimator slit Sp
The light was reflected by a mirror M' to the priam and 12 marks, whose ine
tensities are proportional to the iength of the corresponding slot were taken
on the plete. The marke from the line 49016 which is the closest Eg line to
the line 4686 wers used in taking the mierophotomster defleetions which
were then plotted againet their relative intensities to give a curve for re-

ducing the microphotomeiric deflections x of the line 468¢ to intensities.

II, Experimental Difficulties and the metheods of overcoming them,

A, Copper Lines from Cathode,

.It was found that the spestrum of this type of discharge tube con-
taiﬁea a number of lines due to ionized copper. One of the oapperilinoa had
a vave=length 4682 8o cloSQ_to the line 4:86 that the prism could not
separate them, To avoid this confusion of the interferometer pattern, it
- was found'aatinfactory to alum;piza the inside of the cathode by avapqratlan.
Aftervards not ocopper but Aluminum lines appeared,"which however did not 1nter-‘

fere with our experiment but had some use (see secct-ion d p.2B)
B, Shift of Pringes.

The chang"ar interferometer separation resulting in a shift of
I
fringes seemed to be due to mefhanicsl causes rather than g?rmal. ¥or it ean

be shown from the coefficient of expansion of inver that a change of 1° C. in
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temperature will cause & chapmge of about 0,004 -« 0,012 order of interference
for the separators 2«6 ma, while the thermometer reading within the box con-
taining the interfercmeter showed a variation rarely exceeding 0.1 ¢, during
the whole period of exposure which was about one hour, DlNoreover, it was
observed that in some cases, the shift appeared when the thermometer reading
was constant, while in others, it did not appear when the reading showed a
variation a2 lerge as 3¢1° C.s Mence attention was only paid to the mechanie
eal causes, to reduce which felt end sponge rubber pads were placed underneath
the legs of the spectrograph and the springs against the interferometer plates
were ususlly pressed tightly. Although these precautions were of some value,
the shift still occurred in some picetures, To insure good m results of meg~
surement only those plates with no shift or at least very smsll shift were
analyzed., To observe the shift the following method was devised : Two short
exposures of about 1 or 2 minutes were made on & second plate, one just be~-
fore and the other ilmmediately after the main exposure, The two plectures lie
side by side on the same plate and are easily compared ( Fige 4 ), That this
e¢ould be done was due to the fact that tla\plate was a little narrower than
the plate holder so that 1t could be displaced sidewise after the first expo-

sure was made. TFige 4 shows the results of this observation in two cases,

Figs 4

A, No shift, Be Sufficient shift to eause the
exposure to be discarded.
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G Ciroulsr fringes asaoéiated with other strong lines,

At & firat sight we should expsot the image formed by the interferos
meter of a narprow strip scurce such as a s8lit to consist of only a narrow see«
tion of the concentrie eireular fringes lie those shown in Fig, 4., but as
a matter of fact, the whole circles with a very bright narrow section appeared
on the plate when the exposure was sufficiently lonz, These ciréles due to
the adjacent stronz lines sueh as 5015 and 4471 orossed the line 4686 and
therefore introduced disturbance., These ecircles were due to scattering of
light, as could be demonstrated by the fact that they became very bright on
breathing over the interferometer plate and graduslly feded down as the moisw
ture avaperatod aways In spito of very careful elaaning of the 1nt¢rforemnter

plates and even replacing by a new pair of platas the cireles were never
eliminated. In the attempt to reduce the intensity of Yhese fringes te Wrate
ten light filﬁer'&érw. Nos 1 ha® been used, ?hia transmitted odly 4% of tgo
light shorter than 48500 4 and thus should eliminate the eireuler fringes
from the line 4471, At the sam time the Zustman. 40 photographic plete
was seleeted, because 1ts sensitivity for the long wave-length is small and
thus ﬂhe cireulsr fringes from the line 5015 appeared less strongly., Mow-
ever, the filter also absorbed about 33% of the line 4688 #0 that the exposure
was neceasarily pralongéd and the eireular fringes from the line 8015 were
proportionally strengthened. The disturbence of these fringes is the great~
est source of erroy in this experiment, but it is believed not very serious
as no spparent difference can be observed from the ecomparison of the micro-
photometrie tracings of two plctures one taken with tre filter used and mthe
T ' The suthor wistes to thank ¥r. Julius Tesrson for the polishing of

the new plutes,
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other taken without it,
D Halmtion.

Lines usually spread on bhoth sides when exposed sufficiently long. 3inae
the line 4713 1is quite close to 4¢8G¢ , 1ts spreading will interfere with
the latter, To avoid this, the plate is painted with "Eastman Opaque™ on the

glass surface.

III. MNethod of lsasurement,
A, Tormulas of the Fabry-Perot Interfercmeter.

{a) The optical path difreremoe hetween two successive rays whieh nave
beeh reflected twiece is 2 d cos ¢ where 4 is the separation between the
plates and ¢ is the angle o ineidence. IFor a meximum intensikty, we hévn :

nl= 24 eoe ¢ ' (4)
where n i8 an integer, Let ' be the fractional oder of interference at the

conter of the fringe avstem and { its integral order, then 3

(1+2) N =24 (5)
For the mth and the ( m+l )¢k fri. os, we have from (4),

(1em+1)A = 24 cos gy (8)
and ' :

(4 =m)) = 24 cos gp,q (7

Taking their difference we gei

A= 24 ( con $n = cos ¢, )
or B

A= d (g, = m) | (8)
From (5) and (7) ad substituting the value of ) from (i) we get
Pt

mt)T

lEre okl 4
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Let X; be the distance of the mth fringe from the center of the pattern, we
have sinee X is proportional to ¢ , -

te X5,  en - (10)

o, w00

mH "

which enables us to caleunlate f from the measured radii of the fringes, or

eny multiple of thems ) 18 then calculated from (5) if 4 is known,

(b) et 7 ve the wave nuvber of a line, then from (5) we have @
I
V= A 2 d
from which it im easily derived that for two lines of nearly equal wave-length,
thelir separaticn is given by

&y = =4 ' (11)

(6) From equation (8) we see that ¢7, — ¢,  and therefore X* - X*

il
is a constant for a :«-iven N. =+his latter quantity is ealled the period of
the interferometer pattern, because if the intensity be plotted with X‘” as
absciéna, it will be a periodic function of the abscissa with period equal

to X

ntl
Houston“~ to express the pattern es a

—X; ({ Fige 5 )e 'hais prbper-ty of periodicity suggests Prof.

I
Fourier series. Let '

© =2n-§5’- =4qndy =2ni+f)

galled angular order of k£ interference,

be taken as the variable, then the

pattern can be expressed as i

I,-(G-—G.)=I+Zl§cosn(9—9‘;)'1"“ (12)

28, see Referance 3.
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where € is the position of maximum intensity and r is the refleeting power
of the silvered surfece of the plates, This is true only for strictly monochroe
matic licht. “hen e $ake into aseount the Doppler broadening and the natural

broadening, the pattern for a si»~le line may be expvessed by &,
I(6,8)=B/+Z (Brcosno + Ansinh®) (13)

where 3
B: = ,
B, = 20" 1 e A " Pegs g,
AL = 27RT e ¥5x="f sin NG, | .
and 2 -:l%z‘-r (4%;3_)2 , which is due to Doppler effeet,

/5 = nsturel ralf itonelty breadth, which is 58 1074 (or 47rdx§;—f;"~"

redians where ) is in f&) in the clessiesl thoery and about the seme

order of nognitude in the guantun Lheory 5
w  molecular %ight of smitting gas ,

R = ges covstant,

T = abeselute temperature,

Sinec © cay be chenced by any integral multiple of X7 4in the trigonometri-
eal functions we can court 6 from the abselssa which corresponds to any max~

imum intensity., The the formula (138) is simplified to @
1) =L [1+2F r"em4e"Peosno ] (14)
n=/ . .

If there are several components of nearly the same wave-length, the
pattern must be a superposition of patterns gziven by (14) with I, proe

portional to thelr istensities and with meximun ~ositions at intervels proe-

S

23, Jse formulae {1) « {4) of meference I,
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portional to their separations, since

A6 =2aAf =2n-2da” (15)

(B) DProeedure,
fie LHXpOBUTE.

Before uakinge an exposure, the helium was circulated throurh the
chersoal until all traces of air ond other impurities had dissppeered from
the speetrun. as otserved with a direct viaion speetroscope. The current
used wes around 140 n.a., as t00 small & current would necessitate long
exposure and too large e current would inerease the line breadths The
time of exposure was 40 minntes for the plete 118, 70 minutes for tre
plate 134 and &) minutes for the other th plates. £s mentioned in Seee-
tion II {B) pe 17, two short exposures were usually msde on & seeond
plate to>daﬁec£ a shift of the f:ingas.' This plete. slso serves for the
measurenent of other helium lines 1n order to determuine the interferometer
separation, for the intensity of other lines on the main plaie was so atroﬁg
that the fringes were not clearly defined and thersfore could not be measured

acourately,
be Hierophotamstér Tracing end Kaster Curve.

For eech plate to be meﬁsufcd, 8 mierophotoetrie traciﬁg was taken
of the liﬁe 4686 with the Hoch ~-Goos protoelectric mierophotometer ( A, Kruss
Coe, Bamburg ) The mognification wes usuelly 6. * smaple of the line and
of its trseing iz shown in Figs. 6 ( here the trasecing is of magnifie=tion 1 ),
where four components are distinetly seen. Both coordinates of the tracing
were then measured with tﬁe comparatory and the £ deflections ( ordinates )'

were converted into intensities by means of the deflection-intensity curve



4715

1686

1665 of AL and & p
sart of the reflec
tion imspge of 4686,
(The width of 4683
wae obtained from
3."1.! tee on which
‘the reflected imuge
wad net in this
sosition,)

Fime 8¢ Tlate 154 snd the microphotonetsr traeing.

derived from the tracing of intensity naris., These intensities were plotted
againet X° 4, e, the square of the horizontal distance from the gcenter of
the tracing, Hecauss of the none-uniformity of illumination on the ecollisator
slit, the sucoessive orders had not equal maxims and minima, 50 a curve of
ccrrection factors was derived fro: them, and the intensitieswere reduced

to the oase of uniform illumination, Then the mean was taken of intensities
for suesesive orders on hoth sides of the center and the so-called “nsster
curve” was obtained which covers a renge of one order, <+‘he number of orders

taken on each side of the genter depends on the serarstion 4 whiech determines

the value of the peried, In the plate 119 three orders were taken, in the
plate 124 2 orders were teven, in the plate 126 and in the plate 134 one

order could b taken, '
os Composition of Thewretical Pafitera,

The method of amslyeis of this experiment was to construet & theore~
tical pattern by sasuning relative intensities ani rositions of the elght cone

ponents and to compare it with the master curve, The process was firet x %o
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calculate the intonsity distri ?)utioﬁ of & wingle cumponent, by means of the
formule {(14) 4n whieh » and O were found from enother single line ( see the
following section ) and }3 was given the classicsl valie, It is so-sman that'
it vis irmaterial whether the classical or the quantwn weci snical value is
token. OFf the infinite series only the first few terus were used, 8 terus
in the case of largest OL and 12 terus in the cese of smuallest O¢ , because
all the following terms omitted contribut .at most 0,001 of the maximum ine

~ tensi ty which is within experimentel uncertainky., The values of © for whieh
the function was calculated weve teken st intervals of 3% or 1.5° . depende
ing upon the pericd pe 7The assuned relative intensities save the Iy ‘s,
The nosition of each component was calculated from the mssumed separations

by means of equation (15), <

or sonvenience of éaleculatiom, each position

was usually replaced by the nearest value which is‘ a multiple of 89, £° or
1459 o The error thus iniroduced was still within experimental uncertainly.
After getting the intensities for all components, the theoretical rattern

was earily drawn and eozpperod with the 3 expesrimental master ceurve, Aifter
several trials, a pattern was finally obiained whieh fitted the master curve
best, ( See Figse 7 ) It is h'_l tﬁia way that the intensities I and positions

P given in Table I were o-tained for each plate.
de Jetermination of X and r

Since the structure is very complex, it wuld be exire:ly tedious
if besides the intensities and positions we have t0 change also (X end ¥ 4n

trying to get a pattern 1o £it the master curve., Yence it is desirable to

determine OL and r, from another single 1ine, Jor this purvose, an aluminum



Fig

o T & For Plabve 118

Fig. 7 B For Plute 1724.

In each of the figuwres
the upper thick curve is
the experimcntel mastor
curve, the lower thlck
curve is the theoreticel
one obteined by sunming
the thin curves reprosent-
ing the eight components
agye,d,e,f,g,h, Of the
component curves only a
peart of the whole period
is ghown, except those of
the two glrongest compon~
ente d,f,
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Pig. 7 C. For Plste 126

Fig. 7 D. For Plate 134,



O

line 4663 of aboul the seme int@nﬁity end wave~length ap 488¢ woas selected.
e, Determinetion of d.

The interferometer scperation d is deternined from other helium
lines 5048, 5018, 4922, am,%ﬁ'r, end 4588. Let A, be the wave-length of
the gtenderd line which wes teken to H0LE.6780 I.A., end f, its frectional
order of interference. Simllerl¥, A\, N2 cesecoes &08 £ 455 seeesos
denote those of the other lines. Then we heves

(o * fo N = (43 +# 23 )N = (4o + £ )Na= eavess

from which we gets

i + flz(ioffo)%: , o + £ &(io-t-i‘a)% ceeer (18)
TFrom the spprozimate veluc of d messured with ordinary microuweter 1, cen be
found epproximetely. Using this velue end A, ( m = 1,2, ... ) the orders
of interference of ell other lines can bo celeulsted By equetion (16). If
these celculated £ are not eyual to the observed values, other velues of
ip &re tried unitil they are neerly equel. The leet tried value of i end the

obsexved fo give the value of d from the equation (8) namely ( ip + f£o )A, = 2d,
£, Celeculation of weve-lengthé.

%‘save-;lcmgizh ic usuelly celculsted from d, by equation (8) so that
ite accuracy depends upon thet of d. In the lest section, only & rough wey
of detormining d wes glven for the change of phase upon reflection was neg-
- lected and the standard wave-lengths were given for stenderd cunditions,

( 15° €, end 760 mm. of Hg ) while the conditions under which the oxposure
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was taten were usually different., Yo make the necauﬁar:; sorreetions forsuech
effects let us consider a standard line ( subscript © ) and a line of um-

kﬁcwu wave~length { subserint u ), If

.. Aw be wave-length at staenderd conditions ( 15° C, and 760 mu, Fg )
SN., SAube their change due to veriation of temperature and pressure
"o, Nl be the observed é‘aar of interference
&N, SNube correction to be added on aceount of ahange of pase upon m-'
fleetion,

weé should have the fundamental equation of the interferometer:

(8 A BA) = (Mt 8Nu) (QutSA), - 119

qz,neglecting the. secund ordsr,
ohoF N, SN AT, = At NSt AuS N (18)

' SineeSA may be expreased in terms of SMby the relation

"nS/\=—X§;‘YL)

the last two terms on each side of (1) may be combined into one term, although

their origine are different. lienee we may write 3

naxn+AoAno:nuAk+ AL(AYLK {19)

vhere A n denotes the correstion for both causes, lLet n} be a value defined

by .
N, == aAu (20)

then by subtrsoting from (19) we have N
N, aNs =M 70 ) kot Auwd N,

or
nuﬂn’u:&-zznoﬂdnu {21)
Aun .
Now frox ( 22 )
' h,/\o - ch o o
A L T R (T (22)
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S0 hucan bo calevlated from ny and ny - n! , 8ince n°> and A, are known,

The fractional part of n, is the observed valué and its integral part cari be
salculated from the relatienn)\,ﬁ n,A\, einge Auis gpproxinately known, To
ﬁnd ny - 0! , we have to use other lines of known wave-lengths )k,kl......

For from (21) we have :

A

g = ni = 'X;'Ano"i\ng ,
ng = 1} = »AL-Anoo A B

(5] 7\3

_ Sacerevoedevsanettben

y

The Vame on the 151‘% aide of each squation is u difference between the 6’b-
served valué'u and those caleulated from (18) ( we must remember that 4§ ¢ f
there corresponds to n' here ) or simply the Aifference betwsen the observed

£ and caloulated £, ‘he value on the right side is unknown, bdbut evidently

it is a funetion of wave-length, If these differences ny « nﬁ',w ( ne 1,2 )
are nlotted apainst Xm, the difference n, - ny for the unknown can be found
fram't}'ze eirve and N, ean be culouated from (28j. This value gives the
wave~length direetly in T.4. nc satter under what eonditions the exXposuTe Was

made .

For the value n, )\o we usually ecslculete the produet ( i + £ ) K
for each of X“?\;n-. wiere £ is thoe o served wvalue plus the correection from
the curve jusi mentioned and is ver; nearly equalﬁ to the esleulated wvalus,

The mean velue of these vroducte was used for the caloulation of wave-lengths,
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RESULTS

I. Pogitions and Intensities

In this experiment four plates of different interferometer
separetions were measured, Becsuse of overlapping not &1l of the eight
components could be observed. On plate 118 end 124, the two strongest
components f,d were observed together with # hump which corresponded {o
the poeition of the third w@nant_ k. On plate 126, & third naximum
appesred which corresponded to the position of the fourth component g,
while h gave neither maximum nor hump because of its position lying
between the two strongest component. On plate 154, of smullest separsibion,
the four components d,f,é,h, were manifestly observed (ﬁgzjié)r» The
existence of the four weak components azb,c,e could be inferred only by
the fact thﬁt. the theoreticel patterns devisted too much from the master
. curves when they were sssumed absent. Of these four, ¢ and e could not
be given too great intensities and were, therefors, slweys sssumed to
bave the theoretical values throughout the snalysis.

iftor several trisls for éaeh plate the relative intensities were
found to bave the welues given in Table I. Of course these veluss are
not unigue ones, since the intensity of one component was so releted o ite
ﬁeighboré that increasing the une must decreese the other in order to fit
the cbservational masterc curve. For exsmple, the component = was very
¢lose to the component h .(next order) on plates 184,134, to the wmyeﬂeﬁé o
g on plete 126, and was beblween g;h zm plete 118. Thas its true intensity

might be different from the values given in Tsble I. For the two stmﬁgﬁesﬁ
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Table I

Relative Intensities and Positions

b 4 | :
. ! P e o -
Pl&tei o ma of Hg| ma | & b e c e - 3 g h
LI .07 .06 W05 L7705 1.00 09 .27
118 15,9814 | .85-.20 140 | : i ot e i
P - - D O .75933 4007
o ~; I W15 .10 .05 .70 04 1,00 .11 .80
124 |3.9794 | J31-.28 248 | AL
; ‘ P L Y s - i5E5 — 0 7488 1.4868
| ot ©{I| 40 .05 .05 .24 .04  1.00 .20 .25
A e i ;P . = — 4395 i O*?syif'-;fﬁgﬂé
. . | T s .es .89 .08 .
184 148760 | o28-16 | 180 | et
Theorotical I .0%6 0010 L046  .524 .04l 1,00 062 280
Theoreticel P , en”) ~eD744 —.8200 5774 -.4556 —.2456 O  .TSTT 1.4885

exposure; in the fourth, the current.
i component £ being teken as 1,00.

are slso given in the second row from the bottom.

poslitions are given in the lest row, all rcferred to f.

In the second column are given the interferometer sepsrstions;
in the third, the pressures both at the stert and et the end of

the positioa.
is ths ssme as predicted by theory or assumed to be so.

I denotes inteasity, thet
The theoreticel inteanslitiss
The theorstical
P denctes
When no velue is given, it mesns thet the position

components, £,d, however, the intensities could be asserted with cerw

teinty, eucept on the plate &84 where d was too close to g.

4

&g to

pesitions, those of the compouents s,b,8,e¢ could hardly



be determined with certeinty, and they were assumed to have the
theoreticsl veluesin the asnalysis. The components g,h were found to
have seperetions from f greater then those predicted by theory. The

two strongest components were found to have a separation in agreement
with theory, except im plate 126 where d was too close to f. This was
prohabl:} cizﬁe to experimentsl erfm.r, for the maxima corresponding to this

component were uncertein on the photomstric traseing.

iI. Wa&re-imgbhs; 7
| Only the wave-lengths of 3 couponents, namely d,f,g could be
celoulated from the maxime on the imtensity curve. Those of the two
gtrongest components have been sccurately determined end are given in
T#’Dle II. They were first detearmine& from the maxims, due corrections :
of ractiong ordé%: of interference having been given for the chenge of
‘ phgse upon reflection end for the deviation of temperature snd pressure
 from stendsrd conditions. The gm:babl& errors were estimeted from the
uicerteinties of the méitiana of maxizm. Then snother correction due i,
1o the displecement of maxime by other components were teken into sccount
from the theoreticel petberns. The columns headed by cor. in Teble II
give this sort of correction. fha weighte were teken from the number
'af naxine from whieﬁ the wave-lengths wers calculsted. ‘
' The weve-length of the component g could be calculated only fm
two plates. It is
A g = 4685.53350 + .0080 from plate 126,
and 7\\3 = 4685.5266 + 0050 from plate 134.



Rable II
Bave-lengths, I. A.

Plate . >\ d , _ _Mawmkf
from mex., coT. A wt. from max. cor, A wt.
118 |4685.7050+.0018 -.0015 .7015+.0013 4 |.B011#,0011 O  .2011#.0011 3
124 .70014.0015 +,0012 .7015¢.0013 3 | .8051+.0010 -.0015 .8016+.0010 3
126 | .7046+.0017 -.0029 .7019+.0017 2 | .79624.0020 .O0L8 .79604.0020 1
154 |  .7052+.0016 -.0028 .7024+.0016 2 |.8015+.0014 .0012 .B026+,0014 2
Mean | 4685.7017 + .0014 | 4685.8012 4 L0012
ANega  0.0995 + .0018 T.A.
AV ra | .49 % G0067 cu”

The pfebabla errors were great becsuse on plate 126 the position of
the maximum corresponding to g is considersbly effected by its neigh~
boring compme;ats a,b, and on plate 3.54 the meximuiis teo brosd snd
uncertein,

I1I. Computation of Rydberg Constent Rye.
In reducing the wsve-lengths in I.A. to those in vacuum, both

the formile of Meggers and Peters?%) end thet of Bonder?5) were used.

- 24) Heggers & Peters, Nait. Bur. Stend, Bull. 14, €97 (1918).
25) David Bender, Phys. Rev. 54, 179 (1958). -



From the wave members the values of Ryjg were ecaleulated by the formule

V= 5—\—3-—-— =4 aﬂe(ﬁgg " %z) + relativity correction.  (£5)

vace

Table III. Computation of Rge
ke (u - 1} '1637 = 2769.9 from Heggers & Peters
N air. (a8 = 1)\ | rel. cor, _Bye
4685.7017 | 1.5072| L6550 [109722.425 + 052
4685.8012 ® | ,.1074 |109722.437 + 028
Mean  |108722.430 + .0%0
2. (u - 1).107 = 2511.5 from Bender
7\&__11; (u = 1)) | rel. cor, Riie
4685,7017 | 1.3175| .6550 [109722.182 4 .052
4665.8012| 1.5175| .1974 [109722.196 + 028
Mean  |109722.189 + L0350

The uncertainty of iLhe meen is not the mean deviation but the mesn

of the incividusl uvncertainties.

IV.  Cslculetion of e/m.

From the difference between the Rydberg constant for Het ana

thet for H the velue of e/m cen be cslculsted by the formula26)

£26) Birge, R. T., Phys. Rov. Supplement 1, p. 46 (1928).
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Sl e o ) (24)

where F is the Faradey constent which 1s 9651.1 + 0.8 if the stomic
mesges H snd He sre expressed in izton scale.a?) For Ry, Professor
Houston's value, nemely, 109677.759 + .01620) ig used. For Rye, we
ghould use the velue obtained by using the index of refraction deter-
mined by Meggers and Peters, namely 109722.430 + 030, since Ry was
obtained by using the game index of refraction, Then Ry - Ry =
44,671 + 034, |

The latest values of siomic masses are he = 4.00381 and

H = 1,00812%9) , Substituting these vaines in (M) we got

e/m = (1.7596 + .0013) x 107 e.m.u.
where the probabls ervor is determined from the probeble ervors of
Rie = Ry _ ,
. If we use the old velues of atomic masses es used by Shene

end 8peﬁdingg?) in their caleulstion of e/m, nemely H = 1.007775

27y chene, C. D., end Spedaing, Fa H., POyS. Rev. 47, p. 56 (1955)

28) See reference 8., The uncertainty is given by the mean of the
uncertainties of individusl Ryg obteined from the lines 6583 and
4861 instead of by the mean devistion which is .008 and, as
pointed out by Prof. Houston, can hardly be taken as represent-
ing the precision of the value of R.

29) Aston, F. ¥., Roy. Soc. Proc. 1634, 391 (18567)



which was determined By Kenneth with reference to He = 4.00216, then
we geb
efm = (1.7601+ .00L3) % 107 e.m.u.



CONCLUSIONS

Of the eight components pre&ictea by theory, four heve been
definitely observed, ound the existence of the remeining wesker ones
ean be inferred from the master curves. '.i‘haeA positions, in general,
accovrd with theory, especially for the two stmz&éest components. The
reletive intensgities are different for different pletes and not in
precise sgreement with the theoreticelly caleulatec valuess, yet the
deviations sre not more than cen be a‘t.tz'ibuted to the eenditions of
excitation and to _phs.)mmetric érrors. The too high : ionsities of the
components g,8,b suggest the bypothesis thet 4p state‘is more populous
due .to the absorption of radiation ls - 4p. Oun the other hand, compon-
ent b does not seem to be sufficiently stromg for this to be correct,
The unususlly high intensities of components g.ke on ;;late 134 are
perhaps associated with the low 'pressuré used in the some wey in which
cem:s;wnding veristions of relative intensity with pressure are
observed in hydrogen.’0) That the intensity of f is zlweys greater
then that of d iz in sgreement with Paschen's absemtién rather than
with 'bhai of Lso who foumnd them eyuel.

| The observed ae;ﬁratim between the two stroogest components
which is 0.*39‘:35. Ei:.A. is in complete agreement both with theory within
experimental ervor and with that observed by Prof, Houston, while the
%alnes obtained by Paschen, Kunze, and Leo ave respectively 0.106, 0.31023,

and 0.104, all hicher then the theoretical value. However, Paschen's

30). Bee reference 27).
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velue obtained from ths mcmphatmmatér curve, .098, is a little
lower tﬁan the theoretisai value. In this present messurement it is
believed that the walue observéd is more seccurete then 21) the previous
ones not only because of the accuracy wiﬂﬁh ivs usually attained by the
interferoneter but also because of the careful cousideration being
taken in the correction for overlapping of nelghboring 'eqs;qmenﬁa.

The Rydberg constant is lerger then the velue obteined by’?ro.i".
Houston. This is becesuse the wave-lengths are smeller than his
- velues. This difference, however, is less then the difference between
the values determined with the different indices of refraction. The
value of e/ obtained by using the latest velues of atomlc masses is
in close agreement with Dunnington's velue who obtained 1.7597 x 107
for ¢/m from the deflection method, 91 |

In conclusion it is worth noting -that the observed separstion

corres onds 0 & value OFf —eedm— ; :
ond AT for ﬁhe fine structure constant

| ‘ 52
31) Dunningion, ¥, G., Phys. Rev., 475 (1937).
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