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ABSTRACT

Part ?. Experimental procedure. A three meter focal length vacuum spectro-
graph, designed by Professor J.J. Hopfield, has been constructed at the University of
California and used to photograph the extreme ultraviolet hydrogen band spectra.
A description of the type of mounting and method used to focus the instrument is
given. The greater dispersion and resolving power has made possible the measuring
of additional lines. New tables of frequencies are given.

Part II. Lines in sixty-eight bands have been given quantum assignments. On
the basis of the old quantum theory the moment of inertia of the hydrogen in the
normal (A level) state is found to be 0.4673)&10 "g cm' and the nuclear separation
to be 0.7500&(10 8 cm. In the first electronic excited state (8 level) the moment of
inertia is 1.4225&(10 g cm' and the nuclear separation 1.308)&10 ' cm. Com-
parison of the present results with those obtained by Richardson and Davidson in

their study of bands found in the visible leaves no doubt but that the ultraviolet 8
state also is the lower state of the bands studied by them. This, then, verifies the
assumption made by Birge and leads to the conclusion that the ionization potential
of H2 must be 15.34 volts to within a few hundredths of a volt.

Bands connected with vibrational levels Ao A j and A ~ are not observed. In order
to obtain the best possible value of Io, data from all available sources were correlated
and averaged. Birge and Jeppesen calculated accurate values of 8o and 8~, for the
normal level, from Rasetti's data on the Raman eEect of gaseous hydrogen. Values for
8& by the two methods agree to one part in seven thousand but their value for 80 is
0.27 percent higher than the value given by the present method. This discrepancy
points to an irregularity in the moment of inertia of hydrogen in the @=0 state of
the normal electronic level, as has been pointed out by Birge and Jeppesen.

INTRODUCTION
" NVESTIGATIONS of the fine structure of bands found in the extreme
~ - ultraviolet have been handicapped greatly by the low dispersion and
resolving power of the instruments used in the photographic work. Pro-
fessor J. J. Hopfield of the University of California has designed a vacuum
spectrograph using a three inch grating, 15000 lines per inch, with a three
meter focal length. It has been found that the instrument has a resolving
power of O. fA and a dispersion of 2.76A per millimeter in the second order.
The spectrograph has been built in the shop of the Physics Laboratory of the
University of California by Mr. K. R. Stamper and his assistants, following
the plans furnished by Professor Hopfield.

The hydrogen bands of the extreme ultraviolet were photographed by
the writer, this being the first vacuum work completed on the instrument.

Previous to the present work Dieke and Hopfield, ' ' by obtaining ab-

' Dieke and Hopfield, Zeits. f. Physik 40, 229 (1926).
' Dieke and Hopfield, Phys. Rev. 30, 400 (1927).
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sorption and emission spectrograms, were able to give a complete analysis
of the vibrational levels of the three known lower electronic states of the
hydrogen molecule. These three states are known as the A, 8, and C levels,
the A level being the normal state of the molecule.

Schumann, 3 Lyman, ' Kitmer, ~' sterner, ~ Hori, ' and others had photo-
graphed and measured H~ bands in the extreme ultraviolet. The bands
photographed and measured by sterner constitute the C-A system, as given
by Dieke and Hopfield. The Lyman-Witmer bands now are known to
form the BS-A, transitions of the 8-A system, These 83-A, bands are ob-
tained when the discharge tube is filled with a mixture of argon and hydrogen.
These same bands appear when only hydrogen is used in the tube, but
generally are weaker, some of them being almost completely blended by more
intense bands of the 8-A system. Richardson, and his students, in a series
of papers, have identified a great number of electronic levels of the hydrogen
molecule. Birge" assumed that the lower level of the Richardson "A" and
"8"band systems" was identical with the 8 state of the bands in the ultra-
violet. Kith a Ritz formula for the Richardson band system, Birge found
the ionization potential of H& to be j.5.34 volts. In the same paper a summary
of the quantum levels and constants of the hydrogen molecule is given.
Starting with the vibrational analysis as given by Dieke and Hopfield, ' '
Hori' has obtained an analysis of the fine structure of the C-A bands. In
the same paper he gave a preliminary analysis of the Lyman-Kitmer pro-
gression (B&-A„),based on the assumed presence of R, Q, and P branches.
For the latter work Hori used Kitmer's measurements.

PART I. EXPEREMENTAL PROCEDURE

The instrument designed by Professor J. J. Hopheld and used for obtain-
ing the spectrogram shown in Fig. 2 is so made that it is possible to obtain on
the photographic plate any region of the spectrum. The plates are of such
size that a span of 1200 Angstroms, in the first order can be photographed
with one exposure. Arrangements have been made so that thirteen exposures
may be taken on one plate. However, it has been found that limiting the
number to five is more practical.

Type of mounting.

As the space to be evacuated needed to be kept a minimum, a modified
form of the Eagle mounting" was used, instead of the Rowland type. The

3 %.Schumann, Kerner Anzerger 29, 230 (1892).
4 T. Lyman, Spectroscopy of Extreme Ultraviolet, {1914).
' Kitmer, Proc. Nat. Acad. Sci. 12, 238 (1926).
~ Kitmer, Phys. Rev. 28, 1223 {1926).
7 Kerner, Proc. Roy. Soc. 113A, 107 (1929).
' T. Hori, Zeits. f. Physik 44, 11, 834 (1927).
' Richardson and Davidson, Proc. Roy. Soc. 125A, 23 (1929), and article referred to in

this paper."R. T. Birge, Proc. Nat. Acad. Sci. 14, 12 (1928)."Richardson and Davidson, Proc. Roy. Soc. 115A, S28 (1927).
n A Eagle, Astrophys. J. 31, 120 (1910).
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slit, the photographic plate, and the grating were all placed in a cast iron
tube three meters long. Five sylphons served as a means for making the ad-
justments of the plate-holder and grating. These adjustments could be made
after a vacuum had been obtained. A grating to be used in this manner must
be capable of motion along the tube, and also of rotation about a vertical
axis. Fig. 1A shows how this was accomplished. The grating is fastened to
the carriage C which is mounted on the rails R. Rods D and Z served to
move the grating.

The position of the grating is shown by two dials placed at A and B. The
plate-holder Ii-G is pivoted such that the line of rotation passes through the
line of the slit and the radius of curvature of the holder is one-half the radius
of' curvature of the grating. The slit is at S.

h
RdAt' ABC ~

IEIM

LFAR'
AL

FLFLTROuF5

Fig. 1. Diagram of apparatus.

It is well known that in order to obtain the best definition with a concave
grating the slit and the grating must be on a circle whose diameter is equal
to the radius of curvature of the grating, and, in this case, all the spectral
lines are focused on this same circle. The method of mounting fulfills these
requirements. It can be seen that the exact position of four variables must
be determined to obtain the focus.

Adjustment of the instrument.

The first work to be done was to focus the instrument for all regions of
the spectrum. In the case of the Rowland mounting there is a standard
method of procedure but in the mounting considered here the method is not
so we11 established.

The first step in the adjustment was the leveling of the grating so that
the images would all fall upon the horizontal opening over the plate. Once
this position for the grating had been determined, this variable was eliminated.

The second step in the adjustment was to find the approximate settings
of the plate, the grating, and the slit with respect to one another, for a defi-
nite region of the spectrum.

For convenience, a portion of the visible spectrum of the mercury arc
was used. For approximate settings, the eye was used to examine the image
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which was assumed to be formed on a photographic plate. %hen the adjust-
ments were found sufFiciently close to serve as a starting point, a photograph
of the known lines of mercury was taken and examined for the purpose of
determining the course of procedure. Upon examining these plates it was
found that certain parts of the spectrum were in much better focus than
others. This indicated that the angle of the plate-holder was not correct.

The question, then, was one of determining what changes were necessary
in order to bring in focus all the spectrum that fell on this plate. This necessi-
tated the determination of the angle of the plate, the angle of the grating and
the distance of the grating from the slit.

To obtain these relations, the central part of the grating was covered.
By covering the central part, each individual line appears as double, if not in
focus.

Kith the central portion of the grating covered, photographs were taken
and the doubling of the lines observed. At least three exposures were taken
on one plate with the plate-holder fixed, the grating being moved along the
tube.

One of these exposures was taken at what was considered the best focus
for some part of the plate, and the other two on opposite sides of this point.
On at least two of these exposures doubling occurred. By carefully measur-
ing the distance between these doubled lines and then drawing graphs, the
position of the grating for the focus of the line being considered was found. At
least two lines on the plate, preferably at extreme ends, were used and from
data obtained the position of the grating for the focus of a line that would
fall on the slit was calculated. To determine the amount of rotation of the
plate it was necessary to know, in addition to the above, the pitch of the screw
that moved the grating and also the distance of the lines on the plate from
the slit. It must be remembered that the focus moves in and out twice as fast
as the grating moves.

If I'o is the position of the grating for focus on the slit, I' the position for
the focus of the line being considered, k the pitch of the screw moving the
grating, and d the distance of the line from the slit, then the grating must be
moved approximately

2k(P, —Po)
g 57 degrees.

d

By repeated trials the angle of the plate was determined as well as the
position of the grating in the tube. Thus the four variables were deter-
mined that fixed the focus for the one region. This same process was
repeated for each section of the spectrum. Allowance has been made for suS-
cient overlapping from one region to another.

After obtaining the focus from X1000 to X6000, photographs of the iron
are were taken () 2300 to X6000) and many of the lines identified and marked
on the plates. These plates are on file for use as an easy method of identifying
the exact region given by any one position.
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Vacuum technique.

Perhaps one of the greatest difficulties to be overcome was the obtaining
of a vacuum suitable for photographic work in the ultraviolet. The volume
to be evacuated was approximately one hundred eighty liters. The surface
of the iron pipe alone was over two and three-quarters square meters. The
ends of the spectrograph were sealed with rubber gaskets and held firm by
heavy bolts. The opening for inserting plates was sealed in the same manner.
Five sylphons, three windows and two outlets also were potential sources of
trouble. Several holes were found in the casting.

At first one mercury vapor pump backed by a large General Electric
Company vacuum pump was used to evacuate the system. It was found that
this was inadequate. A second mercury vapor pump was then inserted in
parallel with the first.

The pressure inside the spectrograph under working conditions varied
between 0.005 mm and 0.010 mm of mercury, as measured by a McLeod
gauge.

Photographic wort.

A +-shaped discharge tube, made of Pyrex with aluminum electrodes, was
used. As the region photographed reached beyond the limit of transmission
of quartz or fluorite, the discharge tube was fastened directly to the spec-
trograph. Current from a 11,500 volt transformer was used, and a water
rheostat in series with the tube was so adjusted as to give a maximum of
intensity without melting the tube. Approximately 0.5 of an ampere was
run through the tube. Considerable difficulty was found in eliminating the
continuous spectrum found when exposing the plate in the second order, but
by grinding the inside of the tube until a rough surface was obtained, much
of the continuous spectrum was found to disappear.

The hydrogen was generated electrolytically, passed through a drying
tube of P20&, then through a capillary leak directly to the discharge tube.
As the gas was being removed by a Cenco pump and also through the slit,
it was necessary to have a continuous flow of hydrogen.

The evacuating pumps and the flow of hydrogen were started at least
two hours before the photographic work, thus insuring a thorough flushing
out of the discharge tube. Any trace of air was noticeable at once in the
visible spectrum. The best plates obtained show no trace of known im-
purities. Schumann plates made by Hilger Company were used.

To make sure that no first order hydrogen lines were being photographed
the discharge tube was run under the same conditions as were used for the
good plates except that a quartz window was placed between the slit and the
source of light.

In general, investigators in the extreme ultraviolet have been handicapped
not only by low dispersion and low resolving power, but also by lack of suit-
able standards. As the measurements in this investigation were from plates
showing the second order H2 lines it was found possible to measure them
using first order iron arc lines as standards.
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l ABLE I. B-A. Bands of hydrogen. I»indicates known blend).

R-branch
yyy-$ cm- i

P-branch
I yyy-$ cm- ' Sand

R-branch
yyy —$ cm-'

P-branch
I m-$ cm-'

2
2
18
3
0

6
5
5
18
48
3

1
4
3
4
1
2

008

1
58
2
4
0
1

3
2
1
00
2
00

48

Qoo
4

78, 462
439
3S6'
ZO3'

77, 996»
733»

74, 992
973
898
767
579»
343»
040»

71,749»
738'
674»
560»
396
187

70, 631

68, 737
729
678»
581»
441»
ZS8'

0—1 65, 953»
2 893»
3 836»
4 721
5 567
6 379

0-1 63,410»
2 383

314

134'

61, 126
112»

6R
5
6
48
8
1
2

000

4
1
4
5
3

000

1
00
2
00
1
1

0
1
18
1
00

78, 332'
160

77, 937
6S4»
317

76,943'
496»
020

74, 856»
706
Soi
243

73, 937»
562
135

72, $/4»

71,621»
481
293
059

ZQ, Z79'
45&*
098

68 614
486
31S'
102»

67 851»
564»

65, 836'
721»
567»
379»
156

64, 908

63, 303
195»
057

62, 862
717

61,017
60,919

814»

By —Ay

By —Ay

By-Ay

By —Ay

By-Ay

By —Ao

SB
2
4
00
1

2
1
5
2
3
48
3

3
1
1

38

48
6
1
2
8
0
08

000
3

000
2
0
5

0—1 67, 268»
2 221
3 133»

Oii'
5 66, 845

0 —1 64, 729»
2 696
3 619»

526
392'

62, 442
434»
421»
357»
298»
206
O48'

81,031
80, 934

768

267

77, 562

74, 343'
327
252
125

73,937»
717
411

71,337
319*
257
146

70, 994»
779'

68, 492
4O1'
1OZ'

67)906»

5
4
5
4
4
00

3
2
1

000
48

3
000

1
5
1
3

1
0
008
1
3
3

4
4
8
2
4
00

67, 156»
038»

66, 880»
686»
456»
196

64, 619»
513
362»
204
003»

62, 325»
230
115

61,968
809
612

80, 934»
754
528
241»

79,982
010»

77, 456
299
08Z

76, 820»
496»

74, 221»
078»

73, 883
63?»
344
008

081
ZQ, 903'

680»
408»

68, 441'
315
168

67, 721»

48
1

2
08
3
2

0
00
2
2

000
3
1
1

2
3
2
2
6

1
2
3
4
5
6
0
1
2
3
4
5
6

79,772'
752»

sl'
288
010»

Z8, 656

Z6, 283
204
066

73,050
029

72, 988
849»
674»
458»
186»

70,053
043

69,984
881»
730»
540*
278

2
2

2
3
00
1B

18
2
1
3
0
2

3
2
3

4
000

79, 642
476
251»

78, 965
623
228

7'l, 776

76, 171
020»

75, 812
550
237

"l4, 873»

72, 928»
809»
615»

078»
71,249»

69,933
802

626»
408
151

68, 514

By —Ay

By —Ay

By —Aio

By —Ay

By —Ao

48
1
3

000
1

3

3
3
0
00

008
3
3
3
3

0-1
2
3
4
5

0—1
2
3
4
5

0
1
2
3
4

66,oo6»
65, 967

893
793»
6so'

63, 718»
693
638
556
447

61,689»
699
689»
654
601
527

82, 171»

78, 831
808
708»
568
356

38
3
6
3
4
5

3

2
00
3

0
000

65, 901
793'
650»
475
270
040

63,614
518'
396
Z43'
O74'

61,59S
513
411

154»
60, 993»

814»

82, 121»
81,767

78, 708
551
332
o62'
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TAmx I. B-A. Bands of hydrogen (Continued).

Band
R-branch

m-$ cm-i
P-branch

I m-$ cm-' Band
R-branch

m—$ cm-~
P-branch

I m-$ cm-'

BgAs

BsAs

BsAr

BoA o

Bs—Ao

Bs —Ago

Bs—Air

Bs-Ao

Bi-As

Bs—As

B4 —Ao

Bi-A r

1
4
2
2
2
OO

00

OB
000

1B
2
3
4B
4
3
DB

4
0
2B
0
3

075

75, 591
569
492'
358

69, 794
784
730'
633
493
312
092»

O-l 67, 248»
2 205

64, 961
932
871
ZSZ'
653»

62, 934
942
926
887
826
745
653»

61,224

197
154
112'

83,500
4ZZ
382»
200»

82, 966

80,045
017

79, 921»
772»
S44
264»

78, 887

76, SZO»
78(»

73, 789
770
699
579
411
285

0-1 70, 994»
2
3
4 680»
5 458»

2
1
5
2
1B
4
0

1B
2
3
0
3

000

6
5
5
3
3

000
3

000
1
4
2
2

1
2
2

000
2

3
1

3
2
1
OB

3
5
1
1

000
3
2

77, 733»
76, 931

75, 468
323'
izS'

74, 873
579»

73, 821»

72, 458»
146

71,649»
319»

69, 684*
562»
399
196*

68, 955
678»

67, 133
038*

66&SSO
686»

64, 859
782'
638»
486
307
106

62, 842
758
653*
529
3S7
230
04s*

61, 126»
045

60, 965»
871
768

83, 382»
212

82, 976'
679
320»

79, 921»
752'
544»
264»

78, 937»
551»
127

73, 672
538
354
124

72, 849»

Z0, 903'
779'
608
408
153

69&881
S62»

B4 —Ag

Bg —Ag

Bc-A &o

Bi—A &i

Bs—A ro

BsAs

Bs-Ai

Bs —As

Bs—Ar

Bs —A &a

00
000
4B
0

00
3
2B
2B
2B
00

2
4
2
2
1B
4B

2
0
0

000
2

OB
4

0—1
2
3
4
5
6

O-i
2
3
4
5

0-1
3
4
5

0—
2

2
3
4
5

0—1
2
3

6S, 4S8»
401'
315»
168»
004

67, /37

66, 1'Zl»
137
073»

65, 976»
847»

64, 156
088
003»

63,934

62, 421
434»
421'
397
357»
298»

60, 993»
61,D17»

034»
034
034
993»

84, 655
560»
368

83, 806

80, 934»

77,996»
957
870»
725

74, 9/3»
946
873
746
579
343

Z2, 186»

71,649»

69,633»
584
480»
367»
196»

67, 248
133'

65,32'/»
304
255

1
1
5
1
2

000

4
1
2
D
00

0
1
00
1
1
3

3
3
4B
3
5
5
3B

2
2
3

000
1

1
0
4

000
0

1
1
5
2
2
00

6R
0
3
00
3
0
3

2
0
6
00
2
4

SB
5
4
2B-
4

68, 360
250»
102'

67, 906»
704
409

66,073»
65, 976»

847»
691
530

64)054
63,863

734
Ss6'
436»
243»

62, 325»
258
174'
076

61,96S»
859
736»

60, 919»
S71»
814»
753»
691»

84, 560»
390
153

83,851
487'

82, 551

80, 934»
719

77, 863»
712
508
251

Z6, 943»
583

74, 856»
71Z'
531
295
018

73, 717'
314'

72, 078»
71,785

319»
033

69, 540»
428
278
092»

68, 871
614

67, 268»
156»
038»

66, 865»
686»

65,23S
149
040»

64,908»
ZSS»
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TABLE I. B-A. Bands of hydrogen (Con4isysyed)

Band
R-branch

I m-$ cm" ~

P-branch
I m-$ cm" ' Band

R-branch
I m-$ cm-~

P-branch
I m-& cm-&

Bs—Asg

Be-A)s

Be—Ae

Be-As

Be-A s

Be—Aa

Bs-As

000

1
000

2
2

4B
3
4B
3
4
1

000
000
OOB

3
00
2
1

5
OOB

1

1
0
2
1

000

0
1

2-3
4
5
6

1
2
3
4

0-1
3
4

0-1
2
3
4
5

63,599
614»
586»
562»
518'
460

62, 174'
191
206»
191»
149
061

85, 835
797
501

82, 375
320»
234»

79, 148
103'
010

78,864'
656»

73,314'
248»
135»

72,988

70, 779»
631»
458

68, 492»
441'
378»
258
132

2
1
0
3
4B

6
3
5
4
1
3B

00
2
1

3
00
2

000
3
1

1
1

1
1
5
1
2B

63,518
436»
350»
247'
134'

62, 995»

62, 100
048»

61,989
925
821
736'

85, 706
296

84, 993

82, 234

79,010
78, 864»

656»
393
082

77 Z33'

73, 224
090

72, 928»
714
458*
186»

70, 680»
408»

68, 401
300
168

67, 986»
S12'

Bs —Ag

BT—Aee

Bs—Ass

Bs—A4

Bs—Ae

Bs—AT

Bs—Aa

Bs--Ass

Ba-Ass

1
0

000
1
2
1

1
000

1
2

2
000
0

0-1
3

0-1
3

5

0-1
2
3

3
0
2
0

000

1
000

2
000

2

1B 1—2—3
5 5

69,626»
603
562»
480»
367»

67, 584
564»
496»
490»
296»

64, 449»
373

84, 560»
526
432
240
026

83, 713

78, 310
286
203'
062»

77, 870
654

75, 492»
323»

72, 988»
809»

68,666»
572
486»
378»

66, 942»
906
892

000

3
000

2
5
00

1
3
3

000

000
0
2

000
1

OOB

2B

000

69, 516
428»

67,496»
409»
296»
156»
011»

64, 362»
307»
245
106

84, 446
280
046

83, 77S
410
004

78, 203»
062»

77, 863»
622
329»

76, 634

75, 125

72, 886
615

68, 581'
49..»
378»
250

66, 86S
686»
561

Be-A is

Bs-A )&

Be—Ais

Bs—As

Bv-Ae

Ba-Ae

By-As

Ba-Aa

66,456»

0-1
2
3
4
5

64, Z55»
729»
701
638»
583»

0
000
0

1

86, 991

83,487»
455
338

82, 951

80, 241»
214

79, 943
752
476

77, 199

000
2
4
4
0

74, 446
426

078»
73,850

000 0 63,339
0 1-2-3 350»

1B
4

0
1
1

000
0

1B
OB
2
2
0

00
2
OB

4B
3
0
1

66, 377
171»

64, 653
583»
496
392
273

63, 261
217
134

86, 410

83,363
200»

82, 976»
697
346

80, 131
79, 972

'772
503
189

77, 113
76, 784»

257

Z4, 343»
040»

73,821'
562»

Ba-Ass

Bs—Ae

Be —As

Bs—Aio

Bs—Ass

000
00
2

00
1B

000
2

1
1B
1
3

1
2—3

0-1
3
4
5

65, 541
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An iron arc (see Fig. 18) was used as the source of light for the comparison
spectrum. The lens and the window shown were of quar'tz. The iron arc
was run for 6ve minutes before starting the hydrogen source and also for
hve minutes after stopping the discharge, thus enabling one to detect any
shift in the lines while making the exposures.
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The shutter over the plate was so arranged that by turning a screw the
iron lines did not cover all the plate that had been exposed to the hydrogen
light. The iron lines may be seen in Fig. 2 and are easily distinguished from
the hydrogen lines. On the same plate is found also an exposure showing
only hydrogen lines.

Only plates that showed no displacement of the iron lines were used for
measurement. It was found that the instrument was very sensitive to tem-
perature changes. No special provisions had been made for maintaining a
constant temperature, but care was taken in keeping the room as nearly as
possible at one temperature while making the exposures.

Many iron lines suitable for standards were found between 2600A and



3300A." For the H& lines below 1300A, hydrogen lines were measured in
the third order against iron lines as standards and these hydrogen lines were
then used as standards in the second order. The iron lines used as standards
were spaced approximately 100A or less apart.

The measurements were made on a 200 millimeter comparator purchased
by Professor R. T. Birge through the generosity of the Rumford Grant
Committee of the American Academy of Arts and Sciences. It is believed
that the measurements are in all cases accurate to approximately 0.05A.

In general the lines listed were measured from two diferent plates.
Tables I and II give frequencies of the lines measured and intensities.

Intensities are merely visual estimates. Table I also gives the quantum

assignments as discussed in Part II.
TAM.E II. Frequencies of lines between X1Z60A and 'A1640A measured but not identified

in this uork.
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The focusing of the instrument was carried out in cooperation with Dr. C.
A. Pulskamp, to whom the writer is indebted for his valuable aid in adjusting
the instrument. The writer also wishes to express his thanks to Professor
J. J. Hopheld, who suggested the problem and under whose direction the
experimental work was started.

PART I I. RoTATIQNAL DATA

While the work on the 6ne structure of the hydrogen resonance bands
was in progress Kemble and Guillemin" published an article in which they
concluded, on theoretical grounds, that the 8-A system must consist of R
and I' branches only.

"H. Kayser, and H. Konen, Handbuch der Spectroscopic, Vol. 7, (1924).
"Kemble and Guillemin, Proc. Nat. Acad. Sci. 14, 782 {1928).
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Richardson and Davidson" have completed the fine structure analysis of
certain bands found in the visible. It wi11 be shown that there is a definite
connection between this band system and the 8-A system.

Schaafsma and Dieke'~ have published rotational energy data, based on
H2 plates obtained by Dieke with Hopfield's 50 cm vacuum spectrograph at
the University of California. The quantum assignments in the present paper
were made entirely independent of their work. Data from their work have
been used, with other data available, fm calculating the moment of inertia
of the molecule in the normal state.

Two brief accounts of the preliminary work on the 8-A bands have been
published in short articles to Nature. ""

The vibrational analysis as given by Dieke and Hopfield' ' serves as a
starting point for this work. A11 results are given in terms of the old quantum
theory unless specified otherwise.

Veri6cation of combination principle.

The lines of the three possible branches, P, Q and R of the usual quantum
theory are defined as follows"

I~J FJ+1 FJ

(2)

(3)

The Q branch is not observed in the 8 Abands. -Kemble and Guillemin"
have given as the theoretical reason for this that the 8-A bands represent a
transition from the 2'Z level to the 1'Z level.

From Eqs. (1) and (3) it follows"

I I~J ~J FJ+1 FJ-1 2~J
II 11~J—1 ~J+1 FJ+1 FJ—1 2~J ~

(4)

(5)

Eq. (4) shows that the values of 2d F'; may be obtained from any band if
the R and P branches are known and the relative rotational quantum num-

bering of the lines has been found. The values of 2d FJ' should be identical,
within the limit of experimental error, for all bands of the A or n" progres-
sion; that is, these values should be the same for all bands having the same
upper level (3).

In the same manner, the values of 2d FJ"should be the same for all bands
having the same lower level. These facts are illustrated in Fig. 3.

' Schaafsma and Dieke, Zeits. f. Physik 55, 164 (1929).
"Hyman and Birge, Nature 123, 277 (1929).
'~ Hyman and Jeppesen, Nature 125, 462 (1930).
"R.T. Birge, Chapter 4, p. 144 of Report of Committee on Radiation in Gases, Mole-

cular Spectra in Gases, Bulletin No. 57 of the National Research Council, (1926). This bulletin
is referred to hereafter as the "Report. " In general the nomenclature in this paper is that used
in the Report.

» Report, p. 145.
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The combination principle was first verified by choosing three bands such

that two have the same 8 level and two the same A level, and finding dif-

ferences between R anal P lines such that equations (4) and (5) were satisfied.
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The vibrational analysis had been found by Dieke and Hopfield. ' It was not
necessary to know the true numbering of the lines in the bands. The method

of obtaining this numbering will be explained later. The lines of the in-

dividual band were separated into R and P branches by the usual method

of second differences.
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After verifying the combination principle for these three bands, the
work was extended to other bands. The results are collected in Tables $,
III, and IV. Lines connected with sixty-eight bands were found. The results
show alternating intensity of lines as is to be expected since the H2 molecule
is symmetrical.

TABLE III. Average values of ZhF'.

Bn
B1
B2
Bg
B4
Bg
Bs
B7
B8
Bg

1.5
116.4
111
104
100
97
93
93
86
85
86

2.5
192.9
184
176
169
165
155
146
138
146
115

3.5
266.3
254
242
234
225
215
208
187
197
202

4.5
338
324
314
296
279
2?4
246
254
242
223

5.5
411
390
375
350
318
324
315
287
312

6.5
475
434
403
419
331

TABLE IV. Average values of ZAF".

A3
A4
Ag,

Ae
A2
A8
Ag
A 10
A ll
A 12

1.5
295
285
268
253
230
214
200
175
169
148

2.5
502
475
445
416
386
364
324
289
260
271

3.5
702
652
617
577
533
493
452
400
341
335

4.5
881
830
780
731
679
607
558
500
426
414

5.5
1060
1011
923
869
802
755
681
581
501

6.5
1249
1217

1033
896

694
558

TABLE IVa. Values of Zd F"from Witmer and Hori.

A2(H)
A2 (%)
A, (HJ
Al ( )
Ag (%)

321

345
356

2. 5
529
S31
557
562
588

3.5 4.5

991

5.5

1231

To find m, the effective rotational quantum number, the 26F' values are
plotted and extrapolated to hF = 0. m is now to be chosen so that AF equals
zero when ns equals zero and it is found that this condition is satisfied, at
least to a close approximation, by assuming half integer values for m.
Richardson and Davidson" referring to the lower level of bands analyzed
by them, state "m, =0.50013 and remains very close to 1/2 throughout the
vibrational levels. " This level is now known to be identical with the B
state as described in this paper.

Continuing the study of the 8 state later, it mill be shown, by using
the analytic method, " that the value of m is found to be a half-integer to

2o Report, p. 173.
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within 0.005, that is,"0. is zero or practically zero. At present we assume"
m=k= J—0.5.

A second check on the assignment of the lines to the R and P branches
was found by comparing the values" of u„(nz) for the 9 level as obtained by
TA&1,E U. B-state. A perare ealles ojsu&(ns) (From both R and I' hnes). Valses in parentheses are those obtained by Richardson

and Davidson from bands in the risible.

Br-Bo

Bs—B&

Bs-Bs

Bs —Bs

Br-Bs

Bs-Br

0.5

1318.5
{1318.34S)

1282.0
(1281.475)

1244
(1246.71)

1214
(1213.015)

1179
(1179.95)

1147
(1147.50)

1115
(1115.5)

1086

1315.8
(1316.41)

1280.0
(1279.84)

1244
(1245.25)

1212
(1211.76)

1180
(1178.77)

1152
(1146.32)

1112
(1114.32)

1080

1312.4
(1312.55)

1276.7
(1276.6)

1240
(1242.38)

1211
{1209.06)

1176
(1176.33)

1145
(1144.OO)

1112
(1112.04)

1079
(1081.29)

3.5

1307.0
(1306.94)

1272. 1
(1271.815)

123S
{1238.12)

1207
(1205.17}

1174
(1172.74)

1140
(1140.64)

1105
(1108.7)

1078-

4.5

1300.6
(1299.68)

1265.7
(1265.59}

1234
(1232.61)

1200
(1200.10)

1167
(1168.03)

1139
{1136.15)

1102
(1104.3)

1068

5.5

1289.8
(1290.99)

1260.0
(1258.04)

1223
(1225.89)

1196
{1193.86)

1164
(1162.25)

{1130.77)

1071

1279.9
(1280.94)

1245
{1249.32)

1217
(1218.O2)

1190
(1186.75)

1160
(1155.5)

(1124.8)

Bs—Bs 1052 1047 1038 1030 1028

using the diRerent A vibrational states as the base level. In a similar
manner, but using diHerent 8 vibrational states as base levels the values
of co„(m)for the A level were found. Tables V and VI give the average values
found. In making these averages the numbers obtained from the diSer-

TABLE VI. A-state. Aeerae values of co,(m).

tg
A4 —A3
Ae —A4
Ap —Ap
Av —Ap
As —Av
Ag-As

A1P —Ag
A11—A1p
A ls A 11

0.5
3470.0
3241.5
3012
2785.3
2543. 7
2288
2029
1726
1423

1.5
3467.2
3236,0
3008.5
2774.9
2536.8
2288
2018
1720
1414

2.5
3454.7
3223.5
2995.8
2753.7
2524. 5
2265
2006
1715
1380

3.5
3435 F 1
3207.3
2979.9
2746. 1
2513
2241
1984
1689
1358

4.5
3413.5
3184.5
2956
2720
2513
2202
1956
1659
1324

5, 5
3392
3153
2928
2692
2450

1918
1627
1303

ences of two frequencies neither of which was from blended lines were given
weighted values. Fig. 3 also shows the values of au„(m). The numbers on this
diagram are obtained by using I' lines. Table V also gives (in parenthesis)
the values as obtained by Richardson and Davidson" from their analysis of

"Report, p. 137 gives m= J—&=J—0.5 —a=A —a, where J is an integer and k a half-
integer. This is in terms of the old quantum theory as used in this paper. In the new mechanics
J is one unit less.

~ It is to be remembered that the value of m —1/2 is the value of J for the new me-
chanics.

» Report, p. 113.
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bands in the visible. The Richardson and Davidson measurements are from
plates taken using a larger grating and the bands measured are in the visible.
Their values of a&„(rw) are presumably the more trustworthy. It is to be
remembered that an error of one-tenth Angstrom in the ultraviolet region
considered here represents an error of between six and nine frequency units.

The values of AF' as obtained from the rotational energy function" also
agree almost identically with those obtained by Richardson and Davidson
from their data. They give a value of Do (their C) smaller than the theoreti-
cal value. The DQ used in the present report is found theoretically and repre-
sents the best known method for obtaining this constant, while Richardson
and Davidson have obtained the value empirically. More will be said
about these constants later.

Birge" in his summary of the quantum levels and resulting constants
of the hydrogen molecule has taken the 8 state of the ultraviolet bands to
be also the lower state of the Richardson "A" and "8"bands. This seemed
justifiable at that time as the result of the close agreement of the vibrational
data of Dieke and Hopfield' and of Richardson. "

The far more accurate data of the present work confirms the assumption
beyond all doubt, since the agreement of the spacings of all levels, both
vibrational and rotational, is within the very small limits of experimental
error. This verification of the assumption by Birge leads to the conclusion
that the ionization potential of H~ must be 15.34 volts to within a few
hundredths of a volt, as given by Birge at that time.

Mention has been made of the rotational energy function

F = Bom' + Dom' + Fom' + (6)

It is from this equation that the actual spacings of the rotational energy
levels are found. The value of BQ is inversely proportional to the moment
of inertia for no vibration and infinitely slow rotation.

Birge, in the Report 2', gives three methods of handling the data obtained.
Method one is purely empirical and is not to be considered here.

Method two is a rapid semigraphical method for evaluating BQ.

From the rotational energy function, by assuming m = k —Ot. , one obtains,
to a very close approximation when 0. is small.

2BQn= 28Q — + 4DPk' + 6FQk4.
k k

In the present work u is zero, or at least very small. If we assume the
value of FQ to be small" we have

2M = 4BQ+ 8DQk'.
k

This equation represents a parabola with the vertex at k = 0.
"Report, p. 141."«po&, pp 169-173
'~ Richardson and Davidson gave a equal to 0.0013, FII=1.3&(10 '.
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The values of 2d Fjk for the Bo state are

4.5

77.60 77. 16 76.09 75. 11

These latter values were plotted against k and from this a fairly accurate
value of 480 found directly.

Do is theoretically related to B~ by the relation

—48p'
D

GOp

(9)

if the values of Fo and Ho are zero.

The value of 26F may be ca11ed the reduced value of 2AF. The values
of 25F are found directly. Values of Fo and IIO are assumed to be equal to
zero. The value, Do= —0.01647, is found by using the approximate value of
Bo(19.46 cm ') found by method two in the theoretical Eq. (9).

In the equation 26F=26F—8Dok' the following values are found:

8 —D,k~ 26F
0.4447 116.845
2.059 194.959
5.649 271.949

12 ' 007 350.009

25F
116.4
192.9
266.3
338.0

1.5
2.5

3.5
4. 5

au0 is found by double extrapolation of the values of &u, (m) to find the
value of aio(0).

The final result of this extrapolation is that i00(0) = 1337.82 cm —'.
Method three is strictly analytic and is the most accurate method of

handling the data.
From the rotational energy function the following result is obtained,

where m =k-n
2d' = 2M —8D, k' —12Fok' —16Hok' = (4Bo + 8DO)(k —a) (10)

The plot of 26F against k is a straight line, as predicted by the above
theory.

The least squares solution of the equation

2' = (4Bo + 8DO)(k —n)

accordingly gives the most probable values of Bo and of n.
The solution gives

80 = 19.445 cm ' n = —0.005 cm '.
It is believed Bo has a true probable error not exceeding one part in one

thousand. The probable error in 0. is such that the true value may be zero.
Richardson and Davidson have found 80=19.455, .
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The moment of inertia is found from the relation

h 2/ ~ 66 X 10—4o

Ip = g cm'
8x'&o& Bp

= (1.4225 + 0.003) X 10 4Pg cm'.

(12)

The error in Bp is also to be found in the value of the moment of inertia.
In addition there is a small probable error in the constant" 27.66X10 4'.

The nuclear separation r p, in centimeters, is given by the relation

r p
——(Ip/p) "' wh ere

'PN jm2
p, = 1.6490 X 10 '4

ml + ~~2

ml and m2 are the atomic weights of the two atoms. "
The resulting value for the nuclear separation is

1.3084 X 10 ' cm.

and

The rotational energy function becomes

Ii = 19.445m' —0.01647m'

2 12 22 etC.

The following is a comparison of the values of I obtained with those
given by Richardson and Davidson:

Richardson and Davidson
from bands in visible

B—A bands found in ultraviolet

(cm-'}
38.85
77.30

115.06
151.685
186.955

(cm-1}
38.81
77.22

114.85
151.06
186.13

In the solution, Richardson and Davidson have used D= —0.0152 cm '
instead of —0.01647.

Constants for the normal level.

The evaluation of the moment of inertia of H2, for the normal electronic
level, has been carried out with the cooperation of Mr. C. Rulon Jeppesen,
and the results have been reported brieAy. " In this case the values of 26I'",
as given in Table IU, begin at the vibrational level v =3. For e =0, 1, and 2,
the less accurate and extensive data of Hori, ' and Witmer, ' were used. These

"Birge, Phys. Rev. Supplement 1, 63 (1929}gives

h/8 .'c=(27.65 +0.04}X10 4 g cm"Constants used are those given by Birge, reference 27.

(13}
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data are listed in Table IVa. In order to obtain the best possible value of

Io, data from all available sources were correlated and averaged. These
sources include Schaafsma and Dieke, " in addition to those already quoted.

The various values of 2AF/k, resulting from the observations of the
d'iHerent observers, were plotted against k, on a large scale. In this case Eq.
(7) becomes

2M„= 4&v + 8Dvk'+ 12Iivk4
k

(15)

and the resulting curve, for each value of v, should be approximately a
parabola with its vertex at k=0. Smooth curves were drawn through the
plotted points, so as to satisfy, roughly, the form of Eq. (15). From these
curves we obtain first approximate values of 48„.These values were then
plotted against v, and found to form a reasonably smooth curve. %hat
appeared to be the best smooth curve was then drawn, and from—
this, smoothed values of 48„were obtained. These smoothed values were
now used to calculate theoretical values of D„using the theoretical rela-
tion"

where"

D. =D. —P(i+2) (16)

5 —+ 8x, .

The value of co,.(4368.6 cm ') was obtained from a smooth curve, using
data, by Kitmer. ' Still later work" has led to 4371 cm ' as the best value of
u„but the change is immaterial in connection with P. For 8„,we used 60.16
cm ', as obtained by extrapolating our smooth 8„:vcurve to v= ——,'. The
slope of this curve, at v = —-'„gives the value of n (2.68 cm ').

We could now calculate theoretical values of 8D„,k', in Eq. (15). In order
to calculate the final term in Eq. (15), we assumed" that

F„=I,= 2— (18)

The true theoretical expression for I'„,as a function of v, has not yet been
derived, but the last term in Eq. (15) is so small that any change of F„itwh
v is immaterial, for not too large values of k.

"In this case, the new mechanics relations have been used. In equations like (9), one
should use D„B„and~, {values for v= —1/2) in place of Do, Bp, and ~fl, but numerically
the change is insignificant.

» This theoretical expression for P/D, is equivalent to that given by Pomeroy (Phys.
Rev. 29, 59 {1927)},but is much simpler in actual use. It was suggested to us by Professor
R. T. B'rge.

3' R. T. Birge and C. R. Jeppesen, Nature 125, 463 (.1930)."Compare "Report, " p. 237, Eq. {198).
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Kith these calculated values of D, and F„wenow obtained a value of
48, from selected points on the 2DF„/k:k curve, using Eq. (15). A weighted
average of the resulting values of 4B„for each value of v, was thus ob-
tained. This process is equivalent to drawing a smooth curve through
the plotted 26F„/k points, having the theoretical shape, leaving only the
constant term to be evaluated. Such curves, as actually drawn, were found
to be quite as satisfactory as the original empirical curves. This is a most
gratifying verihcation of theory, since the "distortion" of the H2 molecule,
with both rotation and vibration, is relatively large.

The new values of B„were again plotted against v, and found to lie
much more closely on a smooth curve than the original approximate values.
The changes were, however, so small that it was deemed unnecessary to
calculate new theoretical values of D„(method of successive approximations).
Since we had used the finite differences 2AF„,the value of the constant term
in Eq. (15) is, strictly, not 48„,but" 48„+8D„.The final smoothed values
of B„obtained after this correction, are given in Table VII. They were
then htted, by least squares, to a third degree rational integral function, the
result being

B. = 60 587 —2 7938(v + ip) + 1.0500 X 10 '(v + -')'

—24 058 X 10 4(v + -', )'.

TABLE VI I.

(19)

9
10
11
12

B II

smoothed observed
values

59.19
56.415
53.63

50.835
48.01
45.14

42.20
39.20
36.145

32.92
29.52
25.39
20.565

/I

calc. values

59.192
56.411
53.630

50.834
48.008
45. 138

42. 210
39.209
36.120

32.930
29.624
26. 187
22. 606

The calculated values, according to Eq. (19), are also given in Table VII.
In this equation, the absolute term gives the value 8, for the hypothetical
state of zero vibration (v= —1/2), according to the new mechanics. It cor-
responds to I,=0.4565&(10 " g cm' and r, =0.7412X10 ' cm. This is
quite different" from Hori's value of I,=0.467X10 ". The value of B,.

"See Eq. (145), p. 174 of "Report. "
3 See reference 17 for a discussion of this point.
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corresponding to v=0, is 59.192 cm ', giving Io=04675X10~o ~o=0 7'500

&(10 '. These latter are the constants for the actual normal level of hydro-

gen.
As already noted, accurate data for 25F" values extend only from v=3

to 12, inclusive (Table IV). As can be seen from Table VII, Eq. (19) fits

the data in a satisfactory manner only up to v =9. In fact, the 8, values for
v =10, 11, 12, were not used in obtaining this equation, since they deviate
sharply from any smooth curve. These higher values of v are close to dis-

sociation, and the fact that the corresponding moments of inertia are appreci-
ably larger than those given by the equation is not surprising.

The values of Bo, 8j,, and 82 are not so trustworthy, but they do, per-
haps accidentally, fit in very well with the values 83 to 99. It would there-
fore appear that our 6nal value of Bo is reliable to about 0.2 percent. After
this work was completed, Birge and Jeppesen" calculated accurate values
of 9o and Bj., from Rasetti's data" on the Raman effect in gaseous hydrogen.
Their value of Bi (56.4035 cm ') is in remarkable agreement with our value

f 56.411 cm ', as given by Eq. (19), but their value of Bo (59.354cm —')
is 0.27 percent greater than our value of 59.192 cm '. This discrepancy
points to a real irregularity in the moment of inertia of hydrogen in the v = 0
state, as discussed by Birge and Jeppesen. They discuss also an apparent
irregularity in the frequency of vibration for this same level.

The final conclusion is then that Eq. (19), or Table VII, last column,
gives reliable values of 8„"from v =1 to 9 inclusive, but that the true value
of B, is that given by Birge and Jeppesen, namely B,=59.354 cm ', cor-
responding to Io =0.4660 X10 4' g cm 2 and ro=0.7489 &10 cm —'. Because
of the irregularity in the value of Bo, it is impossible to give a reliable value
of B„butit seems best, in calculating theoretical values of D, and other
derived constants, to use the value given by Eq. (19).

The experimental work and part of the theoretical work, of this investiga-
tion, were carried out at the University of California and the writer wishes
to express his sincere thanks to Professor R. T. Birge of the University of
California not only for the very obliging and valuable assistance that was
given while the writer was at the University of California but also for the
interest and advice he has given during the past year. He is also indebted
to Mr. C. R. Jeppesen for his help in deriving the constants for the normal
level.

~5 F. Rasetti, Phys. Rev. 34, 367 (1929).




