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QUANTUM ANALYSIS OF THE BERYLLIUM OXIDE BANDS

BY JENNY E. RosENTHAL AND F. A. JENKINs

ABSTRACT

New measurements of the structure lines in the (0, 0), (1, 1), (0, 1), (1, 2), (1, 0)
and (2, 1) bands of the visible BeO system are reported. Each band has P and R
branches of almost equal intensity, the lines of which are strictly single. There is
probably but one missing line at the origin. This structure characterizes the system
as 'S~'S, the odd multiplicity agreeing with the even number of electrons in neutral
BeO. The rotational terms are investigated by the combination principle, and can
be represented by &(j)=Bj (j+t)+D[&(j+1)J'+ ~ ~ ~ with j integral as required for
S states. One perturbation is found, consisting of a displacement of the line R(49) in

the (1, 0) band by 0.45 cm ' toward lower frequencies, with no sign of doubling. The
following equation is obtained for n the null-lines: vp =21,254.05+1370.81(n'+-,')
—7.76(ri, '+ ~) & —1487.45 (~"+ ~~) +11.87(ri,"+—)2

Molecular constants of BeO.—The principal molecular constants, evaluated from
rotational term-differences using the new quantum mechanics energy formula, are:
Bp = 1.5771, Bp = 1.6514, 0! = 0.0160, a = —0.0186, Dp = 8 44 X 10 Dp" =
—8.26X10 ' P'=+0.03X10, P"=—0.06X10 ' Fp'=22X10 " Fp" ——12X10 "
the zero subscripts referring to the vibrationless condition. The nuclear separation
in the final state is: r p" = 1.327 X 10-' cm.

'HE spectrum obtained by introducing beryllium or beryllium salts into
the arc in air shows a system of bands in the visible region consisting of

several sequences which degrade toward the red. The stronger band heads
were first measured by Hartley, and later by Lecoq de Boisbaudran and by
de Gramont. ' The spectrum was investigated in more detail by L. C.
Glaser, ' ' using the second order of a 10-foot grating. In addition to more
accurate and complete measurements of the heads, Glaser gave a table of
the structure lines of the strongest sequence, that in the blue with its first
head at )t4708. The lines of the first band he arranged in four series n, P, y, 8.
As will be shown below, this division cannot be justified, a fact which is not
surprising since the work was done before the development of the present
theory of band spectra. His attempts to find numerical relations between
these bands and the A10 bands of the aluminum arc4 were doubtless due to
the marked similarity of the two spectra in many respects.

According to the view we wish to support, these beryllium bands are also
due to the oxide, BeO. Some of Glaser's experiments give evidence for this;
in particular he found that with the arc between metallic Be electrodes, the
bands are much weaker in vacuum than in air. Further experimental evi-

' For a summary and comparison of the earlier results see Kayser and Konen, "Handbuch
der Spec'troscopie" VQ, 102 (1924).

2 L. C. Glaser, Dissertation, Berlin (1916).
3 Glaser, Ann. d. Physik 08, 73 (1922).
4 W. C. Pomeroy, Phys. Rev. 29, 59 (1927).
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dence has recently been obtained by Jevons, ~ who finds this group of bands
to be relatively stronger in the outer part of the flame surrounding the arc in
air. Combining these observations with the theoretical confirmation to be
given below, there seems to be little doubt as to the identity of the emitter.
The purpose of the present communication is to give the quantum inter-
pretation of the rotational structure of the bands of this system. It is based
on new measurements of the lines of the six strongest bands made from plates
on which the dispersion and resolution are roughly double those reached by
Glaser.

The spectrogroms. A horizontal carbon arc with both poles cored with a
mixture of equal parts of powdered potassium beryllium fluoride and carbon
dust proved to be a very satisfactory source. With an average current of
about 5 amp, a pale blue flame tinged with yellow appeared above the poles.
An image of this flame was thrown on the slit of the 21 foot concave grating

!
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Fig. 1. a. Strongest sequence of BeO bands. Iron arc comparison:spectrum. b. First
part of (0, 1}band, showing intensity anomalies near the origin. The line R{1)is exceptionally
strong, while R(0) is weaker than the corresponding line, P(1). c. Region M, 4435-4450 of the
(1, 0) band. The perturbation of R(49) shows as a discontinuity in the width of the doublets
formed by R. and I' lines.

spectrograph. ' The spectrum thus obtained consisted of the ultra-violet BeF
bands, ' the BeO bands in the blue and green, and the stronger bands of the
green CaF sequence, ' as well as atomic lines of Be, Ca, Fe, Mn and other
impurities. Comparison lines of the iron arc were used ' and their exact coin-
cidence with the Fe lines appearing in the band exposure eliminated the
possibility of accidental shifts.

~ W. Jevons, Proc. Roy. Soc. (in press). We are indebted to Professor Jevons for making
this article available to us in manuscript, as well as a copy of Glaser's work referred to above. ~

' A preliminary account of this investigation was given in a paper before the American
Physical Society at the New York meeting, February, 1928, Phys. Rev. 31, 705 (1928).

~ The plates were taken by one of the writers (F. A. J.) while a National Research Fellow
at Harvard University. The characteristics of the grating arid its mounting are described in

Phys. Rev. 30, 438 (1927).
~ S. Datta, Proc. Roy. Soc. A101, 187 (1922}.
~ Datta, Proc. Roy. Soc. A99, 436 (1921).
'o Wave-lengths as given by Meggers, Kiess and Burns, Bull. Bur. Stan. 19, 263 (1924).
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The strong group in the blue (Fig. 1a), according to the vibrational
quantum number assignment made by Mecke, " is the sequence having
n,"—n'=0. The two adjacent sequences, +1 and —1, were also suitable
for measurement. The +2 sequence found by Glaser and the few bands of the

TAM, E I. Linesin tke visible BeO bands, The columns of ~„,for the lines of eac1 band
are headed by its vibrational quantum numbers and &;, of the band head.
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22, 199.81
202. 88
205. 74
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213.58
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229.65
221.43
223. 12
224. 62
225. 92
227. 23
228. 40
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708.02
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(0, 1) band X5054.425
E(y) P(g)

(1,1) band X4732.628
~(S) P(S)

(2, 1) band) 4451.664
E(g) P(g)

1
2 21,097.30
3 099.76
4 102.41 21
5 104.82
6 107.12
7 109.19
8 111.20
9 112.99

10 214.68
il 116.32
12
13 118.65
14 120.05
15
16
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, 074. 47
070.69
066. 72
062. 61
058.37
054.02
049.50
044. 91
040. 13

030. 17

22, 439.22

444, 00
446. 14
447. 93
449. 68
451.23

454. 75
455. 47
456. 18
456. 70
457. 23

22, 410.20

401.84
397.49
392.84
388.21
383.11
378.03
372.76
367.29
361.70
355.95
350.00
343.89

(1,0) band X4427
gfy)

0 22, 555.06
1 558.23
2 560.82
3 563.51
4 565.93
5 568. 12 22
6 570.16
7 571.98
8 573.67
9 575. 17

10 576.49
11 577.65
12 578.57
13 579.29
14 579.87
15 S80.30
16
17 580.79
18
19 580.30
20 579.87
21 579. 12
22 578.28
23 577.25
24 576.06
25 S74.68
26 573.10
27 571.35
28 569.43
29 $67.30
30 564.94
31 $62.47
32 559.76
33 556.95

19,651.13
654.04
657.07
6$9.76
662.56
665.09

669.89
672.26
674.46
676.57
678.SS
680.49
682.32
683.93
685.S2
686.98
688.32
689.60
690.70
691.71
692.64

19,642.47
638.05
634.56
630.93
627.28
623.43
619.48
615.4o

607.29
602.81
S98.54
594.06
589.36
584.61
579.73
575.01
569.84
$64.85
559.73

,534.03
529.79
$25.41
520.90
516.23
511.34
506.27
502.08
495.63
490.09
484, 34
478.39
472. 16
466.09
459.64
452. 83
446. 14
439.22
432. 17
424. 86
417.33
409.68
401.84
393.84
385.64
377.32
368.76
360..23
351.19

.312 (1,2) band XSOZS. 726
P(y) ~(a) P(g)

—2 sequence recentiy added by Jevons' are very faint. Accordingly, measure-
ments have been made of the lines of the first two bands in each of the three
stronger sequences, using the second order except for the (0, 1) and (1, 2)

"R. Mecke, Phys. Zeits. 26, 217 (1925).
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bands, which were measured in the first order. The mean error for each line
should not in general exceed 0.03 cm '. In some instances, however, because
of superposition by atomic lines (particularly in the —1 sequence) and by
other strong band lines, lai ger errors were unavoidable. Table I contains the
wave-numbers in vacuum of all lines measured. In view of these numerous
cases of superposition and overlapping of series, the intensity data are of very
little value and have therefore been omitted.

Structural features of the bands. Since the bands of each sequence are
closely grouped, the system is of the familiar type in which the vibration
frequency and moment of inertia are only slightly changed by the electron
transition. The vibrational intensity distribution is also characteristic of
this type, resembling that of the violet CN bands in the arc. Hence there
could be no doubt as to the correct assignment of vibrational quantum num-
bers. A complete description of the vibrational structure is given by Jevons'
who finds that the heads are closely represented by:

vi, =21, 287.0+1364.2(e'+-', ) —5.90(e'+y) ' —1479.1(e"+$)
+15.22(N"+-')'-5. 24(N'+-', )(~"+-:) (1)

The rotational structure is of the simplest possible type, each band having
one R and one I' branch of strictly single lines. Resolution is complete except
for 4 or 5 lines at the head, and in the (0, 0) band about 70 members of each
branch can be traced reaching a maximum of intensity between j=30 and 35
and extending over several other bands of the sequence. There is no sign of
splitting into finer components even for the last lines. The n and P series of
Glaser together make up the I' branch, alternate lines belonging to one or the
other. His y and 8 series form the R branch in a similar way.

Difhculty was encountered in establishing the number of missing lines,
although the bands are well resolved in the neighborhood of the origin, which
is far from the head. In the (0, 0) band, coincidence with the R lines returning
from the head prevents any decision. The region of the origin in the (1, 0)
band is obscured by a diffuse atomic line. The best evidence was obtained
from the (0, 1) band. Here it appears that but one line is missing, although
the first I' line is extremely weak, and the first R line even stronger than two
subsequent lines of this branch (Fig. 1b). The latter anomaly is very prob-
ably due to coincidence with the Ti line) 5064.66. No evidence was found of
a Q branch, although a systematic search was made for Q lines of low in-.
tensity.

In the (1, 0) band a perturbation occurs which is obvious even on casual
inspection (Fig. 1c). The line R(49) is displaced 0.45 cm toward lower
frequencies from its expected position. The fact that no splitting or intensity
change occurs is further evidence for the true singlet character of the lines.
The corresponding line in the (0, 0) band is not perturbed, so the irregularity
must be in the initial state n'=1, j'=50.

Rotational term analysis Calling the first . lines of the two branches R(0)
and P(1) it was found at once that the combination relations between the R
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and I' branches" agreed among the bands in the manner to be expected. The
extent of this agreement is shown graphically in Fig. 2. The combination
differences 62F for low quantum numbers are represented closely by 48(j+s)
where j=0, 1, 2 . Since there is probably only one line missing near the
origin and since the bands show no evidence of electronic multiplici. ty, the
assumption is justified" that there is no resultant electronic angular momen-
tum in either initial or final states. Hence the system arises from a transition
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Fig, 2. Combination differences. The solid lines represent the values calculated by Eqs.
(2) and (3). The linear function 6(j+-,') has been subtracted from 62F to magnify the scale.
For the initial states circles, dots and crosses represent data from bands having n" =0, 1 and 2,
respectively. Similarly, for the final states they refer to bands with n' =0, 1 and 2.

between two '50 molecular terms and is strictly analogous to the CuH bands.
In a '5 state the accurate expression for the rotational term-difference is,
using the j values of the new quantum mechanics,

~SU) =4'.(j+i)+8D.(i+s)'+12~.U+s)'+ (2)

Following the method suggested by Birge" the constants B„wereevaluated
by least squares, using the theoretical relations for D„and F„." The results
of this calculation are

8„'= 1.5771—0. 106(e'+ ', )~-
D„'=I

—
8. 44+0. 30(e' +') I 10~

P„'=22X10-»

8„"=1.6514—0. 108(6&"+ )2~

D„"= I
—8.26 —0.06(e"+—',) I 10 (3)

P„"=12XSO-».

"R. T. Birge, Bull. Nat. Res. Council No. 57, p. 145 (1926)."R. S. Mulliken, Phys. Rev. 28, 481 (1926)."Ref 12, p. 174.
'5 Account was taken of the variation of D„with n (ref. 4, Eq. (19)). Ii was taken as the

same for n =0, 1 and 2.
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From the constant terms in the equations for 8, the following values of the
moment of inertia Ip for the vibrationless molecule and of the corresponding
internuclear distances rp are obtained:

'Ip'=17
~ 564X10 "gr cm' Ip"=16.774X j.0 '

rp'= & ~ 3SSX10—' cm rp" = 1.327 X 10-s

B„wasevaluated separately for each band, and the agreements shown in
Table II furnish conclusive evidence that the assignment of vibrational num-
bers is correct. This table also includes the band-origins, vp, each of which is

TABI.E II. Band constants

B'= 1.56928"= 1.6421
vo =21,196.76

1.5534
1.6422

22, 552. 15

1.5689
1.6232

19,732.99

1.5537
1.6233

21)088.28

1.5363
1.6231

22, 428. 20

1.5537
1.6052

19,648.00

the mean of a set of values obtained from several lines of both R and P
branches. By the term formula used, I p is the same as the wave-number of
the null-line. The origins are quite accurately given by the equation:

vo
——21, 254. 05+1370.81(u'+ —,') —7.76(e'+-,')'

—1487.45(u" +-,')+11.87(e"+-,')' (4)

Conclusions The con. stants of the vibrational energy from Eq. (4) differ
markedly from those given by Jevons (Eq. (1)). This is to be expected, since
his equation refers to heads, which in the present case are at a rather large,
and therefore variable, distance from the origins.

As was mentioned above, the rotational structure conforms in every
respect with that to be expected for a band system resulting from a 'S~'S
electron transition. The odd multiplicity requires" that the emitting mole-
cule have an even number of electrons. This definitely excludes Bex and
BeH, leaving as possibilities Be~ or BeO, since ionized molecules do not come
into consideration. The experimental evidence favors BeO, as do considera-
tions of stability. The internuclear distance in the Anal state, the lowest
known level of BeO, as compared with the corresponding rp values for the
oxides of the other elements in the first row of the periodic table seems entirely
consistent with this view:

BeO
1.33

BO
1,21

CO
1.15

NO
1.15

Og
1.20

All of these refer to the normal electronic state, and they evidently show
the same general trend as the atomic volume curve for these elements.

NEW YORK UNIVERSITY,
UNIVERSITY HEIGHTS, N. Y.,

November, 1928.




