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The emission spectrum of As, consists principally of an
extensive group of bands in the ultraviolet, which have
been analyzed into two overlapping band systems. These
two systems have the same lower state. Their upper states
lie at about the same electronic energy, have similar vibra-
tional intervals and perturb one another strongly. In one
system, called A—X, predissociation sets in at two points
in the upper state, namely, at =9 and 9’ =14. In the re-
gions where predissociation is occurring absorption bands

appear (for low »’) on the emission plates. The heat of
dissociation obtained depends upon what assumption is
made as to the pair of atomic states standing at the pre-
dissociation energy. If this pair is 4S+2D, D(X) is about
4.0 volts in agreement with the value obtained by extra-
polation of the vibrational levels, but if this pair is 2D 42D,
as appears to be required by the Kronig rules for perturba-
tions and predissociations, D(X) is 2.6 volts.

INTRODUCTION

HE diatomic molecules of nitrogen, phos-
phorus, arsenic, antimony and bismuth,
form an homologous group, each consisting of
two atoms whose lowest state is . . . p*4S. A
comparative study of the spectra of these mole-
cules should provide information as to the vari-
ation with mass and type of atomic coupling of
the process of molecule formation. The spectrum
of each of these molecules has been observed.
In the case of Ny, 2 and P,,? the vibrational and
rotational structure has been analyzed. A fairly
complete vibrational analysis of the absorption
spectrum of Bi, has been made,* and Naudé? has
published a preliminary report of Sbs absorption
spectrum. The absorption spectrum of As; is the
subject of a recent paper by Gibson and Mac-
Farlane.® The present paper is an account of the
emission spectrum of the same molecule. The
emission spectrum contains the system observed
in absorption though much more extensively
developed and other systems in addition. It
yields, therefore, more information about the
molecular states than the absorption spectrum.
Gibson and MacFarlane give a good summary
of the previous work on the arsenic molecular
spectrum as observed in absorption, emission

tSee Jevons' Report on Band-Spectra of Diatomic
Molecules, or Weizel, Bandenspektren, for work up to 1931.
2 G. Herzberg and H. Sponer, Zeits. f. physik. Chemie
B26, 1 (1934).
3 G. Herzberg, Ann. d. Physik 15, 677 (1932).
( 4Cv.) M. Almy and F. M. Sparks, Phys. Rev. 44, 365
1933).
5S. M. Naudé, Phys. Rev. 45, 280 (1934).
( ;Gj E. Gibson and A. MacFarlane, Phys. Rev. 46, 1059
1934).

and fluorescence. The only attempt to study the
emission spectrum is that of Winand,” who used
an electrodeless discharge in a tube containing
metallic arsenic. The spectrum he obtains is
entirely unlike that which we are describing in
this paper. In fact, examination of his data
makes it practically certain that the bands he
reports are largely, if not entirely, due to CO.
We have produced Winand’s bands by simply
heating slightly metallic arsenic in a bulb con-
nected to a discharge tube by several inches of
cold glass tubing. A considerable but limited
amount of gas is driven from the arsenic and a
discharge in this gas discloses the CO bands,
attributed by Winand to arsenic. As discussed
below we found it necessary to free the arsenic
used in obtaining the As; bands from impurities’
by a preliminary heating.

In the present paper only the vibrational
analysis of the As,; bands and conclusions that
can be drawn therefrom will be discussed. On the
low dispersion plates so far obtained, the rota-
tional structure is in some places partly resolved;
we are hoping to secure plates with larger dis-
persion in order to perform the rotational analy-
sis, which may establish or disprove some of the
conclusions tentatively drawn in the following
sections

EXPERIMENTAL METHOD

The spectrum was obtained by photographing
an electrical discharge in a mixture of arsenic

7 Winand, Bulletin de la classe des sciences, Academie
Royale de Belgique (5), 18, 422 (1932). Results of this
work also described in reference 6.
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TABLE 1. Observed bands in order of wave number. Assignment to system 4, B, or C and to vibrational quantum numbers.
Companson with calculated wave numbers Intensities’ s=sharp, d= dnﬁ‘use, dd=very dnffuse, at=head obscured
by atomic line. Bands marked A4bs. in column 2 were obtained as absorption bands on emission spectrum plates.

System ave Number System Wave Number System Wave Number System Wave Number
and ¢/, v  Int. (obs) (obs.—calc.)|and ¢/, v  Int. (obs.) (obs.—cale.){and ¢/, v  Int. (obs.) (obs.—cale.) [and ¢/, v”  Int. (obs.) (obs.—calec.)
A 170 Abs. 44597.2 0.0 A 89 4s 385576 —0.6 B 416 2 35353.6 2.7 A 726 3s 31705.6 . +0.6
A 160 Abs. 44352.0 0.0 B 16 3s 38545.5 —0.9 B 114 1s 35299.8 411 A 424 3s 31664.3 429
A 150 Abs. At 441029 —1.8 0s 38513.6 A 6,16 28 35269.0 0.2 B 325 4s 31643.1 1.1
A 140 2s 438544  —2.5 A 36 2s 384604 —1.3 A 918 2 35230.7 —0.6 C 026 1d 31626.8 —0.8
A 130 Abs. 436039 —0.1 B 59 1d 38398.9 1.5 B 215 3s 351904 —0.4 A 525 1s 31568.2 —0.2
A 14,1 2s 434284 —0.6 A 79 0d 383189 1.9 1d 35170.5 B 426 1s 315422 409
A 120 Abs. 43350.2 —0.1 B 06 2d 38303.0 —0.1 4 113 1ud 351464  +42.6 A 626 3d 314604 1.2
A 131 Abs. 43176.5 —0.3 B 38 2dd 382941 413 A 4,15} 58 35122.0 {+O.8 B 124 3d 314440 409
A 11,0 Abs. 43095.3 +0.4 A 26 0s 38243.1 3.0 A 717 : —1.3 B 225 4d 31359.9 418
A 142 1s 43003.6 —0.2 B 6,10 4s 38210.7 —24 B 618 0d 35048.8 424 A 727 4s 31338.1 411
4 121 Abs. 42926.0 427 B 49 0 38152.0 { —~1.3 A 516 0d 350044 —3.1 3s 31308.9
A 10,0 Abs. 42836.9 —0.3 A 810 s : +0.9 A 214 b5d 34998.8 404 B 326 3s 31272.0 405
A 111 Abs. 426700 423 B 17 0d 38133.5  +0.9 A 818 24 349754 0.0 C 027 3s 31258.7 —0.9
A 90 42581.5 {+2.8 A 69 1d 380711 —0.1 A 6,17} 0d 34880.3 {+2.8 A 828 2 31213.2 408

14,3 23 “+0.4 A 37 28 38047.2  —0.7 B 7,19 - 0.0 A 526 1s 311984 405
4 101 Abs. 424126 +2.6 B 28 0d 38008.3 —0.6 A 919 2 348427 —19 B 427 2 311729 —04
B 60 0s 423925 —13 A 911 2 380015  —0.7 A 3,15} 1d 34815.5 {—2.7 A 627 2 310914 0.2
A 80 1s 423218 —1.0 4 16 } 3s 37990.1 {+3.3 B 5,18 - +0.9 B 528 1dd 310522 0.6
1d 42223.0 B 510 . —0.2 B 216 2s 347978 0.6 B 226 2 30987.7  +40.1
A 91 28 42151.0 —0.5 A 7,10 4s 37909.9 —0.0 A 416 2 347285 409 A 728 3s 30971.8  4-0.6
A 70 1s 42080.6 —1.0 B 07 58 378884  —0.9 B 317 1s 34689.9  40.1 B 327 3s 30905.5 +1.8
B 61 1s 41965.0 —1.6 A 27 0s 378343 420 B 619 2d 346594 —0.3 ¢ 028 3d 30893.6 —0.2
B 40 0d 41918.0 4-0.1 A 59 4s 378100 +40.1 A 517 3s 34616.8 0.6 A 829 4s 30850.1  +0.9
A 81 33 41895.0 —0.6 A 06 3s 377288 =22 A 215 58 34602.9 403 1d 30834.2
A 60 1d 41833.0 —2.8 A 6,10 28 37663.7 —0.4 A 819 3d 345873 —14 B 428 2 308074 —0.1
A 145 28 417436 +1.3 A 38 2s 37635.8 —0.8 0d 34556.1 B 73 1d 307813 1.2
B 51 1d 417346 —0.2 B 29 4 37508.3 { —-1.3 B 116 1s 34508.1 —1.2 A 930 1d 30744.4 0.0
A 92 3s 417261 —2.2 A 912 $ : —1.3 A 719 1s 34346.6 —0.9 A 628 1s 307264 +1.0
0s 416713 B 511 4d 375847 . —0.8 B 318 2 34300.6 —0.1 B 529 1d 30688.9  +40.5
A 71 3s 41653.8 —0.6 A 49 28 37529.9 —0.1 B 620 2dd 342748 —04 B 831 0d 30629.9 —13
B 62 2d 41543.0 416 A 711 2 375045 —0.6 2d 34253.1 A 729 1s 30609.0 409
B 41 0s 414878 —29 B 08 3 374777 {—0.0 A 518 3d 342259 —12 B 630 O0s 30559.4 —0.1
A 82 48 414706 402 | B 310/ 58 T \+13 |4 218 5s 342088 —02 | B 328 24 305387 10
A 61 33 41407.1  —15 B 6,12 1dd 374134 —13 A 820 58 34203.0 —1.2 A 830 4s 30489.3 0.8
B 52 4s 41308.1 ~—1.5 A 510 0d 37402.2 —0.6 B 1,17 3s 341170 —1.0 1d 30473.2
A 72 58 412271 =21 B 411 3s 37343.6 422 A 619 4d 34101.7 0.0 A 528 1d 304644 403
A 51 1dd 4114756 402 A 07 2s 37316.1 —1.1 A 921 1dd 340771 —0.8 B 429 2 30443.1 +1.2
B 63 1dd 411188 40.1 2s 37288.3 1d 34006.9 B 731 1d 304219 +0.2
B 42 1s 41063.6 —0.9 A 611 4s 37259.2 —0.1 A 418 0d 339471 0.1 A 931 3s 30386.3 +40.3
A 83 3s 410463 —14 B 210 2s 371921  —04 B 319 1s 339124 —1.6 A 629 1s 30363.3 +1.1
A 62 53 40981.6 —1.8 A 18 3s 37169.2 +1.2 1s 33849.9 s 30349.0
A 94 3d 40884.3 {+1.2 A 410 3s 371245 41.6 A 519 1s 33839.7 —0.3 B 530 3s 303284  40.7
B 53 § —2.6 B 09 2s 37067.8 —0.6 A 217 48 33818.7 +41.0 B 228 4s 30255.7 419
A 73 6s 408049 —1.6 A 29 1d 370115 {+0.1 B 1,18 4s 33729.1  4-0.2 A 730 3d 30247.2 —0.1
A 52 4d 407211 —10 B 6,13 - —2.8 A 620 4s 33717.3 0.1 B 631 0s 302015 404
A 63 58 40559.9 ;gs g 4,12 2 36942.6 3.8 A 922 "%d gggg?g +0.2 ¢ 030 1dd gg%g?? +?8
A 95 .5 0,8 —0.4 3 K A4 831 4s . K
B 5,4} 2 404653 {—0.9 B 1,10} 4s 309052 {+0.6 A 721 25 335811 +03 1 30117.0
A 42 0dd 404455 +3.0 A 6,12 4s 36857.6 0.9 A 419 2 33059.2 —1.3 A 529 1dd 301037 428
A T4 2dd 403845 —15 B 211 od 36785.6 —2.1 B 320 0d 33530.0 +40.5 B 430 1d 300854 +1.8
B 33 2dd 403719 —1.1 B 513 - +3.1 ¢ 021 1d 33502.1  —0.7 B 732 0dd 30061.6 —4.4
A 53 58 40298.6  —0.8 A 19 2s 36760.2 415 A 218 24t 334297 +1.1 A 932 d4s 30030.3 0.0
B 65 3s 402809 410 A 411 0s 36719.2 411 B 1,19 5s 333423  +0.1 A 630 0d 30003.0 415
B 44 0d 40223.1  4-0.8 A 713 3s 36701.6 —0.5 A 923 2dd 333195 —12 B 531 2 29968.8 —0.5
A 85 1d 40207.6 —13 B 312 0dd 36669.1 0.1 B 522 1dd 332833 +1.8 B 833 2 29922.2 402
1d 40177.8 B 010 1d 36662.1  40.8 B 220 2s 332445 —1.1 3s 29909.4
A 64 4d 401394 —0.8 B 6,14 1d 36017.6 +1.4 A 722 4s 33201.2  4-0.1 A 731 2 20888.7 {——0.2
A 98\ 140 400480 {—o.s A 512 3 365951 —03 |4 420 3s 331768 +08 | B 229 2 T -19
B 55 N —0.1 A 09 5 36500.1 +3.8 B 321 1d 33147.2  —0.1 B 632 1d 298451 —0.3
A 43 2d 40017.5 —2.0 B 111 s . —0.3 ¢ 022 1ldd 331246 +0.9 A 832 3s 297747 404
B 34 1dd 39950.0 —25 B 2,12 1 36386.0 +0.9 A 521 0d 33075.0 +1.3 1d 29759.8
A 54 63 39877.8 —1.1 B 514 8 y +1.6 A 823 1d 33065.8 410 A 530 1dd 297438 3.6
B 6,6 28 39863.6 —0.3 A 110 3s 36354.0 2.4 A 219 1s 330434 415 A 933 4s 29676.1 —0.7
A 86 3d 397917  —1.2 A 714 4s 36304.3 0.3 B 422 1d 33032.9 —4.5 4 631 1s 29643.1 0.0
1d 39758.4 B 313 2 36268.6 0.0 B 1,20 4 At 329589 1.2 B 532 2 296124 —1.2
2s 39684.7 A 211 1d 361983 —1.2 B 523 0dd 329048 0.8 B 834 0d 295719 409
B 24 2s 39667.9 —0.7 A 513 3d 36193.7+ —1.3 B 221 3s 32863.0 —0.4 0d 29551.3
A 97 2d 30633.8 {—- 1.2 A 8§15 1d 361513  +1.9 A 723 2 328235 —0.1 A 732 1s 29533.1  —0.1
B 56 y +1.7 1s 36122.5 A 421 2 327946 —0.8 2d 29498.6
A 44 3s 39598.6 —0.4 B 112 3s 36096.6 —0.6 A 14,28 4s 39746.7 +0.9 ¢ 032 0d 29456.9 - +1.1
A 76 3s 395516  —0.1 A 614 0dd = 360619 3.7 ¢ 023 +0.5 A 833 2 29420.6 —0.3
A 55 4s 39459.7 —0.9 A 312 0d 36012.0 —0.5 A 522 4d 39692.3 —1.3 A 934 3s 293245 —13
A 87 2d 30378.9 {—0.2 B 515 0d 35988.2 —0.4 A4 824 y +2.7 A 632 0d 29288.7 413
B 14 y —-1.8 A4 715 1d 359094 +1.2 1d 32658.5 A 733 1s 29181.3 1.6
1 39342.3 B 314 1s 35870.9 +0.4 A4 623 =27 A 834 2 29069.6 —0.3
A 66 1dd 39305.7 —0.2 B 616 1s 35825.9 —0.9 A 925; bs 32575.1 {+42.5 2 28995.5
B 25 1d 392524 421 1s 35804.7 B 121 —0.4 A 93 3d 28976.7 —0.5
A 98 1dd 39224.6 412 A 2,12 o 357050 |~ 1.0 B 222 4s 324832 —0.5 A 633 0d 28933.9 +0.1
A 45 5s 39179.2 —15 A 514 * . -1.0 A 422 0d 32413.8 —0.3 0d 28910.8
A 1T 5 39137.4 —0.5 A 816 3d 357554 —0.4 B 323 1d 32391.1  +1.0 A 1439 3s 28885.9  +40.1
B 04 s N —0.0 1s 35719.2 A 523 53 323163 —0.2 A 34 1d 288311 24
B 68 3s 39037.7 —0.8 B 113 3s 35696.5 —0.3 A 9,26} 5d 39201.6 {—0.5 A 835 1s 287209 —0.4
B 47 28 389739 —0.3 A 615 4s 35662.1 —0.3 A 624 . —-1.0 A 936 1d 28631.1 —0.1
B 15 3s 389615 —0.9 B 214 2 35586.9 0.3 B 1,22 5d 321956 —0.2 A 634 0d 28583.2 0.3
A 87 5d 38891.8 —0.3 A 112 1s 35545.7 415 B 223 58 32106.2 0.0 A 1440 4s 28550.0 0.0
A 35 5s 38876.3 1.3 A 716 2d 36517.6  +2.9 B 324 28 32016.0 1.1 0s 28497.5
A 46 4s 38764.4 0.3 A 414 +0.5 A 524 2 31942.2 409 0s 28376.2
B 05 3d 38718.5 6 1d 35453.4 A 9,27} 4d 31832.6 { —1.5 A 937 1d 28289.8 0.3
A 57 4 38698.7 .1 4 515 1s 35402.1 1.0 A 625 : +2.9 4 1441 4s 28217.1 403
B 69 s : .5 4 213 3d 353974 0.9 B 1,23 5d 318193 +1.0 A 1442 3s 27886.3 0.0
4d 38618.6 A 817 2 35365.0 +0.5 B 224 58 31731.0 0.0 A 1443 2 275584 0.1
A4 1444 1s 272230 —0.1
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vapor and hydrogen. The discharge tube was
constructed so that a continuous flow of hydrogen
through it could be maintained when necessary.
Its electrodes were hollow nickel cylinders lying
along the axis of the discharge column. The

spectrum was photographed through a quartz

window which was waxed to one end of the dis-
charge tube. In the center of the discharge a side
tube containing metallic arsenic was so placed
that, by heating it, arsenic vapor could be
driven into the hydrogen discharge.

In the procedure used, the tube was exhausted
of gas and then a steady flow of hydrogen
pumped through it. A discharge in the hydrogen
was then maintained and the tube and arsenic
heated for a time sufficient to eliminate impurities
from the walls and electrodes of the tube as well
as the surface impurities such as AsO and carbon
compounds from the arsenic. This washing and
baking process was essential for eliminating OH,
CO, NO and N, bands from the spectrum.
Finally, the flow of hydrogen was stopped, the
pressure in the tube adjusted to between 15 and
40 mm Hg and the arsenic vapor driven into
the discharge. It was necessary to heat con-
stantly the discharge column as well as the side
tube in order to prevent the arsenic from con-
densing. The discharge in the arsenic vapor was
nearly colorless in contrast to the blue of the
discharge in hydrogen.

The bands were most intense at the highest
pressure of hydrogen that could be used. The
exposure time on a Hilger E1 spectrograph with
Eastman I-0 plate was from 10 min. to 1%
hours, the longest time being used in photo-
graphing the shortest wavelength portion of the
spectrum, because of the loss in the sensitivity
of the photographic plates in that region.

The metallic arsenic used in this investigation
was tested spectroscopically for impurities and
was found to contain traces of Fe, Sb and Bi.
The hydrogen used was very carefully dried by
passing it through P,O; and then through a
liquid air trap. Another liquid air trap was
placed between the exhausting oil pump and the
discharge tube for collecting any arsine which
might have been formed.

A method quite similar to this was used by
Pearse® in photographing PH bands, but in this

8 R. W. B. Pearse, Proc. Roy. Soc. A129, 328 (1930).
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investigation no trace of bands was found which
could be attributed to AsH.

DESCRIPTION OF BAND SYSTEMS AND
VIBRATIONAL ANALYSIS

The bands observed consisted of an extensive
complex group of bands degraded to the red
between 2100A and 3700A and a few weak bands
similarly degraded in the visible violet region.
The latter group is not as yet certainly identified
or analyzed and the discussion of them will be
deferred until they have been more completely
studied experimentally. The wave numbers of the
band heads of the ultraviolet group are given in
Table I, together with an eye estimate of inten-
sity and sharpness of edge, and vibrational
quantum assignment. This group has been
arranged into two systems, designated 4 and B
in Table I, which overlap one another almost
completely. There is some indication of a weak,

TaBLE Ila. Values of AGx.

AGy AGy
(obs.) (obs.)
Ave AGx Ave. AGy
from (calc. from (calc.
AsX from A-X, from
2 B-X Eq.(1)) Obs~—Calc.| v B-X Eq.(1)) Obs.—Calc.
1 428.1 427.2 +0.9 23 3773 377.5 —0.2
2 425.4 425.0 —+0.4 24 374.5 375.2 —0.7
3 423.3 422.7 +0.6 25 373.2 372.9 +0.3
4 419.8 420.5 —0.7 26 370.9 370.5 +0.4
5 418.4 418.3 +0.1 27 368.3 368.0 +0.3
6 416.0 416.0 0.0 28  365.9 365.8 +0.1
7 413.3 413.8 —0.5 29 361.9 363.2 —1.3
8 410.9 411.6 —0.7 30 360.9 360.7 +40.2
9 409.4 409.3 +0.1 31 358.8 358.4 +0.4
10 407.2 407.1 -+0.1 32 355.9 355.7 +0.2
11 405.4 404.8 +0.6 33 353.4 353.5 —0.1
12 402.1 402.6 —0.5 34 350.9 351.0 —0.1
13 400.1 400.4 —-0.3 35 348.6 348.6 0.0
14 398.1 398.1 0.0 36 346.1 346.0 +0.1
15 396.0 395.8 +0.2 37 343.5% 343.5 0.0
16 394.1 393.6 +0.5 38 341.0% 341.0 0.0
17 389.1 391.3 —2.2 39  338.4%  338.4 0.0
18 389.6 389.1 +0.5 40 335.9 335.8 +0.1
19 387.6 386.7 +0.9 41 333.5 333.2 +0.3
20 385.1 384.5 +0.6 42 331.0 330.5 +0.5
21 382.5 382.2 +0.3 43 327.7 328.0 —0.3
22 380.7 379.7 +1.0 44 325.4 325.2 +0.2

*Smoothed in, not observed.

TABLE I1b. Term values of states A and B.

Ta+Ga TB+GB Ta+Ga
v (=v4(’,0)) AGa (=»5('0) AGB | v =24(,0)) AG4
0 40260.9 40833.0 9 42578.7 255.9
1 40523.3 262.4 41076.3 243.3 | 10 42837.2 258.5
2 40776.0 252.7 41364.2 2879 | 11 43094.9 257.7
3 40991.6 215.6 41648.1 2839 | 12 43350.5 255.6
4 41294.9 303.3 41917.9 269.8 | 13 43604.0 253.5
5 41574.5 279.6 42162.0 244.1 | 14 43856.2 252.2
6 41835.8 361.3 42393.8 231.8 | 15 44104.7 249.3
7 42081.6 245.8 42614.4 220.6 | 16 44352.0 247.3
8 42322.8 241.2 42823.9 209.5 | 17 44597.2 245.2
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Fi1G. 1. Observed bands of 4—X and B—X systems, indicated by intensity symbols. 4, B, indicates superposed band
in 4 or B system. Underlined bands observed by Gibson and MacFarlane in absorption. “Abs” indicates observed as

absorption bands on emission plates.

third, C system overlapping the long wave end
of the 4 and B systems. The (v/, v"") arrays of
the A and B systems are shown in Fig. 1 where
the presence of a band is indicated by its inten-
sity symbol. The values of AG" obtained from
this assignment show that the two strong
systems (as well as the C system) have a common
lower- state, which is undoubtedly the normal
state of As,, since the A system is identical with
the absorption spectrum observed by Gibson and
MacFarlane. Hereafter, therefore, the common
lower state will be designated X and the three
systems, 4—X, B—X, C—X, respectively. In
Table IIa values AGx (averages from 4—X and
B—X) are listed, together with a comparison

with AGx calculated by Eq. (1) (below). In Fig. 2
AGy is plotted against Gx. Through the range of
observation the lower state follows a normal
course. Values of AGx were fitted to a power
series by least squares (Birge-Shea method),
from which was obtained for AGy,

AGx=428.32—2.238(v+%)+0.001374(v+ )2

—0.0001025(v+3)%. (1)
From Eq. (1) Gx was obtained,
Gx=429.44(v+3) —1.120(v+3)*
+0.0005091 (24 3)* — 0.00002563 (v+1)%.  (2)

In every o'/ progression the observed values of
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F16. 2. Plot of AG vs. G for states X, 4, B. Vertical lines indicate values of D(X) as calculated by different methods,
For example, the value labeled ‘‘Dissociation to ®2D+2D"" assumes state B dissociates into 2D+2D. It is probably the

correct D(X).

AGx fit Eq. (1) sufficiently well that the relative
2’ numbering is entirely definite; the progres-
sions cannot be shifted with respect to one an-
other even by one. This was important in making
the vibrational anslysis, because of the irregular
behavior of the intervals in the upper states. In
fact, the analysis was made by arranging prac-
tically all of the bands into v’ progressions, then
fitting these as smoothly as poséible into two
systems. The absolute numbering of 2" was
secured by the absence of any bands of 2"’ lower
than that of the long first o’ progression in system
A—-X.

States 4 and B lie at about the same electronic
energy, the A—X (0,0) head being at 40,260.9
cm!, the B—X (0,0) head at 40,833.0. The two
states have also approximately the same vibra-
tional intervals with the result that one set of
levels strongly perturbs the other giving erratic
series of values of AG (Fig. 2). On account of these
irregularities no attempt was made to represent
states 4 and B by equations such as Eq. (1).
To test the validity of the quantum assignments
the following procedure was adopted for com-

paring observed and calculated wave numbers
of the bands. To each observed »(v’, v""), Gx(2"'),
as calculated by summing the AGx’s calculated
from Eq. (1), was added, giving a value of
»(v’, 0). These values were averaged for each v’
progression and are listed in Table IIb, together
with the first differences. Finally, the position of
each band was calculated according to

11(7/, ‘Z)/,) = V(T)’,O),WC—G)(('U”). (3)

The difference between observed and calculated
values is listed in column 4 of Table I. Although
the difference is larger in some cases than the
probable experimental error (0.5 to 2 cm™!
depending on diffuseness and superposition), the
calculation, on the whole, strongly supports the
assignment.

Certain band heads of the 4—X system ap-
peared in absorption on the emission plates.
These are marked ‘“Abs’ in the intensity column
of Table I and in Fig. 1. The wave numbers of
these absorption bands were not calculated in
the same way as the wave numbers of the
emission bands, since only two 9’ progressions
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were observed. Since AG, decreases linearly for
v’ >9, the smoothed values of AG4 were read
from a plot of AG4 vs. v, and added successively
to the calculated positions of (9,0) and (9,1)
(emission bands) to give the calculated positions
of the first two 9’ progressions. Since in the ¢”’
progression for which »’ =14 bands of high ",
as well as low, were observed, the bands (14,0)
and (14,1) were calculated by both methods
giving values differing by only 0.8 cm™.

There are several features of intensity distri-
bution among the bands that deserve remark.

(1) As mentioned above, the 4—X system is
the one found in absorption. by Gibson and
MacFarlane, who reported the bands underlined
in Fig. 1. These authors also found a few bands
of the B—X system (also called B bands by
them), noted a fairly constant difference between
them and suitably chosen 4 bands and specu-
lated on the probable association of the two sets
of heads into one band system. With the two
systems completely developed in emission it
seems clear that they are independent.® The
B—X bands observed in absorption are also
underlined in Fig. 1.

(2) In each band system there is a fairly
definite principal Franck-Condon parabola and
several subsidiary parabolas. These are sketched

9 According to our classification of the B—~X bands the
lowest vibrational state is the one labeled v’ =2 by Gibson
and MacFarlane. Accurate measurements on four sharp
heads making up what is apparently their B, v"=1,
v"'=4 to 7 progression cannot fit in that position but must
range from 9”'=35 to v"'=8. Thus restricted it fits best in
the 4—X system with v’ =3, where it implies, however, a
large perturbation in state 4 (cf. AG4 in Table IIb and
Fig. 2). Their B (0,3) and B (0,4) at 39,034 and 38,611,
may be our B (6,8) and B (6,9) (or possibly 4 (5,6) and
A (5,7)) although we also list an unassigned band at
38,618.6 cm™. Their assignment of these two bands would
isolate them in our square array, while our assignment
separates them from their other observed bands. Although
our disposal of these last two bands is not as satisfactory as
we should like, we assume, because of lack of data
pushing it farther down, that the B, v’ =0, state lies about
two vibrational intervals above the 4, ' =0, state.

The additional evidence against associating each B band
with an 4 band to form a single system may be summarized
as follows: (1) There is no regular intensity relation
between corresponding A and B bands. Both may be
strong, both weak, or one strong and the other weak.
(2) Visual inspection of the plates indicates that the
association is erroneous. For example, a strong B head,
lying to the violet of the associated 4 head fades out
completely before it gets half-way to the 4 head. (3) To
understand the strong perturbations in either system, it is
necessary to assume a nearly coincident state with similar
vibrational and rotational constants. The other system
provides just such a state.

ALMY AND G. D. KINZER

in Fig. 1. This behavior is compatible with the
progressive overlapping or ‘‘interference’” of the
wave functions of a given upper vibrational
state with those of a progression of lower states.
Similar intensity variations were found in the
emission spectrum of P, by Herzberg.3

(3) There is, in the A—X system, a pro-
nounced intensity perturbation in the neighbor-
hood of #'=3, near which the most violent
energy perturbation occurs. At low 2"’ the inten-
sity minimum along the parabola comes at
v'=2 with v"=3 also quite weak. At higher v",
on the right branch of the parabola, ‘the pro-
gression for o' =2 is very strong and the minimum
is at v'=3. The intensity distribution in both
systems would be somewhat improved if the
strong, 4, =2, progression were interchanged
with the B, v"=0, progression (see Fig. 1). The
wave number displacements are then less pro-
nounced in state B but more so in 4. It may be
that in this region of greatest perturbation one
cannot say definitely that one particular set of
rotational levels (associated with a vibrational
state) belongs to the A state and the other set
of levels to the B state. This difficulty calls for
rotational analysis.

(4) Every A—X band for which v'=8, which
is not superposed on another band, shows a very
characteristic peculiarity in the partially resolved
rotational structure. The head is sharp, and at
15 to 25 cm™! from the head the intensity drops
suddenly, beyond which, after a narrow gap,
almost resolved but irregularly spaced rotational
lines appear. These lines look something like a
new head, much weaker than the main head.
In Table I several of these subsidiary heads are
listed following A(8,2"') heads, but are unas-
signed.

(5) The A—X bands at =9 which are not
obscured by other bands show a sharp drop in
intensity at approximately 25 cm™! from the
head indicating a break off in the unresolved
rotational structure.

(6) A—X bands for which »"=10, 11, 12, 13
do not appear in emission. But on the emission
photographs absorption bands do occur in the
first two v’ progressions at the proper positions
for the emission bands. These progressions were
observed by Gibson and MacFarlane. At v’ =14
a strong emission progression occurs not only for
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low 9" but for /=39 to 44, in exactly the
positions demanded by the intervals, AGx
(extrapolated), and by the intensity distribution.
The (14,2"") bands have sharp heads but break
off suddenly at about 15 cm™ from the head.
Finally the first o' progression (v'=0) appears
again in absorption and can be followed visually
to »’=26 on a low dispersion plate although the
measurements have not been extended beyond
v’ =17 on the Hilger E1 plates.

(7) In the B—X system the general intensity
distribution is similar to that of the A—X
system except that the parabolas are shifted
somewhat toward larger v”’. The system was not
pushed beyond =6 at low v” or =8 at high
v"’. At low 9" where the structure is fairly well
resolved the rotational lines of the B—X(6,0"")
bands appear diffuse. The structure does not
appear to break off suddenly.

PERTURBATIONS, PREDISSOCIATION, HEAT
OF DISSOCIATION

In this section we shall first draw what con-
clusions we can without making any assumptions
as to the kinds of electronic molecular states
involved in the band systems. Then we shall
discuss, largely by means of the analogy with
P,, the probable electronic molecular states and
their parent atomic states.

The vibrational analysis shows that in state 4
there are large perturbations in the positions and
intensities of the band heads. These perturba-
tions seem to center near ¥’ =3 and v’ =7. In the
B state there are large perturbations at about
the same total energies, or at =0 or 1 and
v'=4 or 5. It is therefore probable that the inter-
action of states 4 and B is responsible for the
perturbations and that their potential energy
curves cross in the regions of greatest displace-
ment. Such a relation of the two curves is shown
in Fig. 3. The vibrational levels are shown, as
well as the directions of their apparent displace-
ments in the lower regions of great perturbation.

It is not clear just what the displacements are at,

the higher perturbation.

To explain such large perturbations as occur,
with whole bands apparently displaced, it seems
necessary that the sets of rotational levels of
close-lying A and B vibrational levels should
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F1G. 3. An assumed set of potential energy curves for
states A4, B, C, which is consistent with the observed
perturbations and predissociations; also vibrational energy
levels of these states. Large perturbations are at =3 and
v’ =7 in state 4 and at the same total energy in state B;
curves are assumed to cross in these regions. Departure of
levels from smooth behavior at lower perturbation is
indicated by arrows. B dissociates by rotation; A pre-
dissociates into B from =9 to 13, and into C from
v'=14 on. Dotted levels are upper states of absorption
bands on emission plates.

very nearly parallel one another, since one of the
selection rules is that AJ=0. Such approximate
coincidence of rotational levels is quite likely in
As, since (1), each A vibrational level lies just
below the nearest B level and (2), the rotational
constant B(=h/8rcur?) of an 4 state is probably
slightly greater than the rotational B of a B
state. This last is true if the relative positions of
the minima of the curves assumed in Fig. 3 are
correct ; it is also consistent with the intensity
distribution in the square array (Fig. 1) where,
as mentioned above, the Franck-Condon parab-
olas are shifted to higher v/, for a given ¢/, in B
than in A. Therefore the rotational levels of a
vibrational state of 4 should gradually overtake
and pass the rotational levels of corresponding J
in the nearby vibrational state of B. A rotational
analysis is necessary in order to discuss the per-
turbations with more certainty and completeness.

Bands of the A system for which =8 and 9
show, as described above, a sudden drop in
intensity if not a complete break-off in rotational
structure. This behavior is undoubtedly due to
predissociation at a total energy of about
42,600 cm™ (v4(9,0) =42,579 cm™1). At about the
same or slightly greater energy the B system
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Fic. 4. Term schemes based on assumptions that
predissociation occurs at, and B and C dissociate into,
atomic states (a) 4S+2D, (b) 2D +2D. The latter is probably
correct. Dashed lines indicate predissociation energies.

disappears entirely (v5(8,0)=42,824 cm™' is the
last level observed). This disappearance together
with the rapid convergence of the B levels as
compared with the 4 levels and the scarcity of
atomic states (Fig. 4) makes it likely that state
B dissociates into a pair of atomic states having
an energy of about 42,800 cm~'. (It is possible,
of course, for stable rotational states to exist
having energies somewhat greater than the dis-
sociation energy, as one can see by constructing
the effective potential energy curve in which the
potential energy is corrected by the rotational
kinetic energy.) Finally, the only observed level
of the questionable C system has only a little less
energy than the predissociation energy of 4 and

ALMY AND
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the dissociation energy of B. Thus, for example,

1,(0,0) =».(0,22) +Gx(22)
=33,123+8880=42,003 cm™.

It seems fairly certain, then, that a pair of
atomic states stands at about 42,700 . cm™!
(measured from 2"’ =0 of the ground state) and
that from these atomic states arise molecular
states B and C, as shown in Fig. 3. B dissociates
by rotation when its total energy exceeds suf-
ficiently its dissociation energy. From o'=9 to
2’ =13 state 4 predissociates into the continuum
of state B. At v’ =14 A is reappearing in emission,
but in the same vibrational level, at not very
high J, it predissociates again, this time into C,
and continues to go over into C as far as the
bands are observed, that is, to »'=26. The
bands from #'=10 to 13 and "=15 to 26 are
absorption bands on emission plates, the con-
tinuous background being supplied presumably®
by continuous radiation from transitions C—X
and B—X. Finally, it may be remarked that
even if the C—X bands do not actually represent
a third system, there must be at least a repulsive
state in the neighborhood to account for the
second onset of predissociation in 4 (at v'=14).

We may determine the heat of dissociation of
the ground state in two ways, (1) by extrapolat-
ing the vibrational levels, and (2) by assuming a
particular pair of atomic states at total energy
42,700 cm™'. The extrapolation of the ground
state has been done in two ways. First, AGx was
plotted against v and the curve extrapolated
linearly to AGx=0. The area under the curve
gave D(X), equal to 35,500 cm™. Second, in Eq.
(1) the lowest » which made AGx=0 was found
by trial and substituted in Eq. (2) to give
Gx (convy =D(X)=31,050 cm~1.1

" The atomic states of As arising from the 4p?
configuration are the normal %S, 2D at 10,785
cm™! (center of gravity), and 2P at 18,493 cm™.
Since Gx was followed to 17,260 cm™! and since
the predissociation occurs at 42,700, the excita-
tion energy of the pair of atoms at 42,700 cannot

10 Some of the continuum may come from the hydrogen
in the tube, but probably not much of it, for there is little
continuum on the better plates in the region 2500A to
3500A where the H. continuum is ordinarily strongest.’

11 In our preliminary report of this work (Phys. Rev. 47,
199 (1935)), we gave D(X)=27,500 cm™, obtained by
extrapolation. We have since discovered an error in the
calculation of the frequencies of the v'=14 progression,
which has increased this earlier value considerably.
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be greater than 42,700-17,260=25,440 cm™.
Thus this pair of atoms must be 4S+4S, 4¢S+2D,
LS+2P, or 2D-+2D. The first pair is ruled out by
the fact that it would require that D(X) be
42,700 cm™, or more than a volt kigher than the
extrapolated value. The other three possibilities
give, respectively, for D(X), 42,700—10,785
=31,915 cm™, 42,700—18,493=24,207 cm™,
and 42,700—21,580=21,120 cm™. The first of
these is in good agreement with the extrapolated
value obtained above (from Eq. (1)), supporting
the conclusion that the rounded figure for D(X)
is 4.0 volts. The relative positions of atomic and
molecular levels according to this scheme is
shown in Fig. 4a.

So far we have made no assumptions as to the
kind of molecular states involved. It is worth
while to discuss the possible states, for such con-
sideration raises some serious objections to the
scheme just proposed (Fig. 4a). We may reason-
ably assume that, as in Ng and Ps, the ground
state of Ass is 'Z,* arising from two normal ¢S
As atoms. It is also probable that, as in P,, the
principal system, 4—X, is 1Z,7/—Z,*. Now if
state B perturbs 4, and if radiationless transi-
tions occur from 4 to B and 4 to C, the relations
of B and C to 4 should satisfy the Kronig selec-
tion rules for such perturbations or transitions,
namely, AJ=0; AA=0, *+1; AS=0; g—¢ or
u—u, +—+ or ———. Of all possible states
arising from the three combinations of atoms
permitted by energy considerations, namely,
4S4-2D, 45+2P, 2D—+2D, there are only two that
could interact with a !'Z,* state (A) without
violating the selection rules. These are the two
I, states arising from two 2D atoms ; these must
be states B and C if the selection rules are to be
satisfied.'”? But if B and C dissociate into 2D 2D
at 42,700 cm™ the heat of dissociation of the
ground state must be 42,700—21,580=21,120
cm™, which is much below the value given and
disconcertingly close to the maximum observed
Gx (17,260 cm™), when one considers the nearly
linear course of AGx as far as observed. The rela-
tive positions of the atomic and molecular states
according to this scheme are shown in Fig. 4b.

12 Although we have in this discussion assumed, for
definiteness, state 4 to be 2,*, the argument requires only
that states 4, B, C be identified in any order with 'Z,¥,
I, 11,
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If £S+2D stands at 42,700, D(X) is equal to
31,915 cm™, in good agreement with the value
obtained by extrapolating Gx. This assumption,
however, implies the violation of the Kronig
rules since this pair, *S+2D, supplies no singlet
states to perturb our assumed 'Z,* A state. It
does provide 3Z,* and *II, states, which break
only the rule AS=0; such an intersystem per-
turbation is of course possible. The third pos-
sibility for the pair of states at 42,700 cm™ is
tS4-2P, giving D(X)=24,207 cm. 4S42P
yields no singlet states but does yield two triplet
states, 3%, and ®II,, which might perturb 'Z,*
though violating the restriction, AS=0. In Fig. 2
we have indicated the values of D(X) which
would result from the various assumptions as to
the products of dissociation of the molecular
states.

The situation is very like that found in the
case of Py, by Herzberg.? He preferred the choice
corresponding to Fig. 4a in which the perturbing
state dissociates into 4S-+2D, because of the
satisfactory agreement then obtained between
the values of the heat of dissociation as deter-
mined by extrapolation and by predissociation.
In P, perturbations and predissociation occurred
in the system observed but no transitions from
the perturbing state were observed and there
was no evidence for the presence of a third state
such as C. As noted above, the Kronig selection
rules are broken if this scheme of states is correct.

For As, we are inclined to prefer, in spite of
the low value of D(X) which it yields, the situ-
ation of states represented in Fig. 4b, in which
states B and C dissociate into 2D-2D, for two
reasons: (1) It seems very unlikely that such
large perturbations should occur between states
not satisfying the selection rules, and (2) the
recent work on the heat of dissociation of the
similar molecule Ny shows the danger of placing
much weight on the extrapolation of AGx. In
N, the ground state has been followed to more
than 5 volts, and extrapolated to 11.5 volts, but
recent evidence independent of extrapolation
pretty definitely places D very near to 7.3
volts.? 1% 1 In As; a successful rotational analysis,
showing what kind of electronic states 4, B and

1B R. S. Mulliken, Phys. Rev. 46, 744 (1934).
4W. Lozier, Phys. Rev. 45, 840 (1934).



730

C are, should aid the fixing of the scheme of
levels and thereby the determination of D(X).

State A appears to be following a normal
course in the latter part of its observed range.
Extrapolation gives about 19,000 cm™ as its
heat of dissociation, which places its total energy
of dissociation at 40,260+ 19,000= 59,260 cm™.

KEN'ICHI SHINOHARA

In both schemes in Fig. 4 it is assumed that this
extrapolated value of D(A4) is approximately
correct in determining which pair of atoms give
A. In either case, however, if state 4 were
assumed to dissociate into the next lower atomic
pair, the values of D(A4) would not be impossibly
low.
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A Note on the Diffraction of Cathode Rays by Single Crystals
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The black and white line parabolas and circles observed
in the diffraction patterns of electrons are shown to be a
kind of envelope of the family of Kikuchi lines due to a set
of co-zonal planes. That the parabolas appear isolated
from the generating Kikuchi lines is due to an effect
similar to that which in the case of x-rays accounts for the
reduction in density observed at the intersection of two

1. INTRODUCTION

When a beam of high voltage cathode rays
is sent against a surface of a single crystal at a
grazing angle and the scattered beam received
on a photographic plate, a diffraction pattern,
consisting of Kikuchi lines and spots,! is ob-
tained. As the envelopes of certain families of

1S. Kikuchi, Jap. J. Phys. 5, 83 (1928-29). S. Nishikawa
and S. Kikuchi, Proc. Imp. Acad. Japan 4, 475 (1928).

lines in the diffraction pattern. The circle is in fact the
envelope of a family of parabolas, its appearance isolated
from the generating lines being accounted for in the
manner mentioned above. It is shown that the circle is the
boundary of a region within which occur no Kikuchi lines
of a certain set.

these Kikuchi lines there are observed several
parabolas and sometimes also circles. In a
previous paper,? an account of an investigation
on the parabolas in the diffraction patterns for
rocksalt and calcite was given. The present
paper is concerned with a more general inves-
tigation of these curves. The energy of the rays
used was of the order of 70 kv.

2 K. Shinohara, Sci. Papers, Inst. Phys. and Chem. Res.
20, 39 (1932).

F1G. 1. Zincblende A =0.043A (75 kv).

F1G. 2. Zincblende A =0.044A (71 kv).



