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Wave-number data.—The blue-green absorption bands
of lithium have been photographed in the second order of a
21-foot grating. In the main, Li’Li?, system the 2,0, 1,0,
0,0, 0,1 and 0,2 bands and in the isotopic, Li®Li?, system
the 1,0, 0,0, 0,1 bands and a somewhat incomplete 0,2
band have been measured and analyzed. Wave numbers of
the lines of all these bands are tabulated. An unsuccessful
attempt was made to identify LiSLi® band lines.

Vibrational constants.—Values of AG, are calculated by
least squares and from them are deduced the vibrational
constants of the main and isotopic systems. The constants
are given by the following equations: AG,” =351.374—5.181
@'+%), AG/=270.941—-6.266 (v'+13), AG,"=365.923
—5.619 (v"+13), AG,”* =282.081—6.791 (v'+13). The iso-
topic mass coefficient p = (u/ ui) =w,?/w, was calculated for
the lower and upper states. The resulting values are, from
the 12 state, p=1.04141-40.00008 (considered the most
trustworthy figure) and from the II state, p=1.0411
+0.0002. These results are shown to correspond to a higher

isotopic mass ratio Li?/Li¢ than that indicated by the mass-
spectrograph results of Costa. By employing the Q branch
of the 0,2 isotope band, AGI%”“. was found and the relation
x¢*/%.=p was verified to within the probable error.
Rotational and electronic constants.—From rotational
term differences, values of B, were computed for the main
and isotopic systems by least squares. The calculated con-
stants are: B,”’=0.6721—0.00708 (v''+3%), B,’=0.5577
—0.00888 (v'+1), B,”=0.7302—0.00830 (v'+3%), B,”
=0.6046—0.00922 (v'+%). From the relation B.//B.=p?
are obtained values of p which agree to within their prob-
able error (one part in 1500) with the more accurate results
obtained from the vibrational constants. The A-doubling
for the two lowest vibrational levels of the II state was in-
vestigated and found sensibly equal for the main and iso-
topic band systems. The origins of the two band systems
were computed to be v,=20436.2540.02 and ».*=20436.29
+0.04, indicating no measurable electronic isotope effect.

INTRODUCTION

HE importance of accurate determinations

of the mass defects of atoms has been
recently emphasized in connection with atomic
disintegration experiments and questions of the
stability of nuclei. The mass defect of Li7 is of
special interest, for lithium has been disinte-
grated by bombardment both with protons' 2-3
and with a-particles.* ® From a consideration of
the processes taking place certain deductions
have been made, based on the Li” mass defect;
for example, it has been used to establish an
upper limit for the mass of the neutron. The only
existing determination of the atomic weights of
the lithium isotopes by the mass-spectrograph is
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that of Costa,® later modified by Aston.” The
masses given are Li®=6.0124+0.002 and Li7
=7.01240.002. Thus it seems very desirable to
obtain a completely independent check on the
above results for lithium, using the band spectrum
of the diatomic molecule Li,.

The most accurate determinations of the mass
ratio of isotopes from molecular spectra are
obtainable with light elements where the pro-
portional difference in mass of the isotopes is
large. Thus far the only results from optical
methods comparable in accuracy with those
from the mass-spectrograph have been obtained
by Babcock and Birge® on the ratio O : Q6
from the atmospheric oxygen bands, and by
Jenkins and McKellar?® on B! : BY from the BO
bands. In the case of oxygen, there are no mass-
spectrograph data with which to compare the
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band spectrum value. In the latter case the
results by the two methods are in good agree-
ment. The lithium molecular spectrum is, from
some points of view, a favorable one with which
to work. It yields a value of the isotopic mass
coefficient p=(u/u®)? differing by a greater
amount from unity than either of those previ-
ously studied and is only exceeded in this
respect by possible band systems from the
hydrogen isotopic molecules, such as H'H? or
H?H? with respect to H'H!. The fact that the Li,
bands are obtained in absorption partially
compensates for the rather low abundance ratio
of Lif:Li’, which is approximately 1 :11.
Furthermore, in the case of lithium, one can
evaluate directly the mass ratio Li?/Li® from the
experimentally determined value of p. This is
not so for diatomic molecules composed of two
atoms of elements of different atomic number,
such as BO, where the absolute mass of one of the
isotopes must be assumed to calculate the mass
ratio B! : B,

The blue-green lithium bands have been
studied by Wurm?? and by Harvey and Jenkins."
They were shown to arise from a 'IT1<-1Z electronic
transition. Wurm analyzed the rotational struc-
ture of the 0,0 and 1,0 bands of the Li’Li’
system. Harvey and Jenkins extended the
analysis to the 0,1 main band and succeeded in
identifying a fairly complete Q branch and a
fragmentary P branch in the 0,0 band due to the
less abundant isotopic molecule, LifLi’. They
also measured the observed alternation of in-
tensities in the Li’Li? band lines, obtaining an
intensity alternation ratio of 5/3 which assigns a
nuclear spin of (3/2)(kh/27) to the Li” nucleus.
This result was later verified by van Wijk and
van Koeveringe.!? Loomis and Nusbaum,® from
an examination of the magnetic rotation spec-
trum under fairly low dispersion, considerably
extended the vibrational analysis of this system
and calculated a value for the heat of dis-
sociation. In the present work additional ro-
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tational analyses of bands of both the Li"Li7,
hereafter called the main system, and of the
Li®Li7, hereafter called the isofopic system, have
been carried out and most of the available data
have been utilized in applying the theory of the
isotope effect to obtain the best value of the mass
coefficient.

EXPERIMENTAL DATA

The lithium vapor was enclosed in an elec-
trically heated absorption tube giving an ab-
sorbing column about 50 cm long and 3.5 cm in
diameter. The ends of the tube were water-
cooled to protect the plane glass windows, and
the tube contained argon at about 20 mm pres-
sure to retard diffusion of the lithium. Near the
completion of the work a longer tube (80 cm) was
used in order to identify some of the fainter
isotope lines. Plates were taken with various
vapor densities corresponding to temperatures of
the absorption tube, measured by a thermocouple
in contact with it, ranging from 570°C to 950°C.
It was found that the bands were most free from
underlying structure and exhibited most clearly
their rotational structure when the temperature
was 630°C. The spectrograms were taken in the
second order of the 21-foot concave grating,
which is mounted on the Paschen system and
gives a dispersion of about 1.33A/mm. With a
500 c.p. Point-o-Lite lamp as a source, well
exposed plates were obtained in an exposure time
of about 3 hours.

The comparator used in measuring the plates
was carefully calibrated for errors in the screw.
These amounted at most to 0.002 mm. From
independent measurement of the same band on
different plates, it is estimated that the absolute
accuracy of the measurements is about 0.05
cm~. Fortunately, with the present mounting,
the region from 4800 to 5200A in the second
order of the grating gives practically normal
dispersion ; thus corrections to linear interpolation
of wave-lengths were small and never exceeded
0.01A. The 2,0, 1,0, 0,0, 0,1 and 0,2 bands of the
main system were measured. No data have
heretofore been given for the 2,0 and 0,2 bands.
Also, in the Li®Li7 isotopic band system quite
complete 1,0, 0,0 and 0,1 bands were identified.
A somewhat less complete Q branch of the 0,2
isotope band was found but only with con-
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siderable difficulty, due to the faintness of the
lines and the complexity caused by superposition
of the 1,3 and other weak bands. In this identifi-
cation recourse was had to the graphical method
devised by Loomis and Wood* and to an
examination of microphotometer curves. In all
cases the correctness of the analysis was checked
by the upper and lower state combination
differences. In Tables I to VIII will be found the
wave numbers of the band lines obtained in our
analysis; the wave-length given for each band
being that of its head, formed by the R branch.

TasLE I. 2,0 Band, M778.618.
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In view of the differences discussed below be-
tween the results of the present work and those
obtained from mass-spectrograph measurements,
we consider it advisable to present all the wave-
number data used. Thus we include our measure-
ments of the three previously analyzed bands.!¢: !
Not only has the analysis of these been extended
to higher and lower values of K, but the greater
resolving power obtained in this investigation has
given a considerable improvement in accuracy.

An unsuccessful attempt was made to identify
lines due to the Li®Li® molecule in the 0,0 and 1,0

TasLe II. 1,0 Band, 24838.258.

K” R Q P K" R Q P K" R Q P K" R Q P
1 20920.03 24 2086449 2083823 2081313 | 0 25  20606.85 20579.10  20552.52
2 92073 20917.51 25 858.78 831.49 805.51 1 20661.69  20659.64 26 601.42 572.61 545.14
3 920.73 916.87 26 852.85 824.56 79759 | 2 662.38 659.18  20656.98 | 27 595.79 565.93 537.39
4 920.73 915.61  20910.82 | 27 846.73 817.42 780.38 | 3 662.84 658.35 655.18 | 28 589.75 558.93 520.42
5 920.73 914.33 908.84 | 28 840.21 809.95 780.83 | 4 662.84 657.58 652.99 | 29 583.58 551.74 521.30
6 920.03 912.70 906.28 | 29 833.34 802.16 772.21 | 5 662.84 656.24 650.93 | 30 577.13 544.27 512.82
7 919.36 910.82 90341 | 30 826.36 794.23 763.20 | 6 662.38 654,68 648.14 | 31 570.39 536.63 504.12
8 918.31 908.84 900.03 | 31 819.05 785.91 75398 | 7 661,69 652.99 645.38 | 32 563.47 528.68 495.23
9 916.87 906.28 896.62 | 32 811,54 777.36 74454 | 8 660.73 650.93 642.32 | 33 555.23 520.49 486.07
10 915.33 903.41 802.86 | 33 803.61 768.56 73481 | 9 659.64 648.75 638.97 | 34 548.83 512.02 476.60
11 913.41 900.74 888.82 | 34 795.37 759.55 724.82 | 10 658.35 646.26 635.38 | 35 541.06 503.34 467.06
12 911.41 897.43 884.54 | 35 787.14 750.07 71453 | 11 656.46 843.52 631.64 | 36 533.19 49440 - 457.18
13 908.84 894.01 830.03 | 36 778.49 740.59 703.96 | 12 654.68 640.48 627.57 | 37 524.78 485,24 447,07
14 906.28 890.19 87542 | 37 769.54 730.83 69322 | 13 652.53 637.29 623.14 | 38 516.32 475.81 436,76
15 903.41 886.22 87042 | 38 760.35 720.61 682.19 | 14 650.04 633.81 618.70 | 39 507.55 466.13 426.15
16 900.03 881.89 865.06 | 39 750.82 710.11 670.89 | 15 647.42 630.15 613.87 | 40 498.59 456,22 41530
17 896.62 877.42 859.44 | 40 741.04 699.39 16 644.50 626.08 608.84 | 41 489.32 448.05 404.23
18 892.86 872.68 853.60 | 41 730.83 688.35 17 641.31 621.80 603.59 | 42 479.86 435.61
19 888.82 867.52 847.54 | 42 720.61 677.32 18 637.86 617.30 598.05 | 43 470.00 424.95
20 884.54 862,20 841.12 | 43 710.11 665.87 19 834.19 612.63 592.25 | 44 459.98 414.08
21 880.03 856.61 834.67 | 44 699.39 20 630.15 607.65 586.27 | 45 44973 402.90
22 875.03 850.73 827.67 | 45 688.01 21 626.08 602.44 580.01 | 46 439.12
23 869.87 844.58 820.50 | 46 676.30 22 621.80 596.97 573.56 | 47 428.35
47 664.81 23 617.02 591.24 566.69 | 48 417.34
24 611.91 585.31 550.83 | 49 405.98
TasLE III. 0,0 Band, \4900.983.
! TasBLE IV, 0,1 Band, N\4985.556.
K" R Q P K" R Q P
- K" R Q P K" R Q P
0 20396.49 29 20327.09 20294.65  20263.71
1 397.28  20395.12 30 321.17 287.84 25578 | 0 28 19992.29  19961.02  19930.93
2 397.91 39455  20392.42 | 31 315.03 280.65 24766 | 1 2005117  20048.90 29 987.10 954.71 923.74
3 398.39 393.92 390.44 | 32 308.66 273.27 23932 | 2 051.81 048.48 30 981.66 948.23 916.26
4 398.39 392,96 388.49 | 33 302.05 265.62 23077 | 3 052.37 047.87  20044.62 | 31 975.96 941.58 908.59
5 398.39 391.84 386.34 | 34 295.20 257.91 22194 | 4 052.37 046.96 042,55 | 32 970.08 934.60 900.66
6 398.16 390.44 383.77 | 35 288.14 249.78 21295 | 5 052.37 045.81 040.25 | 33 963.89 927.50 892.54
7 397.67 388.79 381.10 | 36 280.65 241.53 20365 | 6 052.37 044,62 037.90 | 34 957.54 920.18 884,22
8 396.91 386.95 37813 | 37 273.27 233.00 19422 | 7 051.81 042.89 035.26 | 35 951,02 912.60 875.70
9 305.92 384.96 374.97 | 38 265.62 224.26 18453 | 8 051.17 041.29 032.46 | 36 944,17 904.89 856.99
10 394.55 382.49 37153 | 39 257.45 215.30 17462 | 9 050.33 039.31 029.33 | 37 937.13 896.89 858.02
11 393.21 379.81 367.92 | 40 249.15 206.08 164.38 | 10 049.28 037.10 026.24 | 38 929.97 888.71 848.92
12 391.54 377.25 363.90 | 41 240.73 196.67 15416 | 11 047,87 034.74 022.69 | 39 922.46 880.30 839.58
13 389.69 374.21 359.88 | 42 231.97 187.07 14358 | 12 046.46 032.12 018.95 | 40 914.81 871.68 830.04
14 387.48 370.96 355.68 | 43 223.05 177.18 13272 | 13 044,62 029.33 015.15 | 41 906.82 862.85 820.26
15 384.96 367.52 351.19 | 44 213.78 167.07 12176 | 14 042.89 026.24 011.03 | 42 898.78 853.80 810.33
16 382.49 363.90 346.29 | 45 204.47 156.74 11058 | 15 040.57 022.96 006.67 | 43 890.41 844.56 800.21
17 379.81 359.88 34131 | 46 194.68 146.15 099.16 | 16 038.19 019.45 002.12 | 44 881.91 835.08 789.87
18 376.53 355.68 336.07 | 47 184.88 135.37 087.51 | 17 035.87 015.85  19997.33 | 45 873.12 825.42 779.28
19 373.19 351.19 330.62 | 48 174.62 124.35 075.62 | 18 032.77 011.95 992.29 | 46 864.14 815.63 768.52
20 369.60 346.70 324.92 | 49 164.38 113.00 063.60 | 19 029.76 007.81 987.10 | 47 854,87 805.41 757.51
21 365.85 341.85 319.01 | 50 153.61 101.64 20 026.2 003.46 981.66 | 48 845.43 795.01 746.38
22 361.82 336.75 312.94 | 51 142.82 089.99 21 022.60  19998.91 975.96 | 49 835.74 784.57 734,97
23 357.58 331.44 306.52 | 52 131.67 078.05 22 019.2 994.14 970.33 | 50 825.89 773.83 72344
24 353.07 325.87 299.95 | 53 120.35 065.90 23 015.15 989.16 964.28 | 51 815.63 762.88
25 34835 320,09 293.19 | 54 108.81 053.49 24 011.03 983.99 958.09 | 52 805.41 751.71
26 343.36 314.09 286.13 | 55 096.98 25 006.67 978.54 951.60 | 53 795.01 740.3
27 338.16 307.86 278.87 | 56 084.83 26 002.12 972.93 044.89 | 54 728.74
28 332.74 301.42 271.39 | 57 072.65 27 19997.33 967.09 038.11 | 55 716.97

¥ F. W. Loomis and R. W. Wood, Phys. Rev. 32, 223

(1928).
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TaBLE V. 0,2 Band, \5071.727 and (0,2)? Band, N5079. TasLE VII. (0,0)¢ Band, 24901.296.
K" R Q o P |k" R Q o P K B Q P | K R o i
019700.08 31 19642,19 19607.80 19570.90 10574.70 | 1  20395.92 26 20337.27  20305.56  20275.35
710.01 19707.94 32 63650 60125 563.8L 567.14 | 2 30649  20392.96 27 33144 20880  267.44
2 71076 70742 1970501 |33 63108 59465 55679 55971 | 3 30700 39207 98 32547 29180  250.38
3 71136 706.75 70334 | 34 62497 58781 540.36 55168 | 4  397.09 39117 29 31946 28457 25116
4 71167 70611 70132 |35 619,06 58076 54377 | 5 30709 300.04 30 31294 27708 24254
5 7167 70501 69965 | 36 612182 57352 535.68 | 6 39691 38849 20381.33 | 31 30652 26028 23376
6 71167 70388 696.83 | 37  606:38  566.08 52725 | 7 39615 38661 37813 |32 20055 26127 22470
7 71126 70240 69470 | 38 500563  558.55 51862 | 8 39566 38465 37497 |33 20236 25309 21530
8 71076 70076 692.23 |39 502778  550.62 50997 | 9 30434 38249 37153 |34 28400 244163 20552
9 71001 699.02 68895 [40 58563 54258 50094 | 10 39296  379.81  367.92 |35  277.60 23507 19605
10 709.08 69683 19666.66 685.92 | 41 57838 53436 49182 | 11 39154 37688 36416 [ 36 26028 922602 18610
1L 70794 69470 664.10 682:62 42 57090 525.99 48256 | 12 38060 37421 350388 [37 26127 21779 17590
12 70675 692.23 66185 679.12 |43 56327 517.24 47295 | 13 38748 37096  255.10 [ 38 25278 20832 16525
13 70501 68962 659.00 67527 [44 55544 508149 46321 | 14 38534  367.15 35056 |30 24402 19354 15465
14 70334 68677 65599 67147 (45 54713 49946 45338 | 15 38249 36334 34576 [ 40 23506 18860 143158
15 70132 68376 652.68 667.31|46 538.88 490.25 44395 | 16 37981 35036 34044 |41 22617 17836 13272
16 69902 68046 64849 G6G3.01 |47 53033 48084 43297 | 17 376588 35510 33498 |42 21648 16790 12011
17 606.83 67704 64547 63847 |48 52180 47134 42253 | 18 37319 35056 32030 | 43 20731 15728 10942
18 60426 67342 65378 | 49 512163 461.37 41179 | 19 36980 34576 32347 | 44 19731 14662 09742
19 69145 66057 648.89 | 50 50383 45145 40106 | 20 36585 34078  317.7 |45 18707 13537 085553
20 68846 665.50 633.01 64371|51 49454 44128 380,07 | 21 36144 33560 31076 | 46 17651 123568 07312
21 68528 66124 62836 63852 |52 485.00 43085 37870 | 22 35700 33002 30420 |47 16569  112.03
22 68192 656.80 62346 633.01 | 53 42022 36740 | 23 35255 32426 20740 |48 15465 10018
23 67828 652.17 618.66 627.28 |54 46504 40040 355.80 | 24 34764 31828 20028 | 49 087.96
24 67449 64720 61311 62135 |55 45465 39851 34428 | 25 34258 31205 28204 | 50 075.62
25 67047 64219 607.83 615.31 | 56 387.31 332.17 51 06284
26 666.27 636.93 602.05 609.03 | 57 376.02 319.90
27 66185 63158 596.62 602,50 | 58 364.37
B mh ek mRz Taowe VIIL ©.1)¢ Bond, M989.354
30 64720 61401 577.53 581.98
K" R Qi pi K" Ri Q¢ pi
) 1 20035.67  20033.20 27 1007746 1094489  19913.43
TasLE VI. (1,0)¢ Band, 2836.192. 2 036.40 032,77 28 972.07 938.11 905.85
3 Boe (I 003860 |20 U664C  GILAY 89796
. - - ; . ; ; ; . 0310 24 (30 06052 92443 88087
R & oK R @ B 5. 0si0 oM 0783 g3 oi  ssii
' 028. . 047,80 00076 87312
3 soerier  ogessg 2 2062245 200047 058N 17 03640 02665 01847 |33 94002 90214 86433
5 ogner perer n . 8854 D003 1 8 03367 02491 0151534 93460 89415 85541
8 e B oooeisr | 3 cosas  sredy - 9 0374 02206  OLI95 |35 92750 88597 84615
FR L AR I - T sasgs | 10 03361 02046 00378 |36 91983 87756 83675
H . : il feros 38 11 o213 ol79l 00473 |37 91195 86001  827.04
§ ooLie oS3 I8 ey ood% M0 13 03058 0605 00078 |38 90422 S0 81724
T eeosn L6 o209 28 A 93 1 13 028560 01195 1009654 | 39 80645 85106  807.20
5 . Soost a8 Gaa.62) 80 : ST oop | 14 026165 00878 992329 |40 88826 84183  796.90
o Gssn G046 04080\ 5L ne6 soves 20042 | 15 02433 00518 98773 |41 - §7O70 83233 78643
e - prry AT Al B 0 ! 44 1 76 02067  00L6l 98271 |42 87048 82246 77581
i gooos  Gssali a8 BTSS woe  apiaz | 1T 01895 1099733 o77de 43 80185 s12d 76403
T HPPROR f- R I A A7 018 01585 99320 07207 |44 85249 80226  753.68
IV O &+ - S - e+ v S 444 19 01248 98874 06646 |45 81285 79180 74212
1B ded sods oase ) 80 g 13080 20 00878 98399  960.52 | 46  8333¢ 78101 730,54
o Gaals - SISO\ ST nes dnoa 31 00518  979.14 05436 |47 82334  770.16  719.17
10 LR e oS MM 22 Q0L14 97406 04823 |48 81326 75896
5 - o Sl B A v 23 1999692 068163 94158 |49 80278  747.67
AP < - S b+ - dasst 24 00220 06284 93506 | 50 79256  736.02
P . U Sl It P % 087173  957.17 92803 |51  78L0L  724.06
2 Siol seee )42 AT - 26 98271 95102 92079 |52 770.16
2 61sT 60088 5745 58 75896
bands. The low abundance of Lif, and the | bands and by Nakamura!” from the LiH bands.
complexity of the spectrum prevented the | Taking as the most favorable case the ratio 7.2
observation of these lines, though a careful | measured by the band spectrum methods, the
search was made by the methods mentioned | intensity of the Li’Li® lines relative to the Li"Li’
above. The abundance ratio Li7 : Li® has been | linesshould be 1 : 40. One would expect to be able
determined by various observers and the results | to observe lines of this intensity in absorption but
have varied considerably. Mass-spectrographs unfortunately the vibrational structure of the
have yielded ratios varying from 15 to 10 and the band system interferes to such an extent that it
most recent and most consistent of these are the | makes the task almost impossible. As is evident
determinations of Bainbridge® and Aston'® which | from the Franck-Condon diagram given by
give a ratio of 11. From band spectra the much Loomis and Nusbaum,® the intense bands of low
lower abundance ratio of 7.2 has been found by | vibrational quantum number are complicated by
van Wijk and van Koeveringe!! from the Li, the superposition of fainter lines due to bands of
higher vibrational energy. Thus even though the
o absorption is increased at low temperature b
15 K. T. Bainbridge, J. Frank. Inst. 212, 317 (1931). absorptiof p y
16 ', W. Aston, Proc. Roy. Soc. A134, 571 (1932). 17 G, Nakamura, Nature 128, 759 (1931).
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increasing the length of the column of lithium
vapor, numerous extraneous lines appear in the
region where the LifLi® lines are expected. Also it
was found that in order to predict the positions of
these lines with sufficient certainty to definitely
identify them in the maze of other lines, the
rotational constants of the Li’Li7 and LiSLi”
molecules must be known more precisely than
they are known at present. It appears that, with
the exception of the possibility of separating Li®
from Li7 in fairly large quantities, the most
promising method of obtaining Li®Li® band lines
is by an examination of the simplified spectrum
obtained by magnetic rotation.'

VIBRATIONAL IsoToPE EFrecT

The procedure followed in the evaluation of
the mass coefficient p from the vibrational
constants was essentially that described in
previous work on the BO spectrum.? By the
combination principle, the difference of two terms
having the same rotational quantum number, K,
and having vibrational quantum numbers, v,
differing by unity,

AT1,+§(K) =T1;+1<K)-T'u(K)) (1)

may be obtained as the wave-number difference
of two corresponding lines in a pair of bands
suitably chosen. In the present case, three sets of
AT values can be obtained from each pair, using
the lines of the R, Q, and P branches. Those from
the R and P branches should be identical, while
that from the Q branches may differ slightly if
A-doubling is present. Thus for example, using
two bands (2/,0) and (+',1), we may obtain the
differences

ATV (K) ="+ 9(K) = 0"+ (K)
=R Y(K)—R" Y(K)

=P )P (K) e (2)

The dependence of AT on K can be shown!’®

from the equation for the rotational terms in 12
and !II states to be given by

ATv-H(K) =AGv+%_ (Bv“Bv-l—l) (K’*”%)?“]" et (3)
= AG o1 — (K114 -+,
where terms in higher powers of (K-+3%) are

17a R, S, Mulliken, Rev. Mod. Phys. 2, 100 (1930), Eq.
(29) on p. 100 with A =0 for 1= state and =1 for II state.
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negligible at values of K not too large. When the
values of AT are fitted by least squares methods
to a parabola having its vertex at K= —3%, the
constant term in the solution gives the best value
of the vibrational term difference AG,. For the 11
state, in which A-doubling is observed, the
quantities AT will not be exactly the same for the
Q as for the P and R branches. The AG, should,
however, be identical for the two because the
difference, which is proportional to the A-
doubling, is itself a function of (K+%)%. The
vibrational term differences may be represented
by the equation

AG,=we—2x,0.(v+3%) +3yw[ (0+3)2+1/12]
Fo @

From Eq. (4) in conjunction with the values of
AG, so obtained, the mass coefficient p can be
obtained independently from each constant, since

yei/ye =p% (5)

Here the superscript ¢ refers to quantities
pertaining to the isotopic molecule LifLi?. As in
the case of the BO bands, it was first proved
from the observed data that the vertex of the
AT : K parabola actually occurs at K= —% by
making certain that the constant term, AG,, in
the solution was unaffected by the introduction
of a linear term in (K+3%).

wei/we=9; xei/xezp;

Lower state

The 'Z state is the simpler of the two involved
in the production of the blue-green lithium bands
and since it is the normal state it should be free
from perturbations. It has the added advantage
for the precise determination of p that the value
of w,’ is greater than that of w..

Table IX contains, the results of the various
least squares solutions for AG,” and AG,””. In the
solutions only values of AT(K) up to K =30 were
used. The probable errors of the resulting average
values of AG,” are calculated on the basis of
their external consistency'® for all cases except
that of AG./” where this was impossible.
Although it is not evident in this particular case,
a more conservative estimate of the probable
error is obtained by this procedure than by using
internal consistency. It will be noted that the

18 R. T. Birge, Phys. Rev. 40, 207 (1932).
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TABLE IX. Vibrational constants of the 1T state.

Branch Bands AG,” o'’ Wt.
Li"Li" R 0,0-0,1 346.191 0.00703 3
Q 0,0-0,1 346.194 0.00713 5
P 0,0-0,1 346.173 0.00709 1
Av. 346.193
=+0.003
R 0,102 340979  0.00728 3
Q 0,1-0,2 341.022 0.00726 5
P 0,1-0,2 341.061 0.00735 1
Av. 341.012
+0.013
LitLi? R 0,0-0,1 360.335 0.00844 6
Q 0,0-0,1 360.299 0.00830 10
P 0,0-0,1 360.173 0.00814 1
Av. 360.304
+0.018
Q 0,1-0,2 354.616 0.00828 —
+0.046

0! =351.3740.014; w," = 365.993:0.058;
p=1.0416--0.0002
%,"=0.00737£0.00002; x,””* =0.00777 =£0.00007 ;
p=1.0520.01

By assuming that x.'/x.=p and not using the value of AG1y*
(Cf. text page 160),
w/'=351.37440.014 and w,”*=365.923 40.023, giving
»=1.041414-0.00008.

probable error of AGy;”” is large relative to the

others, even though its error was computed by
internal consistency, i.e., from the residuals of
the least squares solution from which it was
obtained. This results from the much smaller
degree of accuracy with which the Q branch of
the 0,2 isotope band could be measured, as
previously explained. The items were weighted
according to the estimated precision of the
measurements for the branches involved. All
solutions were carefully examined for any trend
in the residuals; this was another determining
factor in assigning weights in the one or two
cases in which slight evidence of a trend was
present. Fig. 1 represents graphically the re-
siduals in the solution from the @ branches.
Missing points on this figure do not indicate that
the corresponding lines were not identified, but
that their measurement was regarded as un-
reliable because of blending.

At the bottom of Table IX are given the values
of p calculated by Eqgs. (4) and (5). Since the data
only involve the states v”/=0,1 and 2, they are
insufficient for the determination of the y.w. or
higher terms. However, as shown below, this is of
no consequence in the present case. The value of p
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obtained from x./x, is of course much less
accurate than that from w,’/w, but agrees with
the latter to within its probable error. The
second value of p given in the table from w,?/w, is
computed by using in the solution of Eq. (4) only
AGY" and assuming that «x.”/x,/’=p. This
assumption was shown? to be justified in the case
of BO so in view of the untrustworthiness of the
measurements on the 0,2 isotope lines, it is
considered that the figure p=1.041414-0.00008,
although not as purely experimental as the other,
is the more reliable result.

This value of p corresponds, as shown below,
to a mass ratio Li7/Li® considerably greater than
that found by Costa.® Therefore the possible
sources of error have all been carefully examined
and it appears that none of them separately
would change the result by more than the
probable error. In their study of the lithium band
spectrum, Loomis and Nusbaum!? were able to
evaluate a y.w.(v+%)? term in the expression for
the vibrational terms of the lower state. Their
value of y.w, was —0.0097. Introducing this into
Eq. (4), and solving by means of our experimental
AG's, a value of p was found which differed by
only one part in 40,000 from that calculated
without this term. Recently Dunham!® has
calculated the energy levels of a rotating vibrator
by quantum mechanics, and compared the
results with those of the old quantum theory.
The correction to be applied to the ratio w.’/w.=p
has been evaluated and found to be only one part
in 200,000. Since the probable error of the most
precise determination of p in the present work is
one part in 12,000, it is quite evident that neither
of the above corrections materially changes the
result.

Upper state

The data for the 'II state were obtained earlier
than those for the 'X state, from a set of plates
giving slightly less resolution.!?> They were
treated in the same manner as for the normal
state. As a consequence of the convention of
designating a band line by its lower state value of
K, it follows that the vertex of the AT : K
parabola occurs here at K= —1}, —% and +3

for the parabolas from the R, Q, and P branches

19 J, L. Dunham, Phys. Rev. 41, 721 (1932).
192 A, McKellar, Phys. Rev. 43, 215 (1933).
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large residuals in the single solution for AGyy

respectively. The highest values of K used in
these solutions varied from 30 to 40. The
vibrational constants of the upper state calcu-

TaBLE X. Vibrational constants of the 11 state.

Branch Bands AG o Wt.
Li"Li" R 1,0-0,0 264.709 0.00896 3
Q 1,0-0,0 264.663 0.00888 5
P 1,0-0,0 264.630 0.00882 1
Av. 264.675
+0.013
R 2,0-1,0 258.450 0.00931 3
Q 2,0-1,0 258.394 0.00921 5
P 2,0-1,0 258.364 0.00915 1
Av. 258.409
+0.014
LitLi” R 1,0-0,0 275.255 0.00905 1
Q 1,0-0,0 275.399 0.00930 1
P 1,0-0,0 275.215 0.00926 1
<Av. 275.290
+0.038

@,/ =270.9410.029; o, =282.081-0.044;
p=1.0411-0.0002

, illustrate the unreliability of this determination.

lated by least squares are given in Table X.
The results of the three solutions for AG,” were
given equal weight in this case because, although
there were a few more values of AT available
from the Q branch than from the other two, the
residuals in the computations involving the R and
P branches appeared to be considerably smaller
than those of the Q branch solution. No lines
were identified in the 2,0 isotope band so
a value of AG1” could not be calculated. There-
fore it was necessary to assume the theoretical
equation #,”/x. =p in order to solve Eq. (4) for
w.’*. Although the magnitude of p obtained from
the upper state is slightly lower than those
computed from the !X state, the agreement
constitutes a satisfactory check on the previous
values. In view of the fact that the results from
the upper state are less accurate and in general
less trustworthy than those from the normal
state they should carry much less weight than
the latter.
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RoraTioNaAL IsoToPE EFFECT

It was considered of value to calculate the
rotational constants of the main and isotopic
molecules since for the latter they have not
heretofore been found. They give entirely inde-
pendent values of p for comparison with those
from the vibrational constants. The rotational
constants are also necessary if an attempt is to
be made to detect a possible electronic isotope
effect.

The rotational constants were calculated by
the same method as that employed by Harvey
and Jenkins.!! The R — P combination differences
are given by

AsF(K) =4B,(K+3%)+8D,(K+3)?

+12F,(K+3)%---  (6)

in which some negligible terms have been
omitted. By means of the well-known relations
connecting the vibrational and rotational con-
stants preliminary values of D, and F, were
calculated. With these, Eq. (6) was reduced to
the linear form in K43 and so could be solved by
least squares for B,. Such solutions were carried
through for the »’=0,1 and »"”=0,1 states of
both the main and isotopic systems. Extra-
polating to the equilibrium state by means of the
relation

Bv=Bz—a(v+%)) (7)
one obtains the value of p by the requirement
p*=B,/B,---. ©))

The results of such computations for the lower
state are listed in Table XI. In obtaining

TABLE XI. Rotational constants of the = state.

Li"Li" LiSLi7 .
Band B, Band B,
0,0 0.6685 0,0 0.7276
1,0 0.6696 1,0 0.7269
2,0 0.6695
0,1 0.6606 0,1 0.7166

.. B/ =0.6721+0.0003
(using a,'"=0.00708
from vibrational
analysis)

D,”=—0.986X10"5 ‘

F./'=2.00X10"1 F/"?=24X10"10

B’=—-3.86X10"8 B=—2.1X1078

pr=B," /B, =1.0863=0.0012; p=1.04220.0006

B.'"=0.73020.0007
(using «,/"*=0.00830
from vibrational
analysis)

D,/"=—1.16X10"°
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F1G. 2. A—doubling in the upper state v’=0 for both
main (solid points) and isotopic systems (circles). The
points of the latter show a somewhat greater scatter due
to the smaller degree of accuracy with which the fainter
lines could be measured, but the two sets of data appear
to fit the same curve. The curve given is the theoretical one

A(PQR)=2Avq,=2(Bd —B./)K(K+1),
in which By — B, =0.00018, as given by Wurm.?

B.”" the data from the 0,1 band were given
double weight because the combination differ-
ences of the lines of low rotational quantum
number in this band were more free from the
influence of blends than were those of the other
two bands. In calculating both B,” and B.'” the
more exact values of ,” and «,”” found from the
vibrational analyses were used. The magnitude
of p obtained from the data in Table XI is seen
to be somewhat larger than those computed from
the vibrational analysis but agrees with the
latter to within its probable error.

Table XII gives the rotational constants calcu-
lated for the 'II state. The data were treated in
the same manner as for the normal state. Again
the resulting p is in good agreement with the
previous values. The A-doubling of the rotational
levels of this state, although actually immaterial
for the evaluation of p, was investigated for the
main and isotopic molecules. The doubling in the
lowest vibrational state is shown in Fig. 2, from
which it appears to be sensibly the same for
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TaBLE XII. Rotational constants of the 11 state.

Li'Li" LiSLi” )
Band B, Band B,"
0,0 0.5538 0,0 0.6001
0,1 0.5520 0,1 0.5986
0,2 0.5531
1,0 0.5453 1,0 0.5933

B.=0.5577+0.0003 (using
o' =0.00888 from
vibrational analysis)

D)= —-0.945X10"%
F/=2.05x107%
B'=—7.68X10"%

P2=Beli/Be,=

B./*=0.6046-:0.0007 (using
a”=0.00922 from
vibrational analysis)

D/ =—1.11X10"5
F/i=2.6X10"1
B'=—7.5%10"8

1.0841-+0.0014; p=1.0412-+0.0007

LITHIUM ISOTOPES
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Hence it appears that either the electronic
terms of the two molecules are very nearly equal,
or they differ by approximately the same amount
for the 'Z and I states.

DiscussioN oF REsULTS

A summary of the different determinations of
the mass coefficient p, with their probable errors,
is given in Table XIII. The values derived from

TABLE XII1. Summary of values of p and the corresponding
mass-ratios Li? /L8,

both molecules. Although a small difference is to
be expected on theoretical grounds, no evidence
for this can be found from our data.

ELEcTRONIC IsoToPE EFFECT

Since in BO the origins of the main and
isotopic band systems were found to differ
slightly® indicating an electronic isotope effect,
and in view of the relatively large isotope shifts
calculated and found? in the atomic spectrum of
lithium, it is of interest to examine the lithium
molecular spectrum in this connection. The
origins of the main and isotopic 0,0 bands were
computed using the new rotational constants and
the equations given by Harvey and Jenkins? for
the band line frequencies. The results are

2000 =20395.902+0.010;
2000 =20394.2010.010.

Then, from the relation

= 50— [0/ () — /0 (})"]
Flw(G) =« 0 (3] (9)

the two system-origins may immediately be
computed with the aid of the vibrational con-

stants from Tables IX and X. The system
origins found are

Li"Li": »,=20436.2540.02;
LiLi": »,'=20436.294-0.04.

20 Cf. reference 9, p. 483.

21 D. S. Hughes and C. Eckart, Phys. Rev. 36, 694 (1930);
D. S. Hughes, Phys. Rev. 38, 857 (1931).

22 Cf. reference 11, p. 795.

Con-
stants
used

w” (0,0(0,1)(0,2)
(0,040, 1)¢
w (0,0)(0,1)(0,2)
(0,0):(0,1)¥(0,2)°
w! (0,0)(1,0)(2,0)
(0,0)%(1,0)*
S (0 0)(1,0)(2,0)(0,1) 1.04220.0006
0,0):(1,0)%0,1)*
0

(0,2
)40,

Bands used P Li7/Lis
1.041414-0.00008 1.1690-0.0003

1.041640.0002  1.16984-0.0008

1.041140.0002  1.16784-0.0008

(
1,0(0,1)

B/ (00) ,1)(0,2)(1,0) 1.0412:0.0007
)( 1,0)(0,1)*

Values by Costa®.
Li¢=6.0120.002 (Jimat of error)
Li"=7.012+0.002 Li7/Li*=1.1663 +0.0007
p=1.040754-0.00017

the vibrational structure of the bands are some-
what more accurate than those found from the
rotational structure. In the last column is
included the mass ratio Li?/Li® corresponding to
the more exact mass coefficients. From the
definition p=(u/x?)?, in which yx is the reduced
mass of the diatomic molecule =mms/(m1+ms),
it follows that

Li"/Li®=2p%—1. (10)
The mass spectrograph results of Costa as
modified by Aston” are given for comparison at
the bottom of the table. It is apparent that the
band spectrum values of the mass ratio, although
showing considerable variation, are all definitely
higher than the mass-spectrograph determi-
nation.

There is some uncertainty as to the extent to
which the masses of the electrons enter into the
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ratio determined by Eq. (10). It is probably more
nearly true to assume that the electrons of each
atom vibrate with its nucleus than that the
nuclei alone vibrate. On the former assumption,
the result from Eq. (10) represents the actual
mass ratio of the afoms (nuclei-+electrons),
whereas on the latter, it represents the ratio of
the nuclear masses, and is to be corrected in
obtaining the atomic ratio by the addition of
three electrons to each mass. However, when this
is done, the ratio is only decreased by one part in
25,000, which is well within the probable error of
our most accurate result.

We now have independent evidence from
disintegration experiments that the figure 7.012
is definitely low for the atomic weight of Li%.
From experiments in which lithium is dis-
integrated by the impacts of protons, the mass of
the Li” atom may be found by considering it as
the unknown quantity in the process represented
by the equation.

Energy + proton + Li7 nucleus — 2a-particles
+energy. Using the data of Cockcroft and
Walton,?® who found 17.2 million volts as the
total energy of the two a-particles produced by
bombardment of lithium with 450,000 volt
protons, the mass of the Li” atom is computed to
be 7.015. In consequence of the precision with
which the other factors are known, this figure
should be accurate to better than 4-0.001.

Taking this as the correct mass of Li7, and
using the mass ratio Li”/Li®*=1.1690, found from
the vibrational constants of the normal state
(considered the best value) the mass of Li¢ is
6.001. From the upper state mass ratio Li7/Li¢
=1.1678, one obtains Li®=6.007. On the packing
fraction-mass number diagram of Aston,?* these
figures place Li7 directly upon the upper branch
of the curve, occupied by the relatively easily
disintegrated atoms. On the other hand, Li¢ is
shifted down to a position approximately on the
lower branch of the curve upon which are He?,

23 Cf. reference 1, p, 236.
24 Cf. reference 7, p. 511.

ANDREW McKELLAR

C2 and O, the more stable atoms. If the Li®
nucleus is composed of one a-particle, one proton
and one neutron and the Li” nucleus is obtained
by the addition of one neutron, it seems not at all
unreasonable that the three entities outside the
a-particle for Li7 should give a greater mass
defect than the two for Li®. However, this does
not appear to be so for the boron isotopes. An
important difficulty appears if we consider the
Li® and Li” nuclei to be so constituted, since one
would expect the Jower limit to the mass of Lif to
be the mass of Li” minus the mass of a neutron.
The mass of Li® computed from our best mass
ratio is below this value by considerably more
than its probable error. Therefore, in view of the
unexpectedly high Li7/Li® mass ratio obtained
here it would appear very desirable to obtain new
mass-spectrograph data on lithium.

In conclusion I wish to express my sincere
appreciation of the invaluable assistance rendered
by Professor F. A. Jenkins under whose guidance
this work has been done. I am deeply indebted
also to Professors R. T. Birge and R. H. Fowler
for helpful discussions.

Note added in proof, July 17, 1933: K. T.
Bainbridge has very recently? made accurate
measurements of the masses of the lithium
isotopes using his mass-spectrograph. His results
are Li"=7.01464-0.0006 and Li®=6.01454-0.0003
corresponding to a mass ratio Li7/Li®=1.16628
+0.00016. His value for Li’ is seen to be in very
good agreement with that obtained from dis-
integration data. The mass ratio found is almost
identical with the former mass-spectrograph
determination of Costa and is thus considerably
lower than that computed from band spectrum
data as presented above. In view of the good
agreement of the two methods in the cases of
boron® and hydrogen,?® this result is very
surprising. We are unable to account for the
discrepancy at the present time.

2% K, T. Bainbridge, Phys. Rev. 44, 56 (1933).

2% J, D. Hardy, E. F. Barker and D. M. Dennison, Phys,
Rev. 42, 279 (1932).



