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DESCRIPTION AND VIBRATIONAL ANALYSIS OF THE MOLECULAR

SPECTRUM OF POLONIUM1

G. W. Charles

D. J. Hunt G. Pish D. L. Timma

ABSTRACT

Spectrograms of the molecular spectrum of polonium excited in an electrodeless discharge have

been measured. Approximately 500 red-shaded band heads were found with mixtures of Po and
209 210Po and approximately 450 heads with Po . Nearly 350 bands have been classified in each

210spectrum into a system represented by the equation (for Po

,2

a= 25,149.3 + 108.53 \v' +
1

0.4417 (t/ + -
1

2
155.715 \v

+ 0.3353 \v" + + 0.0003226 [v + —

The values of the constants in this equation and the close agreement between calculated and

observed isotope shifts prove that the emitter is diatomic polonium. Extrapolation of the ob

served energy levels to convergence yields an estimate of 1.895 volts for the dissociation energy
210 210of the lower state of Po -Po , based on the assumption that the dissociation products are

two normal polonium atoms.

A historical survey of Group VI diatomic molecular spectra and a critical evaluation of the

status of knowledge of these spectra are included.

HISTORY

The spectra of the diatomic molecules of Group
VI of the periodic table have been the subjects of
numerous investigations. In the case of each
molecule there is a principal system of bands,
and there are several subordinate systems. In
the investigation reported here, an extensive and
easily excited band system has been observed
which is ascribed to the diatomic molecule of

polonium, the spectrum of which has not been
previously reported in the literature.

Oxygen

The principal system of the oxygen molecule is
the well-known Schumann-Runge system, which is
responsible for the ultraviolet transmission limit
of air. Part of this system was discovered in ab-

o '

sorption near 1850 A by Schumann (l) in his pioneer
work in the vacuum ultraviolet. Runge (2) dis
covered another part of the system between 2200
and 4900 A in emission from a d-c high-voltage

This work was initiated at Mound Laboratory and was
concluded at ORNL.

arc in a cylinder through which oxygen was flow
ing. Later, Hopfield and Leifson (3) verified
Schumann's results, observing 16 bands in ab
sorption and giving the first rough wavelength
measurements. Improved measurements of these
absorption bands were later reported by Leifson (4).

The recognition that the bands observed by
Schumann and those observed by Runge are parts
of the same system is due to Mulliken (5). Fucht-
bauer and Holm (6), and more recently Herczog and
Wieland (7), observed the absorption spectrum at
high temperatures and pressures and extended the
system. Extensions in emission were made by
Feast (S). An early rotational analysis was made
by Lochte-Holtgreven and Dieke (9), who arranged
all the observed lines into 19 bands and showed

that the electronic transition is 2" — X-.
u g

Feast (JO) extended the system by making rota
tional analyses of several bands. Other rotational
analyses were carried out by Curry and Herzberg
{11), by Knauss and Ballard {12), and by Ossen-
bruggen {13). Additional extensions were made by
Herman and Weniger {14), by Garton and Feast {15),

UNCLASSIFIED



and by Brix and Herzberg {16). Herman and
Weniger {14) extended the vibrational analysis by
observations in emission, while Garton and Feast
{15) made rotational analyses of bands observed
in absorption at high temperatures. Brix and-
Herzberg {16) made rotational analyses of absorp
tion bands almost up to the convergence limit of
the 2~ state. The origins of the Schumann-Runge
system may be represented by the equation

(1) a=49,802.1 +700.36 lv' +- J- 8.0023 L'

system between 3700 and 2650 A in absorption and
in fluorescence and who set up a vibrational array.
The analysis was extended by Curtis and Tolan
sky {28), who observed bands between 4800 and
6600 A excited in emission in a high-frequency
discharge. Fowler and Vaidya {29) observed
bands between 2593 and 6166 A in emission from

a carbon disulfide flame and further extended the

+-) - 0.3753 ft/+-J - 1580.361 \v" +- |+

+ 12.0730 11/" + -) - 0.0546 +-) +0.00143 \v + 2

where v' is the vibrational quantum number of a
level in the upper electronic state and z/'is that
of a level in the lower state.

A forbidden system of the oxygen spectrum was
discovered in absorption in the near ultraviolet
region by Herzberg {17). Recently, Herzberg {18)
gave a rotational analysis of this system, showing
it to be the transition 2 — 2~, and Broida and

u g'
Gaydon {19) observed it in emission in the after
glow of a discharge in oxygen.

Two other forbidden systems between electronic
levels of the fundamental configuration of 0-0
have been observed in absorption in the earth's
atmosphere. One of these systems, in the red
region, belongs to the transition 2 — 2~. A
rotational analysis of it has been given by Babcock
and Herzberg {20). Later it was observed in
emission by Herman and Herman {21), by Herman
and Weniger {22), by Herman et al. {23), and by
Shimazu {24). The other forbidden system lies in
the infrared and is due to the transition A —

2-. A rotational analysis has been given by
Herzberg and Herzberg (25). The transition be
tween the upper state 2 of the Herzberg bands
and the upper state 2 of the red atmospheric
absorption bands has been observed by Broida and
Gaydon {19) in emission. Two other absorption
systems have been observed by Herzberg {26) and
were ascribed to ]2~ - 32~ and to 3A - 32~ on

u g u g
the basis of rotational analyses.

Sulfur

Many investigations have also been made of the
spectrum of S-S. One of the first was made by
Rosen {27), who observed heads of the principal

analysis. Other absorption studies were made by
Rosen {30) and by Rosen and Neven {31), the
latter employing temperatures up to 1100°C and
pressures up to 550 mm Hg. Rotational analyses
of this system have been given by Naude and
Christy {32), by Olsson {33), by Naude {34), and
by Ikenoue (35). Christy and Naude (32) concluded
that the transition is 2~ - 32T as in the

u g

Schumann-Runge system. Olsson {33) reached the
same conclusion on the basis of a rotational study
of seven bands in absorption. More recent studies
by Naude {34) and by Ikenoue {35) verified this
conclusion and extended the knowledge of the
system. The origins of the principal system of
S-S have been represented by the equation

(2) a= 31,835 +434.0 L' +-j-

- 2.75 („' +-) - 725.68 L" +-j +

+ 2.852
+ 2

Other systems have been observed in sulfur, one
of which is the so-called "A" system found by
Curtis and Tolansky {28). The weak heads of
this system appear among those of the principal
system between 4800 and 6600 A. This system
was further studied by Christy and Naude {36). A
rotational analysis of seven bands of this system
by Olsson (37) indicates that the transition is
2 — 2 , although this conclusion has not been

" g' 3



universally accepted. Two strong absorption sys
tems were discovered between 1870 and 1650 A by
Wieland, Wehrli, and Miescher {38) and further
investigated by Maeder (39). One of them is at
tributed to the transition 3IIu - 32~. Other sys
tems observed in emission in the near ultraviolet

region were reported by Rosen and Desirant {40).
A brief survey of the term scheme of S-S was given
by Olsson {41).

Selenium

Considerable confusion exists in the interpreta
tion of the molecular spectrum of Se-Se. Numerous
systems have been proposed by various workers,
while some workers have combined most of these

into the principal system. The nature of the
transition has not been unambiguously determined,
although indications are that it is different from
that of 0-0 and of S-S. This confusion has re

sulted partly from isotopic mixtures and partly
from measurements of insufficient accuracy.

The first significant investigation of the spec
trum was that of Rosen {27), who observed bands
in absorption and fluorescence between 4900 and
3250 A and set up the first vibrational array.
Later, Nevin {42) reported the arrangement of the
emission bands of Se-Se into three systems, one of
which was identical with that of Rosen. Two weak

systems were reported in absorption between
3150 and 2100 A by Moraczewska {43). Those
bands between 3150 and 2750 A were later as

cribed to Se02 by Asundi and Parti {44), since
they observed the bands only when their discharge
tube had a leak. In 1935, Nevin {45) reported
absorption measurements, including isotope ef
fect, between 4100 and 3230 A. Rotational analy
ses made by Olsson (46,47) and by Davis (48)
indicate that the transition is 2 — 2„. This
conclusion seems inconsistent with the observa

tion of Bhatnagar, Lessheim, and Khanna (49)
that selenium vapor is paramagnetic. The origins
of the principal system of Se-Se80 may be
represented by the equation

(3) a= 26,035 + 271.1 W +

-2.19 [v'+ 391.9 \v" + -) +

+1.04(i/" +-J - 0.002 L" +

Other systems were reported by Rosen and
Desirant (50) between 3410 and 2980 A in emis
sion and by Rosen and Monfort (51,52) between
5980 and 6660 A in emission. The first of these

contains some of the bands reported by Mora
czewska (43). The constants are quite similar to
those of the principal system, suggesting that the
bands may be part of the principal system. All
the bands except those reported by Moraczewska
(43) between 2100 and 2300 A and those by Rosen
and Monfort (51,52) were put in the principal sys
tem by Asundi and Parti (44), although their meas
urements are not good enough to make the assign
ments unambiguous. The bands of Rosen and
Desirant (50) were also ascribed to SeO, by
Asundi and Parti (44). The enlarged principal
system postulated by Asundi and Parti (44) has
many irregularities, presumably because of per
turbations. Recently, Leelavathi and Rao (53)
reported a new system in the range 5900 to 6500 A
observed in a high-frequency discharge. The
constants of this system are nearly identical with
those of the Rosen-Monfort (51,52) system, which
was somewhat extended by these investigators.

Two absorption systems in the range 1780 to
1940 A were reported by Shin-Piaw (54). One has
lower state constants agreeing with those of the
principal system and is analogous to the system of
Wieland, Wehrli, and Miescher (38) in S-S. The
other was tentatively assigned to a polyatomic
selenium molecule. Rosen (55) discussed the
spectrum of selenium at some length in a review
article.

Tellurium

The knowledge of the spectrum of tellurium is
less complete than that of the spectra discussed
above. The first significant investigation was
that of Rosen (27), who observed bands between

o

5665 and 3830 A in absorption and fluorescence
and performed a vibrational analysis. Olsson (56)
presented a revised scheme based on vibrational
isotope studies embracing bands from 3930 to
4890 A observed in emission. Desirant and

Minne (57) studied the so-called "fluctuation"
bands between 5260 and 6360 A, arranging them
into two systems. Recently, Prasad and Rao (58)



showed that these bands fit into the principal sys
tem and gave the equation

(4) o-=22,709+163.0 ft/+ -) -

-0.96U/+-) - 251.0 U/' +-j +

+0.56 lv" +-J
to represent the heads of this system. Ultraviolet
absorption bands were observed between 1975 and
2495 A by Shin-Piaw (54) and were partly analyzed
into one system. Migeotte (59) discussed and
revised the assignments of Shin-Piaw, arranging
the bands into four systems. No rotational analy
sis of the Te-Te bands has appeared, probably
due partly to the small spacing of the lines and
partly to the confusion resulting from the many
isotopes of tellurium.

Polonium

Nothing has been reported in the literature on
the molecular spectrum of polonium. A band
structure was observed early in the study at Mound
Laboratory of the spectrum of polonium excited by
radiofrequency oscillations. The first such ob
servation was made with a 730-mc source of Po

in a quartz tube heated to approximately 475°C.
The band spectrum was well developed in a 30-min
exposure. When a problem of assaying mixtures of
Po and Po arose, the problem of the molec
ular spectrum was re-examined. A systematic
study was made at Mound Laboratory of the dis
charge conditions under which bands are obtained.
As a result of these studies, numerous spectro
grams became available with well-developed band
systems of Po on the one hand and of mixtures
of Po208 and Po209 on the other hand. Measure
ments made on such spectrograms at ORNL are
the basis of this report.

EXPERIMENTAL PROCEDURE

The spectrograms upon which this report is
based were made by Hunt, Pish, and Timma on the
Baird 3-m grating spectrograph at Mound Labora
tory. In all cases radiofrequency oscillations
were used to excite the spectra. Excellent re
sults were obtained at both 11 and 30 Mc/sec with

a Signal Corps radio transmitter Model DC610

^SS^WS'-seesfc^WS^^sSWa*!*!^^

operated as described in a previous report.
Sample size varied from 20 to 800 mc. Samples
were prepared as previously described and were
purified by fractional volatilization. In most cases
polonium alone was used, although one source was
used which contained helium at a pressure of a
few tenths of a millimeter as a carrier gas for the
discharge. Better results were obtained with
polonium alone in the source. A few observations
were made at room temperature, but most observa
tions were made with the discharge tube heated
by an electric furnace as previously described.
The temperatures at which the band spectrum was
best developed were about 400 to 500°C, and most
of the observations were made in this range.
Exposures varied from 5 min to 5 hr and were
made on Eastman plates of types 1-L and SA1.
The development of the spectrum seemed to de
pend on the condition in the discharge, a better
spectrum being observed in 15 min under some
conditions than in 5 hr under other conditions. It

was observed that the band spectrum came out
strongly when the discharge was a deep-blue color
but that the line spectrum predominated when the
color was purple. Figure 1 shows a reproduction
of a part of the spectrum of Po .

Preliminary measurements were made by the
senior author at Mound Laboratory with a Bausch
and Lomb spectrum-measuring magnifier and were
used as the basis for also making a preliminary
analysis at Mound Laboratory. The data and
analysis presented in this report are based on
improved measurements made at the Oak Ridge
National Laboratory on plates loaned by Mound
Laboratory. The improved measurements were
made on a Gaertner comparator, with which posi
tions can be estimated to 0.001 mm. Wavelengths
of lines of polonium and of impurities, notably
mercury, helium, cadmium, lead, bismuth, and
zinc, were used to correct the calculated wave
lengths. It is estimated that the wavelengths are
accurate to less than 0.1 A, corresponding to less
than 0.4 cm at the upper end of the wavelength
range and to less than 0.8 cm" at the short
wavelength end of the range.

ZG. W. Charles, D. J. Hunt, G. Pish, and D. L. Timma,
Preliminary Description and Analysis of the Spectrum of
Polonium, MLM-941 (Jan. 28, 1954).

The courtesy of Mound Laboratory in making these
plates available for remeasurement at ORNL is grate
fully acknowledged.



I t!

UNCLASSIFIED

PHOTO 19365
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Fig. 1. A Portion of the Molecular Spectrum of Polonium.

RESULTS

The wavelengths of the more than 450 red-
degraded band heads are given in Table 1, show
ing intensities as visual estimates on a scale of
10, wavelengths (A), and frequencies (a). The
entries on the same line are heads of the three

isotopic species Po210-Po210, Po208-Po208, and
Po -Po ° belonging to the same transition.
The correlation between the intensities of entries

in the first and second groups in Table 1 is strik
ing, and the regularity of the variation of the
frequency intervals between them suggests that
either all the observed bands belong to one sys
tem or that the constants of the different systems
are not much different from one another.

ANALYSIS

The first step in the analysis was the rough
prediction, by extrapolation, of constants to be
expected for the principal system of diatomic
polonium. This step followed from the expectation
that the principal system should be quite promi
nent in the spectrum. The parameters used are
shown in Table 2. There are several empirical
equations relating the vibrational frequency co to
other parameters, such as n, the principal quantum
number of the valence electrons in the molecule,
or [i, the reduced mass, defined as m.m~/(m, + mr

or Z, the atomic number of the atoms, or V, the
ionization potential of the atoms. The equation

(5) log co + / log (i

has been given by Matauyama {60); I and m are
constants for molecules of the same group. When
this equation is applied to Group VI, / = 0.8867
and m = 4.192. This leads to an estimate of

«£ = 161.1 cm"1 for Po2,0-Po2'0 (M = 105 x
1.649). Clark (61) has used an expression modi
fied from that of Matuyama:

(6) log co + n log (2Z) = p ,

n and p being constants and Z the atomic number.
For Group VI, n = 0.9831 and p = 4.382. For
Po-Po, 2Z = 168, so that co" comes out to 156.3
cm- . Another equation used by Clark (62) is

(7) c3 - 3.9c2b + 3cb2 + b3 = 0 ,

where b and c represent ground-state vibrational
frequencies of molecules in the same group. If
c in this equation is taken as co" for Se-Se

-1 e(391.9 cm ), two physically reasonable values
are obtained for b, one of which is very close to
co" for Te-Te, while the other is 148.9 cm. On
the other hand, if c is taken as co" for Te-Te
(251.0 cm ), a value of 157.7 cm is obtained
for b.

Still another relationship, which was proposed
by Majumdar and Varshni (63), is

(8) l°9 <#„ = g - h log n2V ,

where V is the ionization potential of the atoms
in the molecule, n is the principal quantum num
ber of the valence electrons, and g and h are
constants. Correction of a numerical error in the

paper of Majumdar and Varshni results in a value
of 179.1 cm"1 for co" of Po210-Po210. A re-

e

determination of the constants g and b to give the
best fit for S-S, Se-Se, and Te-Te yields co" =
175.2 cm"1 for Po210-Po210. Table 3 summarizes
the predictions of a/' for Po2,0-Po2,°. The ex
perimental value derived from the analysis pre
sented here is added at the bottom of the table for

compari son.
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TABLE 1 (continued)

Po210-Po210 Po208.Po208 po208.po209

Intensity A (A) a (cm-1) Intensity A (A) a (cm-1) Intensity A (A) a (cm-1)

3 4863.98 20,553.6 2 4868.37 20,535.0

3 4858.60 20,576.3 1 4862.98 20,557.8

4 4856.88 20,583.6 3 4861.32 20,564.8 0 4860.18 20,569.6

0 4853.93 20,596.1 0 4858.39 20,577.2

2 4850.75 20,609.6 0 4855.20 20,590.7

3 4849.84 20,613.5 5 4854.26 20,594.7 0 4853.22 20,599.1

3 4842.90 20,643.0 3 4847.30 20,624.3 0 4846.34 20,628.4

0 4838.49 20,661.9

4 4835.93 20,672.8 3 4840.33 20,654.0

3 4834.97 20,676.9 3 4839.22 20,658.7 0 4838.18 20,663.2

3 4829.10 20,702.0 3 4833.37 20,683.7

5 4827.73 20,707.9 4 4832.00 20,689.6 0 4830.93 20,694.2

0 4822.07 20,732.2

4 4820.59 20,738.6 3 4824.88 20,720.1 0 4823.81 20,724.7

0 4818.29 20,748.5 0 4822.19 20,731.7

3 4815.04 20,762.5 2 4819.02 20,745.3

4 4813.57 20,768.8 3 4817.74 20,750.8 0 4816.72 20,755.2

0 4810.07 20,783.9 0 4814.39 20,765.3

2 4807.28 20,796.0

5 4806.49 20,799.4 5 4810.66 20,781.4 0 4809.58 20,786.0

5 4799.59 20,829.3 5 4803.69 20,811.5 1 4802.77 20,815.5

2 4792.65 20,859.5 1 4796.67 20,842.0

3 4791.48 20,864.6 3 4795.65 20,846.4 0 4794.71 20,850.5

1 4785.70 20,889.8 1 4789.75 20,872.1

3 4784.41 20,895.4 4 4788.44 20,877.8 0 4787.45 20,882.1

0 4778.93 20,919.4 0 4783.02 20,901.5

5 4777.28 20,926.6 6 4781.30 20,909.0 4780.37 20,913.1

1 4774.65 20,938.1 0 4778.54 20,921.1

2 4771.30 20,952.8 2 4775.25 20,935.5

6 4770.24 20,957.5 7 4774.24 20,939.9 1 4773.16 20,944.6

1 4766.74 20,972.9

3 4763.90 20,985.4

4 4763.22 20,988.4 6 4767.15 20,971.0

0 4758.80 21,007.8

5 4756.23 21,019.2 4 4760.18 21,001.8

2 4755.45 21,022.6 2 4759.32 21,005.6 0 4758.40 21,009.6

1 4749.33 21,049.7 0 4753.29 21,032.2

6

1

4748.17

4742.17

21,054.9

21,081.5

6 4752.13 21,037.3 1 4751.13 21,041.8

7 4741.02 21,086.6 7 4744.91 21,069.3 1 4743.96 21,073.6

0 4738.97 21,095.7

2 4735.56 21,110.9 3 4739.40 21,093.8

7 4733.93 21,118.2 7 4737.79 21,101.0 1 4736.86 21,105.1

1 4730.95 21,131.5 0 4734.58 21,115.3

2 4727.90 21,145.1 2 4731.63 21,128.5
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TABLE 1 (continued)

Po210-Po210 po208.Po208

Intensity A (A) a (cm-1) Intensity A (A) a (cm-1)

5 3577.16 27,947.2

4 3572.98 27,979.9 3 3571.73 27,989.7

3 3563.26 28,056.2 3 3562.01 28,066.0

2 3552.25 28,143.2

0 ? 3546.60 28,188.0 0 ? 3545.49 28,196.8

2 3534.94 28,281.0

0 ? 3531.43 28,309.1 0 ? 3530.16 28,319.3

0 ? 3529.40 28,325.4 1 3527.91 28,337.3

0 ? 3526.30 28,350.3 1 3524.85 28,361.9

0 ? 3521.12 28,392.0 0 ? 3519.56 28,404.5

1 ? 3518.18 28,415.7 0 3516.82 28,426.7

1 3510.38 28,478.8 0 ? 3509.33 28,487.4

0 ? 3499.63 28,566.3 0 ? 3498.39 28,576.4

po208.Po209

Atom

,16

-32

.80

210
Po

Intensity A (A) a (cm-1)

TABLE 2. PARAMETERS OF ATOMS AND MOLECULES OF GROUP VI*

&>"(cm ) V (volts) ft (atomic units) Z cu'(cm ) Ratio, tu"/o)'

1580.4 13.62

725.7 10.36

391.9 9.75

251.0 9.01

8.43

8.0 8 700.4

16.0 16 434.0

40.0 34 271.1

63.8 52 163.0

105.0 84

2.26

1.67

1.45

1.54

*A single prime on a symbol signifies that it refers to the upper state of the principal system, and a double prime

indicates that it refers to the lower state of that system.

Bibliographical

Reference

(60)

(61)

(62)

(62)

(63)

TABLE 3. PREDICTIONS OF a" FOR Po210-Po210
e

Equation

log O) + I log fl = m

log a>" + n log (2Z) = p

c3 - 2.9c2b + 3cb2 + b3 = 0

c3 - 3.9c2b + 3cb2 + b3 = 0

log a> — g — h log n V

" / — 1 \CD (cm )

161.1

156.3

148.9

157.7

175.2

Experimental value 155.715

Notes

c = 391.9 cm-1 = 6j"for Se-Se
e

c = 251.0 cm"1

Corrected by G. W. Charles

a> for Te-Te
e

17



Next an array of the frequency differences of the
strongest bands at the short wavelength end of the
spectrum was set up. This array is reproduced in
Table 4. Differences of about 50, 100, 150, 200,
250, 300, 350, 400, and 450 cm-1 are seen to
occur frequently. These may be regarded as com
binations of two differences of about 100 and

150 cm . According to the considerations stated
above, these should be approximately the constants
for the excited electronic state and for the funda

mental electronic state, respectively, of the
principal system of Po-Po. Furthermore, a de
crease of frequency by changes in the excited
state, corresponding to an approach toward lower
levels of this state, should be accompanied by an
increase in the difference, which is observed. The
difference near 100 cm-1 increases from 93 cm-1
at 26,700 cm"] to 106 cm"] at 24,500 cm"]. For
this reason, also, the difference near 50 cm"
cannot be the correct one for the upper state,
since differences near this figure decrease from
56 cm-1 near 26,000 cm to 46 cm near
24,500 cm"'. In the same way, the differences
near 150 cm vary in the proper manner to cor
respond to differences in the lower state, since a
decrease of frequency here corresponds to a
change toward higher vibrational levels with a
corresponding decrease in differences. Here the
difference varies from 156 cm near 25,900 cm
to 152 cm"1 near 24,500 cm-1.

A similar array set up for the strongest bands
near the long wavelength end of the spectrum is
reproduced in Table 5. The recurring differences
in this array were considered to be combinations
of differences of about 100 and 135 cm" . The

difference around 135 cm varies in the proper
fashion to belong to the lower state, decreasing
toward smaller frequencies. Differences near
35 cm and near 70 cm vary in the wrong
fashion to belong to the upper state, decreasing
toward smaller frequencies. The fundamental dif
ferences in the two arrays being nearly equal
suggested that both sets of bands of Tables 4 and
5 are parts of a larger array. Therefore an attempt
was made to fit the two together; the result is
shown in Fig. 2, which is the Deslandres array
for the polonium molecular spectrum.

In this array, an asterisk denotes a double as
signment. The different curves distinguish what
appear to be different Franck-Condon parabolas.
Such multiplicity of parabolas has been observed
by Herzberg (64) for P-P, by Almy and Kinzer (65)
for As-As, by Jenkins and Rochester (66) for AgCI,
and by Gaydon and Pearse (67) for RbH. A simi
lar array was set up for Po-Po and a less

18

extensive one for Po-Po . There is no need

to reproduce these. Only one band was found that
could be placed in a column at the left of the first
column. Very few bands were found that would fit
into a row above the top row. The numbering em
ployed in the array followed from these observa
tions.

The Deslandres arrays having been set up, the
next step was to calculate a set of empirical en
ergy levels which would satisfactorily reproduce
the arrays. The procedure consisted in starting
with the lowest vibrational level of the lower

state as zero, using only the bands in the vicinity
of the principal Franck-Condon parabola, and then
calculating a set of energy levels by successive
adjustment until the best fit with observed fre
quencies was obtained. The set of levels for
Po210 is shown in Table 6, and the set for Po208
is shown in Table 7. With these sets of levels,
the deviation between the observed and calculated

frequencies of 200 heads in the principal parabola
had a mean value of 0.3 cm in each spectrum.
The same mean deviation holds for the entire

array of 334 bands shown in Fig. 2.

Next, an attempt was made to fit the observed
energy levels for Po to the expected formula
by least squares. The best fit was obtained with
the equation

(9) G' = 25,125.7+ 108.090?.' - 0.4417 v'2

for the upper state and

(10) G" = 155.380 v" - 0.3358 v"2 -

- 0.0003226 v"3

for the lower state. When rewritten so that the

minimum of the potential curve (equilibrium en
ergy) is taken as zero for the lower state, the
equations become, respectively,

(11) G' = 25,149.3 + 108.532 \v' +

0.44171 1;'+-,

(12) G" = 155.715 \v" + -) -

- 0.3353 \v" +

0.0003226 [v" + -



TABLE 4. DIFFERENCES OF FREQUENCIES OF STRONG BANDS OF Po210 AT SHORT WAVELENGTH END OF SPECTRUM

Frequency
Frequency (cm- )

(cm-1) 26,836 26,743 26,649 26,552 26,457 26,360 26,261 26,162 26,063 26,007 25,962 25,907 25,807 25,798 25,705 25,603 25,551 25,500 25,448 25,345 25,242 25,191 25,087 24,982 24,876 24,830 24,724 24,639 24,617 24,571

26,836

26,743 93

26,649 187 94

26,552 284 191 97

26,457 379 286 192 95

26,360 383 289 192 97

26,261 482 388 291 196 99

26,162 487 390 295 198 99

26,063 489 394 297 198 99

26,007 450 353 254 155 56

25,962 495 398 299 200 101 45

25,907 453 354 255 156 100 55

25,807 454 355 256 200 155 100

25,798 463 364 265 209 164 109 9

25,705 457 358 302 257 202 102 93

25,603 460 404 359 304 204 195 102

25,551 456 411 356 256 247 154 52

25,500 462 407 307 298 205 103 51

25,448 459 359 350 257 155 103 52

25,345 462 453 360 258 206 155 103

25,242 463 361 309 258 206 103

25,191 412 360 309 257 154 51

25,087 464 413 361 258 155 104

24,982 466 363 260 209 105

24,876 469 366 315 211 106

24,830 412 361 257 152 46

24,724 467 363 258 152 106

24,639 448 343 237 191 85

24,617 470 365 259 213 107 22

24,571 411 305 259 153 68 46

24,465 411 365 259 174 152 106

19



TABLE 5. DIFFERENCES OF FREQUENCIES OF STRONG BANDS OF Po210 AT LONG WAVELENGTH END OF SPECTRUM

i- Frequency (cm" )Frequency ^ ' v '
-1

(cm ) 22j333 22,298 22,159 22,123 22,088 22,020 21,986 21,916 21,814 21,780 21,711 21,645 21,612 21,544 21,510 21,478 21,445 21,413 21,313 21,281 21,249 21,181 21,149 21,118

22,333

22,298 35

22,159 174 139

22,123 210 175 36

22,088 245 210 71 35

22,020 313 278 139 103 68

21,986 347 312

21,916 417 382

21,814 484

21,780

21,711

21,645

21,612

21,544

21,510

21,478

21,445

21,413

21,313

21,281

21,249

21,181

21,149

21,118

21,087

173 137 102 34

243 207 172 104 70

345 309 274 206 172 102

379 343 308 240 206 136 34

448 412

478

377

443

476

309

375

408

476

275

341

374

442

476

205

271

304

372

406

438

471

103

169

202

270

304

336

369

401

501

69

135

168

236

270

302

335

367

467

499

66

99

167

201

233

266

298

398

430

462

33

101

135

167

200

232

332

364

396

464

68

102

134

167

199

299

331

363

431

34

66

99

131

231

263

295

363

32

65

97

197

229

261

329

33

65

165

197

229

297

32

132

164

196

264

100

132

164

232

32

64

132

32

100 68

496 463 395 361 329 296 264 164 132 100 32

494 426

457

392

423

360

391

327

358

295

326

195

226

163

194

131

162

63

94

31

62

20

31



0

UNCLASSIFIED

ORNL-LR-DWG 14486

•Vy1? 1 A*
* POINT VALUES' x /vY Y 1 T* I *1 >*-

:A/VYy j^+-—"^'-niTrSD >*- _

'"VrT i^- * 1 1 1 l-N ; kX*r 1 . - . _ ^ A • A M

sl- T "M. i~S r^X ^ i ; jki
5

/ •N-! ' ^~J* i I 1 A^)^ A ,* 1 !

kjC£f/' ^ ^^N. 'T^KY^XtJ
,.*

—

! 1

rfcr.i* r —S

•-fc.^ "< >—< >: ) Y^s.y^i* ;

/' / A
^'

1
PS

NJ, ,

. ! itX~X7' 1 j

—

/ / / *

^N *

vs. . !*! I*XXX A A J 1

io Ck

.—-,
K

/ / y' !^
5^

• *N •
_J (SAX*A

/• *N
•v.

s.

i—

^* ^sXX i*
r

—<

—(

}J—

t
»*_]

^ ^1 *k. JIN. 1-^ <X
—c

.

VJ . 1*
1

—i

1 ' i X>
v.

r
n k

* (vcKX,
IR A* \ \ ! ! 1 1 ; *

*1n )£ ^v

>
-if

1
\ \ \ x

*N \ \ NAAX
\ \ \ \ ! ^J* N

„
;N, kf

.a*
\

L

\

L>- ^ K

20 J-K
\ '

"

N. X k
\ ,* \ ._L. i \

X

* i...

f NJN*
( p

*
!

,*-
i \ V

\ X
\

5*
V

\
— -

--

N

..—<

<
Is

i" 1
\

-

*
--

X \

\ X- ^N.
i i* N ;

\
—

.*
-- —

.* N
N.\ i

-- —

* X \ ,*
N

r X
~\i

• —
-_t \_ *

^n 1\ i 1 i i
—•— ! i

10 15 20 25 30

V'

35 40

Fig. 2. Deslandres Array of the Principal System of Po-Po.

45 50 55 60



N
i
o

i
n

j
x
c
o

r
o

—
'
O

N
O

c
o

N
i
o

c
n

j
w

c
o

r
o

—
«

o

f
r
I
C

U
U

U
U

U
C

O
U

I
O

I
O

I
O

I
O

I
O

M
I
O

-
'
-
'
-
•

—
.
_

—
.

r
o

O
N

O
O

D
O

C
n

C
O

r
o

—
'
N

O
O

O
O

l
n

C
o

r
O

—
'
N

O
O

O
O

C
n

C
O

r
O

—
C

O
J
»

.
O

O
C

O
N

O
C

n
—

•
N

I
M

O
O

^
N

O
C

n
O

O
X

—
O

n
—

N
I
K

)
o

o
c
o

n
i
n

o
o

i
o

—
»

r
o

o
N

o
o

r
o

c
o

j
N

.
c
o

r
o

c
/
i
C

O
N

O
o

—
•

O
n

o
N

l
O

n
J
i.

C
O

—
•

N
|

—
•

O
—

'
O

n
O

C
T

I
O

N
O

c
o

c
n

c
o

N
o

c
n

o

O
O

N
I
O

C
0

N
0

C
n

N
I
M

C
0

O
W

0
0

N
|
C

0
j
N

.
C

n
C

0
O

O
O

C
0

C
0

N
l
J
>

.
N

0
J
N

.
N

I
J
N

.
O

U
M

U
K

J
U

U
K

J
I
O

I
O

I
O

N
O

C
O

N
I
O

N
C

J
1

J
N

-
.
C

O
S

J
—

.
o

O
C

O
N

J
O

C
n

J
i
U

l
o

^
o

s
o

C
O

N
J
O

C
n

U
C

O
I
O

-
'
O

U
I
O

I
O

I
O

I
O

I
O

I
O

I
O

h
O

M
I
O

K
I
I
O

U
I
O

I
O

I
O

M
M

I
O

I
O

I
O

I
O

h
J
M

U
I
O

I
O

I
O

l
O

N
i
N

i
N

l
N

l
N

l
N

i
N

l
N

l
N

l
N

l
N

l
O

N
O

N
O

N
O

N
O

O
N

O
N

O
N

O
N

O
N

C
n

C
n

c
n

c
n

C
n

C
n

C
n

c
n

c
n

w
a

)
N

i
o

*
u

i
i
.
w

i
o

M
-
'O

N
O

c
o

N
j
(
>

u
i
V

c
o

i
o

-
'O

N
5

a
)
N

|
5

.
c
n

^
c
o

i
o

-
.

C
O

O
I
O

C
O

C
n

O
N

l
C

O
O

—
'
I
O

U
C

O
^
J
.
U

l
U

l
O

&
0

>
0

0
>

O
U

l
C

n
C

n
^
L

O
U

U
N

i
c
n

—
<

N
i
r
o

c
n

c
»

N
o

o
—

.
o

o
o

o
N

h
o

c
o

K
j
N

i
o

—
'
K

i
r
o

K
J
O

O
o

j
^
o

c
j
i
N

o
c
j
c
n

J
N

r
O

O
O

—
C

O
O

C
n

O
O

O
C

n
N

I
C

O
r
o

—
N

l
N

J
N

l
n

o
K

J
N

l
t
.

i
n

I
S

C
n

i
n

O
C

n
c
n

C
n

c
n

C
n

c
n

C
n

—
<

«
o

>
i
n

b
c
o

i
o

-<

C
n

Jn
.

jn
.

O
n

o
C

O
J*

.
4*

.
J
i.

J>
.

t
o

IO
—

o
c
o

c
o

c
o

c
o

c
o

c
o

c
o

c
o

c
o

c
o

N
o

c
o

N
i
o

N
C

n
*

N
.
c
o

r
o

—
.
o

0
3

N
|
N

I
N

l
N

|
N

|
N

I
N

I
O

N
O

N
O

N
O

N
O

N
O

N
O

N
O

N
U

i
C

n
C

n
c
n

C
n

C
n

c
n

C
n

J
*

.
J
^
.
J
^
.
J
^
.
J
N

J
.

—
'
N

o
c
n

J
^
-
c
o

i
o

—
<

o
c
o

N
i
o

c
n

j
N

.
r
o

—
•
O

N
O

N
i
o

c
n

j
N

.
r
o

—
'
O

C
o

n
i
o

n
J
n

.
c
o

c
n

c
o

N
O

N
i
o

j
N

.
r
o

o
o

o
o

J
i
.
r
o

o
c
o

c
n

c
o

o
c
o

c
n

c
o

O
N

i
4

N
.
—

i
c
o

c
n

—
.

c
o

c
n

c
n

r
o

—
'
C

n
o

c
o

o
i
N

i
N

o
c
o

o
O

N
i
c
n

r
o

c
o

j
i
.
N

o
c
O

N
i
o

r
o

c
o

c
o

c
o

M
O

N
i
j
N

.
0

C
o

c
o

n
i
n

o
—

'
O

c
o

c
o

—
'
n

o
o

c
o

—
•
j
N

.
o

c
o

j
N

.
c
o

o
r
o

c
o

o
o

o
o

o
c
o

c
n

r
o

o i

> 0
1

r m m •v 7
0

n > m z m 7
0

a -< m < m I
-

o •n -
o

o



208
TABLE 7. EMPIRICAL ENERGY LEVELS OF Po

Lower State Upper State Lower State Upper State

ft

V Level (cm- ) V Level (cm- ) V Level (cm- ) V Level (cm- )

0 0.0 0 25,125.4 28 4097.2 28 27,817.1

1 156.3 1 25,233.3 29 4233.4 29 27,899.6

2 311.2 2 25,340.4 30 4368.2 30 27,982.3

3 465.5 3 25,446.8 31 4503.2

4 619.3 4 25,552.2 32 4637.0

5 771.8 5 25,657.1 33 4770.0

6 924.1 6 25,760.3 34 4902.4

7 1075.8 7 25,863.3 35 5034.1

8 1226.3 8 25,965.3 36 5164.8

9 1376.6 9 26,066.1 37 5294.8

10 1525.3 10 26,166.6 38 5424.3

11 1675.7 11 26,266.0 39 5552.9

12 1823.7 12 26,364.2 40 5680.5

13 1971.4 13 26,461.8 41 5807.5

14 2118.1 14 26,558.0 42 5933.8

15 2263.9 15 26,654.1 43 6059.3

16 2409.2 16 26,748.7 44 6183.7

17 2554.0 17 26,843.6 45 6308.3

18 2697.7 18 26,936.6 46 6431.7

19 2841.3 19 27,028.4 47 6554.5

20 2983.4 20 27,119.6 48 6676.2

21 3125.6 21 27,209.7 49 6797.1

22 3266.1 22 27,299.8 50 6917.1

23 3406.6 23 27,388.0 51 7036.5

24 3546.1 24 27,475.7 52 7154.6

25 3685.2 25 27,562.4 53 7272.9

26 3823.5 26 27,648.5 54 7390.6

27 3961.1 27 27,733.5 55 7506.8 (?)
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Table 8 shows a comparison of the levels cal
culated from Eq. 11 with the experimental levels
modified by the addition of 77.8 cm to those
given in Table 6. Table 9 shows a similar com
parison of the levels calculated from Eq. 12 with
those modified in the same way from Table 6. The
agreement is very satisfactory. It should be
pointed out that a cubic equation permitted no
better fit for the upper state than the quadratic
equation given. The reason for this is probably

TABLE 8. COMPARISON OF CALCULATED AND

OBSERVED LEVELS OF THE UPPER STATE

OFPo210

Calculated Observed Difference

V Level Level (obs — calc)

(cm-1) (cm-1) (cm-1)

0 25,203.5 25,203.5 0.0

1 25,311.1 25,311.0 -0.1

2 25,417.9 25,417.7 -0.2

3 25,523.7 25,523.5 -0.2

4 25,628.7 25,628.5 -0.2

5 25,732.9 25,732.5 -0.4

6 25,836.1 25,835.9 -0.2

7 25,938.4 25,938.0 -0.4

8 26,039.9 26,040.1 + 0.2

9 26,140.5 26,140.5 0.0

10 26,240.2 26,240.3 + 0.1

11 26,339.0 26,339.4 + 0.4

12 26,436.9 26,437.8 + 0.9

13 26,534.0 26,534.8 + 0.8

14 26,630.1 26,630.3 + 0.2

15 26,725.4 26,725.8 + 0.4

16 26,819.8 26,820.1 + 0.3

17 26,913.3 26,913.9 + 0.6

18 27,005.9 27,005.8 -0.1

19 27,097.7 27,097.8 + 0.1

20 27,188.5 27,189.0 + 0.5

21 27,278.5 27,278.2 -0.3

22 27,367.6 27,367.5 -0.1

23 27,455.8 27,456.3 + 0.5

24 27,543.2 27,543.3 + 0.1

25 27,629.6 27,630.6 + 1.0

26 27,715.2 27,715.3 + 0.1

27 27,799.8 27,799.2 -0.6

28 27,883.6 27,883.2 -0.4

29 27,966.5 27,965.6 -0.9

30 28,048.6 28,048.9 +0.3

Mean 0.3
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that the quadratic equation already represents the
levels as well as they are known, or approxi
mately 0.3 cm on the average.

The interpretation of the constants in Eqs. 11
and 12 is as follows:

r
e

CO
e

CO
e

X
e

CO
e

CO
e

X
e

CO y

_l
cm

25,149.3

108.532

0.4417

155.715

0.3353

-0.0003226

Similar considerations led to the following equa-
tions for Po208:

1
(13) G'= 25,149.1 + 108.977 V +

for the upper state and

(14) G" = 156.440 \v" + -)-

- 0.3400 [v" +-J

- 0.0002949 i/' +

- 0.4423 (i/ + -

for the lower state. Table 10 shows a comparison
of levels calculated from Eq. 13 with those ob
tained from Table 7 by the addition of 78.1 cm" ,
Table 11 shows a similar comparison between
levels calculated from Eq. 14 and those modified
from Table 7 in the same way. Again the agree
ment is excellent. The constants in Eqs. 11
through 13 and in the tabulation above are sum
marized in Table 12, which also contains probable
errors in the constants.

Now, according to the theory of vibrational
isotope effect (68) of diatomic molecules, the
vibrational energy of an isotope molecule may be

.•*r**4**t#-lMW*m&«'im *»*!*«»»«'•«• &



(
O

C
n

r
O

W
W

r
O

r
O

M
r
O

r
O

M
M

-
'
-
'

*
0

0
3

S
|
l
>

O
l
^
W

r
O

-
'
0

»
O

C
O

s
J
0

>
0

l
^
W

K
)
-
O

>
0

C
D

s
J
O

t
n

.
t
>

.
Q

r
0

-
'
O

J
^

^
J
^

W
W

C
O

W
W

W
W

r
O

h
O

I
O

I
O

I
O

t
O

h
O

M
-
-
O

C
O

^
l
>

^
W

-
'
0

'
O

S
O

N
*

i
U

-
-
0

s
0

0
l
!
O

C
0

4
^

O
O

'C
0

0
0

4
S

h
O

O
N

3
^

C
0

0
0

4
x

C
O

O
O

—
•

L
/i

**
J

s
O

'O
O

^
O

C
O

O
C

O
O

O
-
^

O
s
O

(
>

Ov
C
O

k
C
O

C
O

N
|

(
n

J
>
.

M
•

N
O

J
n
.

N
O

J
v

N
O

J
>
.

C
O

c
n

n
i

0
0

N
O

C
O

c
n

c
o

r
o

c
o

C
O

N
l

o
n
i

r
o

n
i

N
O

J
»
.

N
O

J
>
.

C
n

—
•

n
o

J
>
.

O
N
O

c
n

O
j
N

.
N

O
N

i
c
o

r
O

N
O

N
o

r
o

N
O

N
o

r
o

c
o

c
o

J
N
.
J
N
.
J
N
.

t
o

—
o

o
o

n
o

c
n

r
o

c
o

C
O

N
|

—
.

b
o

c
o

I
n

c
o

'—
.

ni

t
o

c
o

c
o

c
o

c
o

c
o

c
o

r
o

r
o

r
o

r
o

r
o

r
o

i
o

—
•
—

•
—

.
—

.
—

•
—

.
.
.
.
.

n
i
o

n
J
>

.
c
o

—
'O

N
O

N
I
O

J
N

.
C

O
—

'O
0

0
N

i
c
n

j
N

.
r
o

—
.
N

o
o

o
o

c
n

c
o

r
o

j
N

.O
N

|
r
O

N
0

j
N

.O
O

I
O

N
|
C

0
0

0
j
N

.N
0

J
i
.N

0
J
N

.N
O

j
N

.N
0

j
N

.N
0

J
N

.0
0

C
0

N
|

J
N

.N
I
G

0
O

N
0

O
C

0
O

j
N

.O
O

r
O

O
O

C
0

O
N

i
p

N
0

p
N

|
O

C
0

^
N

|
C

0
N

I
C

n
O

^
o

o
o

o
c
n

—
r
o

c
o

lj
jN

.j
N

.j
>

.—
lO

c
n

r
o

N
ir

o
c
n

r
o

o
o

+
I

!
O

O
p

o
o

p
c
o

c
o

j
v

ro
c
o

c
o

1
1
1

+
I

+
o

o

I
+

+
o

o
o

j
>
.

n
i

c
o

j
>
.

r
o

l
+

l
l

+
l
l
l
l
l

!
+

o
o
o
o
o
o
o
o
o
o
o
o
o
o
o

o
—

c
o

r
o

o
c
o

c
n

c
o

j
N

.
—

i
c
o

j
N

-
o

r
o

+
+

p
o

p
C

O
C

O
Jn

.
O

O
c
n

C
n

C
n

l
n

C
n

C
n

c
n

C
n

—
.

«
o

o
c
n

J*
,

c
o

r
o

—
•

o

Jn
.

Jn
.

J>
.

JN
.

Jn
.

J^
.

n
o

C
O

N
l

O
C

n
Jn

.
J
V

J
N

.J
N

.J
N

.C
O

C
O

C
O

C
O

C
O

C
O

C
O

C
O

C
O

C
O

c
o

r
o

—
'
O

N
O

c
o

N
i
o

c
n

J
N

.
c
o

i
o

—
«

o

c
o

c
o

N
i
N

i
N

|
N

V
j
^
j
^
|
o

o
o

o
o

o
o

o
c
n

C
n

C
n

c
n

c
n

c
n

c
n

c
n

j
N

.
j
N

.
j
N

.
j
N

.
j
x

r
o

o
o

c
n

j
N

.
c
o

r
o

O
N

O
c
o

N
i
o

J
N

.
c
o

M
—

N
o

c
o

N
i
o

j
N

.
c
o

r
o

o
N

o
c
o

o
c
n

J
N

.
c
o

—
'
O

C
n

c
o

r
o

o
o

o
o

j
^
r
o

o
c
o

o
c
o

—
•
o

o
o

c
o

O
N

i
c
n

r
O

N
O

c
n

r
O

N
O

o
r
o

c
o

o
n

o
j
n

.
0

0
—

'J
N

.
O

N
i
N

i
o

c
n

c
o

o
o

r
o

N
i
—

.
c
/
i
n

I
n

o
o

—
.
O

N
o

p
c
n

r
o

p
b
o
o

c
n
r
o
f
o

r
o

o
J
v

t
o

c
o

o
o

n
i

j
n
.

c
o

c
n

O
c
n

O
—
'

o
c
o

r
o

c
o

o
o

r
o

o
c
o

—
c
o

o

N
l
N

l
N

l
N

l
N

i
N

i
o

o
o

o
o

o
o

o
c
n

c
n

C
n

C
n

c
n

c
n

c
n

C
n

J
N

.
J
N

.
j
N

.
J
N

.
J
i
.

O
C

n
J
^
C

0
N

3
O

N
0

0
0

N
I
O

J
v
C

0
r
O

-
-
N

0
0

0
N

I
O

j
N

.
C

0
M

O
N

0
0

>
O

C
n

j
N

.
o

c
n

c
o

r
o

o
o

o
o

j
N

.
i
o

o
o

o
o

c
o

—
.
o

o
o

c
o

o
o

o
c
n

r
O

N
O

c
n

r
o

N
o

o
r
o

N
O

C
O

N
i
—

*
c
o

c
n

o
o

o
c
n

r
o

o
o

r
o

N
i
—

i
C

n
o

o
o

o
—

'
O

N
O

N
i
c
n

r
o

o
o

c
n

N
iN

O
jN

.o
o

N
O

N
iJ

N
.l

jN
o

r
o

J
N

.
—

r
o

o
jN

.o
—

"
O

o
jn

-
o

o
o

o
c
o

o
c
o

o

1
+

+
1

1
1

1
1

1
1

1
1

1
I

1
1

1
+

+
+

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
o

o
o

C
O

—
.

-
.

-
.

C
n

J
N
.

I
O

o
J
n
.

—
c
n

C
O

C
O

J
N
.

C
O

C
n

c
n

C
O

O
C
O

C
O

c
n

+
1

I
+

+
I

o
o

o
o

o
o

o
o

o
r
o

—
<

o
m

-
•

—
•

r
o

n Q

n
r

3
<

t

L
i

3
I

i
n

_
.

•

O o Q O u
-

3
I

C
D

r m n o -
o > 7
0

c
n

O Z o -
n n > r o c m o > z o o O
S

c
n

m 7
0 < m o < m r i
n X m r o m to m O T
J

O



written

1
(15) G*(v) = T+ pcolv +e r e V 2

P~°>exe\v + 2/ +

+ P <»eye\v +-) + .,

where the constants are respectively T , a> ,
fc>exe, and a> y for the reference molecule; p is
defined by the equation (/i///)1 , where fi =
m..mJ(m. + w.) is the reduced mass of the mole
cule. Assuming the reference molecule to. be
Po-Po and the isotope molecule to be
Po208-Po208, p comes out to be (105/104)1/2 =
1.004796, p2 is 1.009615, while p3 is 1.014457.
In the case where the isotope molecule is Po-
Po209, these constants are respectively 1.003594,
1.007201, and 1.010821. With the use of the
values of p, p2, and p3 for Po210-Po210 and
Po208-Po208 and of the observed constants for
Po210-Po210,the predicted values for Po208-Po208
given in Table 12 were obtained. The excellent
agreement of the observed and predicted constants
for Po208-Po208, especially in the lower state, is
very strong support for the assignment of the band
system to diatomic polonium and for the correct
ness of the numbering scheme.

Table 13 gives a complete summary of the
constants of the principal systems of the Group VI
homonuclear diatomic molecules. The data for

016-016, S32-S32, Se8°-Se8°, and Te-Te are taken
from the literature (48, 58, and 69), while those for
Po210-Po210 are derived from the analysis de
scribed above.

A summary of the classified bands is given in
Table 14, which shows intensities and frequencies
for Po-Po , vibrational quantum numbers,
differences between observed and calculated band

26

TABLE 10. COMPARISON OF CALCULATED AND

OBSERVED LEVELS OF THE UPPER STATE

OF P
208

Calculated Observed Difference

V Level Level (obs — calc)

(cm-1) (cm-1) (cm-1)

0 25,203.5 25,203.5 0.0

1 25,311.6 25,311.4 -0.2

2 25,418.8 25,418.5 -0.3

3 25,525.1 25,524.9 -0.2

4 25,630.5 25,630.3 -0.2

5 25,735.1 25,735.2 + 0.1

6 25,838.8 25,838.4 -0.4

7 25,941.5 25,941.4 -0.1

8 26,043.4 26,043.4 0.0

9 26,144.5 26,144.2 -0.3

10 26,244.6 26,244.7 + 0.1

11 26,343.8 26,344.1 + 0.3

12 26,442.2 26,442.3 + 0.1

13 26,539.7 26,539.9 + 0.2

14 26,636.3 26,636.1 -0.2

15 26,732.0 26,732.2 + 0.2

16 26,826.8 26,826.8 0.0

17 26,920.7 26,921.7 + 1.0

18 27,013.8 27,014.7 + 0.9

19 27,106.0 27,106.5 + 0.5

20 27,197.3 27,197.7 + 0.4

21 27,287.7 27,287.8 + 0.1

22 27,377.2 27,377.9 + 0.7

23 27,465.8 27,466.1 + 0.3

24 27,553.5 27,553.8 + 0.3

25 27,640.4 27,640.5 + 0.1

26 27,726.4 27,726.6 + 0.2

27 27,811.5 27,811.6 + 0.1

28 27,895.7 27,895.2 -0.5

29 27,979.0 27,977.7 -1.3

30 28,061.4 28,060.4 -1.0

Mean 0.3

frequencies, and observed and calculated isotope
shifts between Po208-Po208 and Po210-Po210 and
between Po208-Po209 and Po210-Po210.
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TABLE 12. SUMMARY OF CONSTANTS OF PRINCIPAL SYSTEM OF POLONIUM

State

Constants (cm -1)
Molecule Probable Probable Probable

r
e

a>
e Error

a> x
e e Error

a> y
e' e Error

Po210-Po210 Lower 0.0 155.715 0.03 -0.3353 0.002 -0.000323 0.00003

Po21°.Po210 Upper 25,149.3 108.532 0.04 -0.4417 0.002

po208.po208
Lower 0.0 156.44n 0.03 -0.340Q 0.002 -0.000295 0.00003

Po208.po208
Lower 156.462* -0.3385* -0.000327*

po208.po208 Upper 25,149.1 108.977 0.05 -0.4423 0.002

po208.Po208 Upper 109.053* -0.445o*

o i n o i n
*Predicted from the observed constants of Po -Po

TABLE 13. CONSTANTS OF PRINCIPAL SYSTEMS OF GROUP VI DIATOMIC MOLECULES

Molecule
Constants (cm- )

r'
e

a>
e

a> x
e e

at y
e' e

r

a>
e

a> x
e e W>e

o16-o16 49,802.1 1580.361 12.0730 + 0.0546 700.36 8.002 -0.3753

S32-S32 31,835 725.68 2.852 434.0 2.75

Se80-Se80 26,035 391.9 1.04 + 0.002 271.1 2.19

Te-Te 22,709 251.0 0.56 163.0 0.96

Po210-Po210 25,149.3 155.715 0.3353 -0.000323 108.532 0.4417
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TABLE 14. CLASSIFIED BANDS OF Po
/1U o Zlu

i -ro

Po210•Po210 CT208-208_ CT210-210 CT208-209 ' CT210-210

Observed Calculated Observed Calculated
Intensity (7 (cm ) V V Aff (cm-1) (cm-1) (err.-1) (cm-1) (cm-1)

0 19,482.4 26 61 + 0.2

1 19,565.9 27 61 -0.2

0 19,620.5 25 59 0.0

1 19,786.6 23 56 -0.2

2 19,814.1 22 55 + 0.3

1 19,873.9 24 56 + 0.1

2 19,902.3 23 55 -0.3

2 19,929.7 22 54 + 0.1

1 19,957.0 21 53 + 0.2

1 19,985.4 20 52 0.0 -20.3 -20.3

1 20,018.3 23 54 -0.1 -20.9 -20.1 -15.7 -15.1

1 20,038.4 18 50 -0.5 -18.9 -20.3

2 20,045.9 22
26

53
56

-0.2
+ 0.1

-19.0
-20.0

1 20,074.1 21 52 -0.5 -19.2 -19.9

2 20,103.1 20 51 -0.3 -20.0 -19.8

2 20,130.8 19 50 -0.1 -19.9 -19.9

2 20,159.5 18 49 + 0.4 -20.0 -19.8

1 20,187.6 17 48 + 0.1 -20.2 -19.8

3 20,192.6 21 51 0.0 -19.3 -19.4 -14.6 -14.4

1 20,214.6 16 47 -0.4

3 20,222.3 20
24

50
53

+ 0.2
+ 0.4

-19.4
-19.4

-19.3

3 20,251.0 19 49 -0.1 -19.7 -19.4 -15.1 -14.4

0 20,277.2 26 54 -0.2

3 20,279.8 18 48 + 0.4 -19.4 -19.3

4 20,308.7 25
17

53
47

-0.5
-0.1

-19.6
-18.8
-19.4

-15.6
-13.9
-14.4

2 20,337.2 16 46 0.0 -19.8 -19.3

2 20,342.0 20 49 -0.3 -19.5 -18.9

1 20,365.2 15 45 -0.4 -18.9 -19.3

4 20,371.4 19 48 0.0 -19.2 -18.9 -14.7 -14.0

1 20,394.4 14 44 + 0.5 -19.9 -19.2

4 20,430.7 17 46 -0.3 -19.2 -18.9 -14.7 -14.0

4 20,460.0 16 45 + 0.1 -19.9 -18.9

5 20,489.3 15 44 -0.1 -19.1 -18.8

2 20,518.0 14 43 -0.2

1 20,523.2 18 46 + 0.3

2 20,548.0 13 42 + 0.4 -19.6 -18.7

4 20,553.6 17 45 -0.1 -18.6 -18.5

3 20,576.3 24 50? -0.1 -18-5 -17.9

5 20,583.6 16
20

44

47
-0.1
-0.3

-18.8
-18.4
-18.0

-14.0
-13.6
-13.5

2 20,609.6 23 49 0.0 -18.9 -17.7

4 20,613.5 15 43 -0.2 -18.8 -18.3 -14.4 -13.5
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TABLE 14 (continued)

Po210-Po210 CT208-208~" CT210-21 0 CT208-209 CT21 0-210

Intensity a (cm )
/

V V Act (cm-1)
Observed

(cm"1)
Calculated

(cm-1)
Observed Calculated

(cm"1) (cm"1)

0 26,886.3 28 6 + 0.6

7 26,928.8 18 0 -0.8 + 7.3 + 7.6

6 26,956.1 20 1 + 0.3 + 7.2 + 7.7

0 26,967.4 29 6 -0.7

3 26,980.4 22 2 + 0.4 + 8.0 + 7.8

5 27,020;8 19 0 + 0.8 + 7.7 + 8.0

4 27,046.0 21 1 + 1.0 + 7.8 + 8.1

3 27,070.2 23 2? + 1.4 + 6.5 + 8.2

3 27,110.8 20 0 -0.4 + 8.6 + 8.5

3 27,135-0 22 1 + 0.7 + 8.3 + 8.5

2 27,156.0 24 2 + 0.2 + 8.4 + 8.5

0 27,174.7 26 3 + 0.6 + 7.4 + 8.7

3 27,200.5 21 0 + 0.1 + 9.6 + 8.9

5 27,223.4 23 1 + 0.3 + 8.7 + 8.9

3 27,243.0 25 2 -0.1 + 7.9 + 9.0

0 27,257.9 27 3 -0.1 + 10.0 + 9.2

3 27,290.5 22 0 + 0.8 + 9.8 + 9.3

3 27,310.0 24 1 -0.1 + 9.5 + 9.2

3 27,326.8 26 2 -1.0 + 10.7 + 9.4

1 27,340.6 28 3 -1.4 + 11.7 + 9.6

0 27,377.3 23 0 -1.2

2 27,397.2 25 1 -0.2 + 9.1 + 9.7

0 27,412.2 27 2 + 0.5 + 10.1 + 9.9

0 27,465.3 24 0 -0.2

3 27,482.2 26 1 + 0.1 + 10.7 + 10.1

2 27,497.2 28 2 + 1.5 + 8.0 + 10.3

1 27,507.6 30 3 -0.1 + 9.2 + 10.3

1 27,578.1 29 2 0.0 + 10.5 + 10.7

1 27,649.7 28 1 -0.3

2 27,661.5 30 2 + 0.1

0 27,732.4 29 1 0.0

DISCUSSION

The dissociation energy of a diatomic molecule
can be estimated from the observed energy levels
by extrapolating them to convergence. Two ex
amples of such an extrapolation are shown by
Herzberg (70). Numerous others are given by
Gaydon (71). Figure 3 shows a plot of successive
energy level differences (AG = G +. - G ) against
vibrational quantum number (v + 1/2) for the lower
state of Po210-Po210, while Fig. 4 shows a simi
lar plot for the upper state of this molecule.
Linear extrapolation in each case should yield an
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upper limit of the dissociation energy. This extrap
olation leads to 2.10 volts for the lower state and

to 3.94 volts for the upper state. The other extrap
olation indicated leads to estimates of 1.75 and

3.91 volts, respectively. Analytically, the dis
sociation energy may be calculated by solving the
equation dG/dv - 0 for v, then using the energy
level equation G(v) to determine the energy. For
the lower state of Po210-Po210, this leads to
v" = 183, G"= 15,290 cm"1 = 1.895 volts. For
the upper state the result is v' •= 122, G' = 31,800
cm = 3.94 volts. The difference between these
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two values is 2.04 volts, which may be compared
with a difference of 2.09 volts between P' and

P. of the polonium atom (72) and a difference of
2.69 volts between P' and D'~ of the atom. This

result suggests that the upper state of the princi
pal system of Po-Po arises from one atom in the
normal state and one atom in the state P., while
the lower state arises from two normal atoms.

This is consistent with the assumption that the
lower state is the ground state of the molecule.

The possibility is not excluded that this system
is due to (Po-Po)+, although the excellent fit of
the predicted constants with the observed con
stants and the absence of any spectra of ionized
diatomic molecules of Group VI except (0-0)
would seem to make the possibility remote. A
rotational analysis is required to definitely estab
lish the nature of the transition and hence also

the emitter.

It seems appropriate in connection with a dis
cussion of the Po-Po spectrum to evaluate the

status of knowledge of the Group VI diatomic
molecular spectra. It can be said at the outset
that, except for 0-0, knowledge is quite incom
plete and not completely satisfactory. In 0-0,
the three even electronic states to be expected
from the fundamental electron configuration are
all known, while four of the six states to be ex
pected from the first excited configuration are
also known. In addition, there are six higher
states which apparently form Rydberg series but
which have not been correlated with electron con

figurations.
After 0-0, the situation rapidly deteriorates.

The principal system of S-S is well known. How
ever, except for two systems in the ultraviolet
apparently associated with the electron transition
4s-3p, there is nothing else known about this
spectrum. Knowledge of the so-called "A Bands"
(28,36), which Olsson's analysis (37) indicates
as possibly the transition 2 — 2 , is quite
fragmentary, no constants having been found and
no vibrational analysis having been made.

In Se-Se, the principal system is generally, but
not universally, accepted to be 2 — 2 , but
the vibrational analysis of this system leaves
something to be desired. The vibrational array of
Asundi and Parti (44), which embraces bands as
signed to several systems by others, is unconvinc
ing, showing deviations up to ±10 cm in a
spectrum where the band heads are expected to
lie only about 0.3 cm from the band origins.
The rotational analysis is incomplete because of
complication resulting from considerable over
lapping of the bands. Again there are two systems
in the ultiaviolet apparently associated with the
electron transition 5s-4p. One of these is of
doubtful assignment to Se-Se, while the analysis
of the other has been questioned. The assumption
of 2 as the ground state of the molecule is dif
ficult to reconcile with the observed paramag
netism of the vapor, which indicates a low triplet
state. This may be the lower state of the Rosen-
Monfort system, which is at 6300 cn abo\

ground. The recent announcement (53) of a system
in the same region and having nearly the same
constants as the Rosen-Monfort system adds to
the confusion.

The spectra of Te-Te and of Po-Po are still less
well known. No rotational analysis has been
made for either; such an analysis will be more
difficult, because of even greater overlapping,
than it was for Se-Se. The vibrational analysis of
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Te-Te seems capable of some further improvement.
With the exception of two systems in Te-Te in the
ultraviolet, apparently associated with the electron
transition 6s-5p, nothing further is known about
either spectrum. Approximately 100 weak bands
remain in the polonium spectrum which do not fit
into the system described in this report. These
presumably belong to one or more additional sys
tems. Nothing definite can be said on this point
at the present time.

There is an interesting group, however, of six
bands at the short wavelength end of the spectrum,
as follows:

Frequency
nsity (cm-1)

1 27,674.9

4 27,751.5

4 27,827.7

4 27,903.5

4 27,979.9

3 28,056.2

There is a constant difference of 76 cm" between

successive bands of this group. All attempts to
find any other reasonable regularities involving
these bands have met with failure, suggesting that
these six bands may form a sequence. They are
relatively stronger than bands of the principal
system in the same region, suggesting that they
may belong to a separate system.

SUMMARY

Spectrograms of the molecular spectrum of
polonium excited in an electrodeless discharge
have been measured. Approximately 500 red-
shaded band heads have been found with mixtures

of Po208 and Po209 and more than 450 heads with
Po210, in the wavelength range 3500 to 5100 A.
Approximately 350 bands have been classified in
each spectrum as transitions between two sets of
energy levels, the mean deviation between ob
served and calculated frequencies being about
0.3 cm in each spectrum. Vibrational quantum
numbers extend to v" — 61 and to v' — 30. The
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observed energy levels are represented with
mean deviation of 0.3 cm by the equations

G(v') = 25,149.3 + 108.532 \v' +-j -

0.4417 V +

G(v") =155.715 (v" +-)- 0.3353 L" +- J-

- 0.0003226 L" +-J
for Po210-Po210 and by the equations

G(v') = 25,149.1 + 108.977 t/ +
1

0.0002949
1

0.4423 (t/ + -

G(v") =156.440 (v" +-) - 0-3400 L" +

for Po208-Po208. Observed and calculated values

of the shifts between c^g^g and ^ 10-210 anc'
between 0^08-209 anc' °210-210 snow satisfactory
agreement.

Extrapolation of the energy levels to convergence
by the use of the above equations yields an esti
mate of 1.895 volts for the dissociation energy of
the lower state of Po210-Po210 and of 3.94 volts
for the dissociation energy of the upper state of
Po-Po , on the assumption that the dis
sociation products of the lower state are two
polonium atoms in the normal state Pi.

The present status of knowledge of the spectra
of Group VI homonuclear diatomic molecules is
considered to be incomplete and unsatisfactory,
except for oxygen.

mmmmmmmmmmm
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