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Abstract

Optical spectroscopy has been used to study laser spectrochemistry
of Bi? molecules. Molecular constants and new electronic states of
Bip, energy exchange between Bi, and foreign gases, lifetimes of
excited states, and chemical reactions between bismuth vapor and several
oxidants have been measured. Two different types of apparatus, a flow
furnace system and a heat pipe system were used for bismuth sources.
Special attention has been given to reactions of bismuth with various
oxidants in heat-pipe reactors. Preliminary surveys of reactions
of aluminum and calcium with hydrogen containing molecules were made.

A "photon correlator" which is a delayed coincidence device, has
been constructed to measure lifetimes and time resolved spectra of a
very weak signal. Capabilities of this device were successfully de-
monstrated by measurements of lifetimes of I; in single rotational
transitions.

Some interesting new results were obtained in the laser photo-
luminescence of Caj; in the heat-pipe.
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I. General Discussion

A. Laser Photoluminescence of Bijy and Electronic States and
Molecular Constants of Bij

There have been relatively few spectroscopic investigations of the
diatomic molecule bismuth, Bip; therefore spectroscopic data was
incomplete and possibly unreliable. Several electornic states of Bij
had been observed and are labeled as A to H states. New measurements
combined with a critical evaluation of previous measurements and
assignments were needed to construct realistic potential energy curves
and to calculate accurate Franck-Condon factors.

A problem in studying heavy molecules such as Bijy is that rotational
and vibrational constants are usually very small making correct
numbering difficult. Vibrational bands of such molecules are heavily
overlapped and difficult to analyze. Laser-excited photoluminescence
spectroscopy has proved to be a very useful tool for analyzing complicated
spectra. The bandwidth of the laser oscillation can be made sufficiently
small so that a single rotational-vibrational line of a heavy molecule
like Bijp can be excited. From the analysis of photoluminescence bands
in the usual manner coupled with a comparison of measured intensities
with Franck-Condon factors, we can definitely assign the transitions
and obtain molecular constants. Franck-Condon factors are an excellent
test for vibrational numbering and vibrational and rotational constants.
Excited state radiative lifetimes also are very important in determining
the nature of excited states including possible predissociations
and energy exchange between various species. In Sections, IIA and B,
results of measurements and analyses of laser and white light photo-
luminescence of Bij with resulting new information on several low-lying
electronic states are presented.

Two different types of apparatus were used to produce Bij molecules.
In one apparatus using a furnace immersed in flowing inert gas, Bi, mol-
ecules were produced by heating a sample of bismuth metal in an Al,0
crucible. The pressure of the inert carrier gas was varied from less
than 0.1 to 20 torr. The bismuth partial pressure in this system was
at least one order of magnitude less than that of the lowest carrier
gas pressure. In order to study the Bij at high bismuth pressure
(0.1 to 5 torr), bismuth metal was contained in a cross~shaped heat
pipe oven. The heat pipe was stainless steel with a 4.5 mil wire, #100
mesh stainless steel screen used as a wick for returning condensed
liquid metal to the heated zone.

For the excitation of Bi photoluminescence, several laser sources
He-Ne, He-Cd, Ar* and a tunable CW rhodamine 6G laser (570-630 nm)
and a 500 W Xe arc lamp were used. Photoluminescence spectra were
recorded photoelectrically with 3/4 m Fastie-Ebert scanning monochromator
from 400-900 nm, with various resolutions from 0.02 to 10 nm. For
better wavelength measurement, a 2 m McPherson spectrograph was used.




wWavelength measurements were carried out by comparing photolumin-

escence spectra with spectra of an Fe-Ne hollow-cathode lamp. For
lifetime measurements, a Np-laser-pumped dye-laser (450~570 nm) was

used. Peak power, spectral width, and time pulse width of this

laser were typically 1 kW, 0.5 nm and 10 nsec respectively. Fluorescence
intensity decays after the pulsed-laser excitation were measured by

means of a fast transient recorder (Biomation 8100).

Radiative lifetimes and quenching cross-sections were measured
directly by pulse laser excitation from 450.0 to 520.0 nm. At
514.5 nm excitagion, the lifetime was 0.7 usec and the quenching cross-
section was 30 A2. With 488.0 nm excitation two lifetimes were found
to be 0.1 and 0.7 usec. The longer lifetimes correspond to the lifetime
of A state, the shorter one to the lifetime of upper state of the K
series. From the two measurements of spectra and lifetime, we conclude
that there is at least one other low-lying state X' about 5000 cm— !
above the X state and one other higher excited state A' about 20,000 em !
above the X' state.

B. Chemical Reactions in a Heat Pipe Oven

We made two types of heat pipe ovens for chemical reactions. One
consisted of a simple cross-shaped (+) stainless steel pipe with a
5 cm diameter and an arm length of 15 cm. Four heater sets of 250 W
capacity were used to heat the pipe, 1150 K was the maximum available
temperature. A #100 stainless steel mesh was used to return liguid
metal to the heating zone. The other heat pipe was more complicated.
Its shape was a double cross, consisting of 5 cm stainless steel tubes,
eight sets of 250 W heater elements, and an additional cooling system.
The eight sets of heaters were in three groups, controlled by three
variac transformers. By combinations of heating currents of the various
groups and flow of cooling water, temperatures to 1150 K with a
variety of temperature gradients can be realized. This heat pipe used
vertical arms so that gravitational flow, as well as mesh capillary
action, was used to return the liquid metal to the heating zone. Since
in heat pipe action, capillary action of the mesh is very important for
returning liquid metal to the heating zone, it is necessary that the
metal wet the stainless steel mesh. Most of the alkaline and alkaline
earth metals are known to wet stainless steel mesh. Bismuth will not
wet oxidized stainless steel mesh but clean, new stainless mesh does
work. However liquid metal bismuth itself can play a role in returning
the metal to the heating zone. We thought that with this mode without
wick action might be used for heat pipe action for metals which do not
wet stainless steel mesh. Insertion of quartz inlet tubing for intro-
ducing reactant gases did not affect the heat pipe action since the heat
leak was small. Nor was deposition of metal observed at the end of the
inlet tubing. When the heat pipe is properly working, the temperature
and pressure of the system is in equilibirum determined by the vapor
pressure of the metal. The vapor pressure was measured directly by a
pressure gauge and the temperature directly obtained from vapor pressure
vs. temperature tables.

L t T TN e s e




Laser induced photoluminescence of Bi, molecules was used to
determine the distribution of metal vapor along the pipe. Metal vapor
only existed in the middle heating zone and a very sharp boundary was
observed between the metal and carrier gas zones. About 4 cm outsile
the sharp boundary, particles of bismuth were observed. The metallic
particle region was about 4 cm long. Scattered light from these particles
was completely plane polarized, indicating particle sizes much smaller
than the wavelength of light. Fven when the carrier gas pressure was
higher than the equilibrium vapor pressure, and there was no heat pipe
action, there was a separation of the metal zone from the carrier gas
zone. We believe that the operation of this kind, without heat pipe
action but with a separation of the metal rich zone from the carrier gas
zone, will be useful for chemical reaction studies as well as for spectro-
scopic measurements.

For determining the optimum conditions for studying chemical reactions
in the heat pipe, many inlets for oxidant and observation windows have
been made. A 12.5 mm diameter quartz tubing was used to introduce micro-
wave discharge products into the center of the metal vapor region and
3 mm stainless steel tubing was used to introduce other reactants. We
tried chemical reactions between bismuth and several oxidants such as
0y, discharged O, N0, NOp. During the chemical reaction, laser
photoluminescence was used to detect the concentration of Bij; as well
as reactant products in the reaction zone. A brief discussion of
these measurements is reported in Section IIC.

We would like to remark on some particular experiences observed during
the reaction of bismuth and oxidant. Some observations are connected
only to the bismuth and oxidant system, while others are more general
and pertain to chemical reactions in heat pipe ovens. In one manner
of operation, during the reaction, metal is supplied by evaporation
while oxidant is supplied from outside the metal vapor region. Metal
oxides and other reactant products condense in the pipe and a steady state
condition can take place so that the heat pipe is used as a stable
reactor. The reaction of Ba + N0 corresponds to this case." Unfortunately
the bismuth and oxidant reaction does not fit this mode of operation; it is
necessary to pump out excess oxidant and products to maintain a stable
pressure. By pumping, a steady-state condition is established in which
the pumping just balances the evaporation of metal and supply of oxidant.
Also when the reaction is small, the oxidant reacts with the hot stainless
mesh and the gas inlets.

During the reaction of discharged 0Oy, the stainless steel mesh and
‘gas inlets were ruined. Even the quartz tubing for the gas inlet was
"eaten" by some chemical reaction in the hot heat pipe in the presence
of bismuth. About 1 cm length of quartz tubing disappeared in each 5 hours
of operation. Deposition of bismuth oxide was observed on the end of the
quartz tubing. Possibly at high temperatures bismuth oxide corrodes the
quartz tubing. At excess pressures (15 to 30 torr) of Ny0O, soot-like
small particles were observed. These may come from the oxidant of small
metallic particles. We believe that we need a special structure for the




gas inlet tube with a cooling mechanism inside and a heatinc
i j

mechanism outside. 1In our present system, the metal tube itself and
the contained oxide are heated to the oven temperature. The reacting
oxidant molecules were vibrationally excited, since kT is nearly

1000 em~!. 1In addition some fraction of the oxidant, especially in
the case of NyO, is decomposed before entering the reaction zone.
Quantitative studies of chemical reaction rates, photon yield, etc.
probably will be difficult with the pumping mode, since the calibration
of the quantity of oxidant used will be difficult. Another difficulty
of the present system is the strong background thermal emission from
the walls and from the metal vapor itself.

Small particulate formation of bismuth metal was observed between
the hot and cold transient region in the heat pipe as well as in
the flow system at very slow gas-flow rate. Spectra of scattered light
from these small particles were taken by a Xe arc lamp. The scattered
light is completely polarized and its spectrum has a maximum at 400 nm with
a width of 50 nm and some oscillatory structures. This resonance is
due to the plasma resonance scattering from very fine bismuth particles.
A related study on homogeneously nucleated particles of PbI, is discussed
in Section IID.

In order to test the heat pipe as a general tool for studying chemical
reactions of metal vapors, we attempted to make metal hydrides. Weak
chemiluminescence was observed in the reactions of Al and of Ca
with formaldehyde (Section IIE). .

Although our preliminary experiments indicated versatile and wide
range uses for heat pipes in studies of chemically reacting systems,
our experience has not borne out this optimism. Because of the many
problems connected with temperature and mixture stabilization, the
time to reach true steady-state conditions, the changing effects due to
product contamination, the large effects of impurities, and the conden-
sation of both reactants and products in cooler regions, we believe that
the heat pipe has only limited use in the study of chemical reactions.

C. Laser Photoluminescence of Calcium Molecules

In the course of using photoluminescence as a tool in the chemically
reacting systems, many impurity molecules were found including CacCl,
BaCl, BaBr, and Caj. Some interesting results on this latter molecule
are reported in Section IIF.

D. Lifetime Measurements of I,

In the course of developing suitable equipment for measuring lifetimes,
we developed a photon correlator. This instrument was first tested on
I, (Section IIG).




Laser photoluminescence of Bi,*
G. Gerber," K. Sakurai,' and H. P. Broida

Quantum Institute and Department of Physics, University of California, Santa Barbara, California 93106
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Bismuth diatomic molecules are produced in an inert gas flow system and in a heat-pipe oven at pressures
from 10 * to 10 torr. Photoluminescence of Bi, has been studied with various laser sources and with white
light. Strong photoluminescence is due to different vibrational-rotational transitions of the A-X system.
Observed weaker photoluminescence series are due to vibrational-rotational transitions of four previously
unknown electronic systems of Bi, with w, = 154.2940.45 cm '; w, = 14123035 cm '} @, = 127.05+0.1
em ' and w, = 105.68+£0.25 cm ', Long v" progressions extending over the whole Franck-Condon
distribution (including both maxima) are measured for several electronic transitions. Molecular constants

for the lower electronic states invoived are obtained from spectroscopic analysis. The laser-excited

photol ence experi

suggest that A is not the first excited state in Bi, and that X is not the

ground state of Bi, but that the X’ state is probably the lowest energy state. Photoluminescence with
white light excitation consists of emission from Bi, and atomic Bi. In addition to discrete line
photoluminescence, continuum spectra arising from an unbound upper state are observed with 514.5 nm

laser excitation and with white light excitation.

I. INTRODUCTION

Spectra of the homonuclear diatomic molecules Ny,
P, and As, of the lighter elements of the fifth group have
been extensively studied both in emission and absorp-
tion. However, few spectroscopic investigations have
been made of the heavier diatomic molecules, Sb, and
Bi,, of the same group.

Almy and Sparks' photographed the absorption spec-
trum of Bi, in the spectral region 211-~790 nm at tem-
peratures from 1120 to 1770 K. The spectrum was
analyzed into four discrete band systems: (1) the visible
system from 450-790 nm consisting of over 300 bands
due to A - X transitions; (2) the ultraviolet system from
260-290 nm assigned to C~ X transitions; (3) the far
ultraviolet system below 225 nm (F- X), which shows
diffuse band heads; and (4) the violet system which ap-
pears only at temperatures greater than 1270 K. The
violet system consists of three parts: (a) a group of
sharp-edged bands extending from 405 to 420 nm (D~ A),
(b) a series of diffuse “continuous bands” from 420 to
450 nm, and (c) a group of diffuse and closely spaced
bands from 400 to 405 nm. In addition there is strong
continuous absorption in the neighborhood of 310 nm.
From the close agreement between vibrational con-
stants of the lower state of the D~ A system and con-
stants of the upper state of the visible system A+~ X,
they concluded that the lower state of the D— A system
is the A state.

Results of absorption spectroscopy on Biy by Naka-
mura and Shidei® are in general agreement with those
of Almy and Sparks.' Aslund ef al.® have derived mo-
lecular constants for the A-X system from analysis of
partially resolved bands obtained by absorption mea-
surements,

Emission spectra of the Bi, molecule excited in a
microwave discharge were studied more recently by
Reddy and Ali.* Their investigations revealed the ex-
istence of three new band systems: (1) G~ A in the
wavelength region 803-882 nm, (2) H~ A consisting of
a single progression in the region 673-705 nm, and (3)
I = A between 629-657 nm. The three new band sys-

3410 The Journal of Chemical Physics, Vol. 64, No. 8, 15 April 1976

tems are found to have a common lower electronic
state, which probably is the upper state of the A-X
system.

A problem in studying heavy molecules, such as Bi,,
is that rotational constants are very small and correct
numbering of rotational lines therefore is difficult. In
addition, most metal diatomic molecules are weakly
bound with fairly small vibrational frequencies. Vibra-
tional bands of such molecules are heavily overlapped
and thus are difficult to analyze. In the last few years,
laser-excited photoluminescence spectroscopys has
proved to be a very useful tool for analyzing compli~
cated spectra because the band width of the laser oscil-
lation can be sufficiently narrow so that only a single
vibrational-rotational transition is excited even in a
heavy molecule like Bi,.

In this paper we report results of laser-excited pho-
toluminescence of Bi, as well as white light photolumi-
nescence. The results of our investigations lead to the
conclusion that the X state, previously considered'™ to
be the ground state of Bi,, is probably not the ground
state. Our experiments indicate that there is another
electronic state X’ with w,=154.29 cm™ which lies
about 1500 cm™ below the X state.® Also we find three
other low-lying electronic states (one of them is a re-
pulsive state) below the A state and two electronic states
which are higher in energy thar the A state. In addition
to these well characterized electronic states we observe
four more states which are upper states of photolumi-
nescence series.

The new observations are in good agreement with
previous data'~* for the A-X system. However, there
is partial disagreement with assignments of the earlier
data’®* but, a re-evaluation® removes most of the dis-
crepancies.

In most laser-excited photoluminescence studies, the
laser excites one or more different vibrational-rota-
tional transitions within one electronic system. How-
ever, in the experiments carried out with Bi,, several
Ar* laser lines excite transitions of more than one

Copyright © 1976 American Institute of Physics
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electronic system. For instance the 488.0 nm Ar* la-
ser line simultaneously excites vibrational-rotational
transitions of four different electronic systems—K-X’,
A=-X, E-B, and N-G. Calculated Franck-=Condon fac-
tors® based on RKR-potential curves are used to con-
firm the spectroscopic assignments, which in some
cases are unambiguous because of long observed pro-
gressions (¢"" =0 up to »'" =49). A second paper® ex-
amines these photoluminescence observations in more
detail in terms of potential curves and Franck-Condon
factors. In addition the published data of Bi,'~* are re-
evaluated and a potential energy diagram for Bi, is de-
rived from all available data.

Il. EXPERIMENTAL

Two types of apparatus are used to produce Bi, mole-
cules. In one apparatus Bi, is produced by heating a
sample of metal bismuth in an Al,O, crucible. The Bi,
vapor then is cooled and carried by an inert gas flow
(Ar, He or N,) to the observation region.’ The pres-
sure of the inert carrier gas is varied from less than
0.1 torr to 20 torr. Partial pressures® of Bi, are at
least one order of magnitude lower than the lowest car~
rier gas pressure used. Under these nonequilibrium
conditions tne pressure of Bi, in the observation region
is not well known but is considerably less than the equi-
librium pressure. Therefore, in order to achieve a
controlled and measurable vapor pressure of Bi,, two
different heat-pipe ovens® are used. One was a cross-
shaped heat pipe and the other consists of two vertical
arms in addition to the horizontal cross (Fig. 1). The

GAS INLET],

heat pipes are made of stainless steel with a 4.5 mil,

# 100 mesh stainless steel wire screen for wicks. Both
Ar and He are used as buffer gases. Bi metal is placed
on the bottom of the vertical arm (Fig. 1). The laser
beam comes through the upper vertical arm and the
photoluminescence is observed perpendicular to the la-
ser beam.

Usually heat-pipe action® is achieved at equilibrium
of metal vapor and buffer gas pressures. Heat-pipe
action means that metal vapor condenses in the cooler
region and returns to the hot region due to the capillary
action of the mesh. With constant pressure, an increase
in heating does not result in increasing temperature
after reaching equilibrium, but rather in an elongation
of the vapor region.

It is possible to operate the heat pipe in a somewhat
different manner. By keeping the pressure inside the
heat pipe constant while continuously supplying and
pumping the buffer gas at very low flow rates, an in-
crease in temperature is obtained. Maintaining a buffer
gas (Ar) pressure near 0.1 torr, we are able to reach
a gas temperature of 1450 K even though the Bi, vapor
pressure® of 0.1 torr corresponds to a temperature of
only 1170 K. The temperature reached by the heat pipe
1s approximately measured with a thermocouple at-
tached to the outside wall of the heated cross. Spectra
serve as a second and calibrating thermometer. From
a thermal emission spectrum of Bi, (A~ X) as well as
from white light photoluminescence spectra, the gas
temperature inside the heat pipe is measured from vi-

l LASER BEAM

—> TO PRESSURE

GAUGE

HO

5cm

FIG. 1.

>— HEATER

Heat-pipe oven used for production of Bi,.
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brational populations. These two spectroscopically
measured temperatures are consistent with each other
and with the thermocouple measurements to within 10%.

In addition to production of gaseous Bi,, small par-
ticle formation'? is observed between the hot and cold
transient region in the heat pipe at buffer gas pressures
greater than 0.5 torr.

Several laser photoluminescence sources—He-Ne,
He-Cd, Ar*, and a cw Ar* pumped tunable rhodamine
6 G dye—are used. Most investigations use multimode
laser excitation, but a few experiments are made with
the Ar* laser operating single mode with an intracavity
etalon. Multimode excitation mainly is used with a fre-
quency spread of 5 GHz (~0.15 cm™), while the band-
width of single mode operation was about 20 MHz. At
higher currents, our Ar* laser simultaneously oscil-
lates at 488.0 and 488.9 nm'! with an intensity ratio
488.9/488.0 of 107" - 10" depending on the discharge
current. The cw dye laser was tunable in the range
580-615 nm with output power varying from 100-400
mW. The light of a 150 W Xe arc lamp is used for
white light excitation of Bi, photoluminescence.

Spectra are recorded both photoelectrically and pho-
tographically. For the photoelectric measurements a
im grating monochromator was used with various pho-
tomultipliers. Relative line intensities are obtained by
comparison with a calibrated lamp. Spectra are mea-
sured with various resolutions from 0.02-2 nm. Pho-
tographic measurements are obtained using a two meter
grating spectrograph with linear dispersion of 0.378
nm/mm and an achieved resolution of 0.003 and 0.007
nm with 15 and 50 u slits, respectively. Exposure
times run from 30 min to several hours. Wavelengths
are determined by comparison with a Fe spectrum pro-
duced by a 30 mA Fe-Ne hollow cathode lamp and by
interpolation using Fe-Ne hollow cathode wavelength
standard lines.'? The achieved accuracy is + 0.004 nm
(0.2 em™).

I1l. METHODS OF DATA ANALYSIS

The line positions v(v’J’; v"'J"") of a photolumines-
cence series may be represented by the energy differ-
ence between the (¢'J’) and (»"’J'’") vibrational-rota-
tional levels of the excited and ground states'®

v’ I 0" ") =0, + [G(') = G(")] + [Fp ') - Fyu (%4
(1)

where the vibrational energy
Cv) =w,(v+3) = wx, (v +5) + w,y,(v+3)+ Wez (v +3) 40

(2)

and the rotational energy in the v level
F(N=B|JJ+1)=A%] =D [JT+1) =A% +... . (3)

The rotational constants B, and D, depend upon the vi-
brational level v as'?

B,=B, - a,(v+5)+v,(v+5)l24eee, (4)
Dy=D,+B(0+5)+8,(v 452 4eee, (5)

and A is the absolute value of the projection of the angu-
lar momentum upon the internuclear axis. v,=T}~T}

is the difference in electrenic energy of the two states.
The vibrational spacing of the lower electronic state or
the spacing between pairs of lines (v'’,J’') and (»"" + 1,
J'’) of the same photoluminescence series, Av,,, is
obtained from Eqs. (1)=(5):

) (6)

Av,,(0) =ag = ayv + ag® + azp® ++ + -
where®
A=W, = 2W,x, + 3.25 w, v, + 5 W2, + (— @, + 2y )J(J + 1)
= (B, + 28 NI+ )7,
ay=2w,X, — 6 Wy, — 13 w,2, = ¥, J(J +1) + 25,[J(J +1)]?,
az=3o.’)ey,+12 L (7)

a3=4w,z, .

From a plot of Ap,,, as a function of »"* or from a

weighted nonlinear least-squares fit, the coefficients

a; are obtained, determining the vibrational constants
Wy, WeX,, W,V,, and w,z, of the lower electronic state.
The accuracy of the molecular constants derived from
such a plot depends, of course, upon the correct vibra-
tional assignment ¢’’. However, if the constants are
determined by a weighted nonlinear least-squares fit
the absolute values of the constants also depend upon the
number of constants to be determined. Even with as
much data as given for the A-X photoluminescence se-
ries (Fig. 7), the constants w, and w,x, have different
values depending on whether two, three, or four con-
stants (including w,y, and w,z,) are included in the fit.
The fact that different sets of constants describe the
experimental data equally well (the RMS deviation being
almost the same) is due to the strong correlation of the
constants and the limited number of experimental data,
but does not much depend on the accuracy of the experi-
mental data.

From the same Eqs. (1)-(5), the spacing between the
doublet lines (»*’, J'+1) and (', J’ = 1) of a P, R pho-
toluminescence series is given by

AV (V) =bg = byv + by , (8)
where®

bo=(4B, = 2a,+ Y )(J" +5)++++ ,

by=(4a, =4y )" +5) 4+, (9)

by =4y (' +5) 4+,

neglecting higher orders of J’ and small contributions
from D,, B, and §,. The coefficients ; may be obtained
either from a plot of Ay, versus »'", or from a nonlin-
ear least-squares fit, thus giving the rotational con-
stants B,, a,, and v,.

The emission intensity of a (v'J’)= (v"'J"') line is ap-
proximately given by
I0'T ' 0" T ") = o Ny yo /(2T +1)]
XM (o' 0" IRQ i SH (10)
where N,.;. is the population of the (»"J’) level, v(v'J’,
»'"J"") is the transition frequency, R? is the electronic

transition moment, Q... is the Franck-Condon factor
of the (v'J’, »"'J"") transition and « is a proportionality
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constant. Carrying out the summation over all J' lines
of a band gives the emission intensity of a vibrational
band and makes the Honl-London factor SJ." equal to
unity. Assuming that the electronic transition moment
R? varies slowly with », the relative population of the
vibrational levels »’ may be found from

& I(I'I,Y‘”)

T A 0 Qe 1)

From the measurement of emission intensities, Franck-
Condon factors, and transition frequencies, the relative
vibrational populations 2re obtained

Usiag white light excitation with nearly constant in-
tensity over the absorbing wavelength region, the vibra-
tional population N, is proportional to the sum of N..
In this case N,.. refers to the population of the initial
vibrational level of the lower electronic state.

.
N, = i: Ny o Qpeper (', 0"') .
v

) 20

(12)

The summation extends usually over all vibrational lev-
els 1’ =0 to vl,,. However, in some favorable cases'
this summation can be restricted to only a few »’’ lev-
els. White light photoluminescence of Bi, (Fig. 9) can
be treated in this way because the spectrum consists
mainly of three progressions »'' =0, 1, 2. The second
maximum of the Franck-Condon distribution does not
contribute to the spectrum. From the values of N, ob-
tained according to Eq. (11), values of N,.. are deter-
mined by inverting the set of equations given by Eq.
(12). Once values of N.. are found, the temperature
connected with these populations may be obtained from

')
G V') /RT w4 ; (13)

assuming a Boltzmann distribution for the vibrational
populations.

Nvu xe

IV. RESULTS

The various observed photoluminescence transitions
of Bi, are given in Table I. Molecular transitions ex-
cited by different light sources are listed in this table
together with a rough classification of observed intensi-
ties of both photoluminescence lines and relaxation band
heads. The assignment of a transition is made in the
following way. The number of measured anti-Stokes
lines (i.e., photoluminescence lines with wavelengths
shorter than the exciting laser line) gives, in a first
approximation, the vibrational level of the lower elec-
tronic state, Either with known molecular constants or
with constants derived from vibrational and doublet
spacings [Eqs. (6) and (8)], potential curves for the
electronic states involved are calculated® using the
RKR method. Once potential curves V(r) are con-
structed, Franck-Condon intensity factors can be cal-
culated for vibrational-rotational transitions. A com-
parison of measured intensities of a photoluminescence
series with Franck—-Condon factors for this series pro-
vides a sensitive test for the accuracy of the assign-
ment, especially for long vibrational progressions. In
the case of one observed transition which involves pre-
viously unknown electronic states, an assignment of the
transition was not made because of lack of information

3413

about the upper state available from laser photolumi-
nescence data containing only one vibrational-rotational
excitation. Therefore only the multiplet character and
the number of anti-Stokes lines of the photolumines-
cence series has been given with the values for the mo-
lecular constants of the lower electronic state.

A typical photoluminescence spectrum in which the
528.7 nm Ar* laser excites both the ' =11 and 12 levels
of the A state is shown in Fig. 2, This spectrum con-
sists of two doublet photoluminescence series and of
some weak bands indicating that rotational and vibra-
tional relaxation occurs. These relaxation bands are
observed even at inert gas pressures as low as 0.1
torr, but they become stronger with increasing pres-
sure. The laser line excites both a P and an R transi-
tion. Emission to the vibrational-rotational levels of
the lower electronic state forms the two resonance
doublet series. Measured wavelengths of the P, R
doublets of the photoluminescence are used to deter-
mine the molecular constants of the lower electronic
state. In this way we assign the two transitions excited
by the 528.7 nm Ar* laser as due to the A-X system of
Bi,. The laser line coincides with R =45 of the ¢'' =2
- ¢’ =12 transition and with a high rotationally excited
state such as P =280 of the ' =0~ ¢’ =11 transitions.
Both photoluminescence series are observed from »'" =0
to v’ =37 between 520 and 750 nm.

A more complex photoluminescence spectrum is ob-
tained from 514.5 nm laser excitation with a number of
rotational transitions overlapped within the bandwidth
(5 GHz) of the 514.5 nm line. The 514.5 nm photolumi-
nescence was observed in the heat-pipe at temperatures
as low as 790 K (corresponding to Bi, vapor pressure®
of approximately 10 torr). Observed line intensities
increase linearly with increasing vapor pressure and
laser intensity. Relaxed bands are observed at Bi,
pressures as low as 1072 torr. An analysis based on
photographic measurements such as illustrated in Fig.
3(a) shows that four vibrational~rotational transitions
of the A~X system are excited (Table I). The upper
part of Fig. 3(a) clearly shows rotational and vibration-
al relaxation in a number of bands. It is interesting to
note that strong photoluminescence is observed from
the ' =18 level, even though it is not directly populated
by a laser transition. From the measured line posi-
tions of the photoluminescence series vibrational and
rotational constants of the X state are determined ac-
cording to Eqs. (6) and (8) by a weighted nonlinear
least-squares fit. These constants are given in Table
II together with previously published constants, ** and
show agreement within the given uncertainties of one
standard deviation. Observed band heads are used tc
determine the vibrational constants for both the X and
A states and v,. The derived constants also are given in
Table II and show agreement with published constants®*
and constants obtained from line photoluminescence.
Figure 3(b) shows, for comparison, a portion of the
photoelectrically measured photoluminescence spec-
trum of Bi, excited by the 514.5 um line. Photoelec-
trically recorded spectra are easier to use for relative
intensities, whereas photographic spectra provide more
accurate wavelength data.
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TABLE 1. Bi, photoluminescence excited by different light sources.
Photo-
Laser wavelength Molecular transition excited luminescence Relaxation®
b nm (air)* ¢’ "’ J® System® intensity® vib rot
Ar* 528.690 12 2 R790 A-X m m m
iz ® P45 A-X m s 8
Ar* 514,532 17 1 R270 A-X s s s
19 4 R10 A-X m 8
20 4 R170 A-X 8 m s
21 § R120 m s s
continuous photoluminescence (approximately
107 of line photoluminescence)
Ax® 501,716 19 1 R60 A-X m 8 8
Ar' 496,507 30 7 R130 A-X w none
unidentified A-X transition with
12 anti-Stokes lines A-X vw none
doublet photoluminescence series with
5= 127.7 cm™ and 7 anti-Stokes lines vw none
Ar* 488,903 22 0 P80 A-X m none w
Ar* 487.985 26 2 R160 A-X m none
3 R105 E-B m none
ve ~105.68 cm™!, 2 anti-Stokes lines P245 N-G w none
we - 154.29 cm™, 20 anti-Stokes lines K-X' vw none
Ar* 476.486 31 3 R40 A-X w none
33 4 R20 A-X w none
1 doublet photoluminescence series with
¢~ se 141.23 em™, 6 anti-Stokes lines L-A’ vw none
154.9 cm™, 20 anti-Stokes lines K-X' vw none
He~Cd 421.5 no photoluminescence observed at T =1100 K
; He—Ne 632.8 no photoluminescence observed at T = 1100 K
Rhodamine 6G dye weak photoluminescence observed
580-615 color of photoluminescence changes from deep
red to green blue with various excitation lines
White-light strong discrete photoluminescence (490-765 nm,
Xe arc lamp mainly A-X) and very weak continuous photo-
luminescence from Bi, and discrete photolumi-
nescence from atomic Bi.
*As given by Ref. 11. rotational numbering is still not unambiguous.
PApproximate J values only because of the small B, values. ®Assignments of electronic systems are taken from Ref. 6.

Even with high resolution photographic measurements, the 4, strong;,; m, medium; w, weak; vw, very weak.

528iT’nm
-5
I [ I I I I I -0
I | 1 | | [ | 1 I 12-0
12-10
-2 13-0 14-0 15-0
| | | |
M—W
vl Sl s R e et etiisvis i S el i e 1 S
560 540 520nm

WAVEILENGTH
F1G. 2. Photoluminescence spectrum of Bi, excited by the 528.7 nm Ar® laser line. The spectrum is taken with 0. 06 nm resolu-
tion in the flow system at an Ar-carrier gas pressure of 1 torr and is not corrected for instrumental response. The two observed
doublet series as well as some rotational and vibrational relaxation can be seen.
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(a) )14.5 nm

SSSRIENEL TENSENGa

& [ 500 ner

514.5nm
|
(b)
1 A =) PENCCPSRS | eSS SIS e ST e AN ST AT S e e
560 540 520 500 rnm
WAVELENGTH
FIG. 3. (a) Photoluminescence spectrum of Bi, excited by the 514.5 nm Ar® laser line taken in the heat pipe. The lower spec-

trum is photographed with 0,007 nm resolution at a Bi, pressure of 5 x 10"% torr. The upper spectrum is photographed witi 0,02
nm resolution at a Bi, pressure of 5%10°! torr. A Fe spectrum, produced by a Fe—Ne hollow cathode lamp, is superimposed be-
low the Bi, photoluminescence spectrum. The laser excitation line and the vibrational transitions excited in the A-X system are
marked. (b) Photoluminescence spectrum of Bi, excited by the 514.5 nm Ar® laser line. The spectrum is taken photoelectrically
with 0,02 nm resolution at Bi, pressure of 5x 10! torr in the heat pipe.

A complete spectrum of the different doublet series
excited by the 514.5 nm Ar* laser is shown in Fig. 4.
The series extend from 495 to 785 nm and consist of
progressions from »’’ =0 to »'' =49, These progres-
sions cover the whole Franck-Condon distribution in-
cluding both maxima. The intensity distribution of such
long progressions is specially suitable for comparison
with calculated relative intensities and gives an addi-
tional measure for the accuracy of molecular constants.
The information obtainable from intensity measure-
ments is discussed in the following paper.’

Photoluminescence resulting from excitation of Bi,
with the 501.7 nm Ar* lager consists of one photolumi-

nescence series of the A-X system. The transition ex-
cited by that laser line is the P =60 line of the v'"' =1

- p’"=19 band. The observed doublet series extends

from »'' =0 to »"* =47 (498-775 nm). Intensity of rota-
tional and vibrational relaxed bands remain constant
relative to the intensity of directly excited lines at car-
rier gas pressures (Ar, N,) from 0.1-20 torr in the
flow system, but both the relaxed and the line photo-
luminescence intensities are pressure dependent, be-
coming weaker with increased pressure.

Excitation of Bi, by the 496.5 nm laser line produces
a photoluminescence spectrum (lower part of Fig. 5)
consisting of a doublet series due to the A=X transi-
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TABLE II. Molecular constants for the A=X system.
State X e WeXg We Ve We 2 B, a, D,
1500 132.56 0.319 A
17739.0(+0.7) + 0,13 £ 0,005
A 17739.3 132.49 0.302 =2,1x10" 5.5%107  0.01968 5.3x107 1.71x 107 e
£0,22 +0,036 +2x107 £3,8% 107 +2x 107 £0,2x10™ £0.08x10™ -
5009 3. 2 . 392 Thi
150( 173.22 0.392 S el
£0,22  +0.009
5009 9 ARE — 8" -4 x 109
X 1500 172.98 0.385 6.3% _1‘0 5.5 _170 TR
£0,2 £0.005  +1%10 £ 5% 10
0 172.71 0.341 -1.8x107 1.0%107 0.022806 5.0x10™ 1.50x 107 Ref. 3.4
£0,27 +0.023 £0,7%x10 £0.6x10™ £4x107 £0,2%107 £0,07x107 S

3All molecular constants are given in cm™. For a definition of

bFrom band heads.

Ves Wer WeXges+ Be€ Eqs. (1)—(5).

From spacings of doublet photoluminescence series according to Eqs. (6)—(9).

dFrom Ref. 6.

tions and a weaker series with vibrational spacings
which do not fit the X state spacing. A plot of Ay, as
a function of »’* leads to w,=127.7+0.4 cm™ for the
lower electronic state which is probably the same state
B seen with 488.0 nm excitation. However, the ob-
served w,x,=0.44+0.04 cm™ does not agree with w,x,
=0.29+0.01 cm™ for the 488.0 nm photoluminescence
series. From the measured spectrum it is not clear if
this photoluminescence series consists of triplets or of
two overlapping doublets of the same electronic system.
This photoluminescence appears at a temperature of
about 1230 K, but the intensity even at higher tempera-
tures was too weak to be seen on a photographic plate.
The photoluminescence of the A-X system does not
show vibrational or rotational relaxation, indicating
that the lifetime of the Bi, molecules in high vibrational
levels of the A state is shortened by some mechanism.

The upper part of Fig. 5 shows a portion of the pho-
toluminescence spectrum excited by the 476.5 nm laser
line. Besides the A-X series which again show no vi-
brational relaxation, there is a weak doublet series
with a vibrational spacing of w,=141.23+0.35 cm™ and

1 "
BOO 700

6 anti-Stokes components; this transition is observed
only at temperatures above 1300 K. In addition there
is a photoluminescence series with many anti-Stokes
lines extending to shorter wavelengths (425 nm) with

.=154.9 cm™, probably having the same lower state
as observed with 488.0 nm excitation. The strong sin-
gle peaks which form the A-X photoluminescence se-
ries are actually produced by overlap of two different
vibrational~rotational transitions of the A-X systems.
Both series involve low J-values, so that the doublet
separations are resolved only by high resolution photo-
graphic measurements.

In most laser-induced fluorescence experiments dif-
ferent vibrational-rotational transitions are excited
within one electronic system. However in Bi, some Ar*
laser lines excite vibrational-rotational transitions
from different low lying thermally populated electronic
states. The photoluminescence spectrum of Bi, at a
temperature of 1370 K excited by the 488.0 nm Ar* laser
line consists of transitions between as many as four
different electronic systems. Part of the spectrum ex-
cited by the 488.0 nm line is shown in Fig. 6. The

514.5 nm
t

WAVELENGTH

FIG. 4. Photoluminescence spectrum of Bi, excited by the 514,
trum extends over the whole Franck~Condon distribution includi

5 nm Ar' laser line obtained with 0,02 nm resolution. This spec-
ng both maxima; it is not corrected for instrumental response.
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476.5nm
|
{ { | | | { | A-X
i I I I I 1 I i i L-A

pams G L = 1 |
490 480 470 460nm
WAVELENGTH

J
510

I I
490 470 nm

WAVELFNGTH

FIG. 5. Photoluminescence spectra of Bi, excited by the 496.5 nm (lower spectrum) and the 476.5 nm (upper spectrum) Ar*
laser lines. Both excitation lines excite vibrational ~rotational transitions of the A -X system. In addition the 496.5 nm laser
lines excite two overlapping doublet photoluminescence series while the 476.5 nm laser line excites one doublet series.

spectrum consists of several doublet series. One of high number of anti-Stokes lines is quite unusual. From
the series with w, =154.29+0.45 cm™' extends tc shorter the measured vibrational spacings (Fig. 7) and the cal-
wavelengths and consists of 24 anti-Stokes components culated Franck-Condon factors of the A-X system,® it
in addition to a number of Stokes components. Such a is clear that this series is not due to an excitation of

J. Chem. Phys., Vol. 64, No. 8, 15 April 1976
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380 - ~ 440mm
WAVELENGTH
FIG. 6. Photoluminescence spectrum of Bi, in the heat pipe excited by 488.0 nm and 488.9 nm Ar’ laser lines. The 486.0 nm
laser line excites four different electronic transitions, one of them consists of a high number of anti-Stokes lines extending to
shorter wavelengths.

high vibrational levels of the X state. Photolumines- dence of line intensities with increasing pressure (for
cence of the series with w,=154,29 cm™ was observed Bi, pressures < 0.5 torr) is linear. At Bi, pressures
at temperatures as low as 1120 K and originates from greater than 0.5 torr the line intensities increase less
an unknown low-lying electronic system. The depen- than linearly with increased pressure, probably due to
AV i,
(em e
" e . ° oq o A —» X
LTS o s P, xu
160 - ° o 3 oE—B
Y-y % s x N— G
- 8,84 °®%e FIG. 7. Plots of Avy, a8 a
La o I P L function of ¢’* for the four
I4OF Rpr a,a Y ° different electronic transi-
4,6 a B Y tions of Bi, excited by the
& a °® %, 488.0 nm laser line. The
L a s ¥ values Avyy(v”’) are taken
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%000, measurements.
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] I I I ] | A-x
TR e TR T T

F1G. 8. Portion of the photoluminescence spectrum excited by the 488. 0 nm and 488. 9 nm laser lines. The spectrum is photo-
graphed with 0, 015 nm resolution at a Bi, pressure of 0.1 torr in the heat pipe. A Fe-spectrum, produced by Fe-Ne hollow cath-
ode lamp, is superimposed above the Bi, spectrum. The Ar* laser oscillates simultaneously at 488.0 nm and 488.9 nm. The
spectrum clearly shows the lifferent contributions from both laser lines and the different electronic transitions excited by the
488.0 nm line.

energy transfer. simultaneously oscillates at 488.0 and 488.9 nm. The
488.9 nm laser line excited only one vibrational-rota-
tional transition of the A-X system. The photolumi-
nescence with w, =154.29 cm™ is too weak to be seen on
this photograph.

The wavelength region of 480 to 505 nm is shown pho-
tographicaliy in Fig. 8. The different doublet spacings
show unambiguously that there are three different elec-
tronic transitions excited by the 488.0 nm Ar* laser

line with w, =127.05, 105.68, and 172.98 em™. Inad- Both the photographic (Fig. 8) and the photoelectric
dition the measurement also shows that the Ar* laser (Fig. 6) measurements show that the excited transitions
T T T T T T T T V=4
T T T T T T T T V-3
T T T T T i ; S . V.:J
| DA [ (S \oka e o i by ey

T T r— : T T 1V=0

A

R

NIRRT
L0 S O s TR i
AL | P SH Gt e )
" (e i b M e D BT T

Vet ¢ 1 3 1t

T mee SEa T (R Gl B
SONUEIE! SMUPARPCRE ) - ) S—— 1 ha
600 580 560 540 520 500 nm
WAVELENGTH
FIG. 9, Portion of the photoluminescence spectrum of Bi, excited with white-light from a Xe arc lamp. The spectrum is taken
with 0. 02 nm resolution at a Bi, pressure of 0.1 torr in the heat pipe and is not corrected for instrumental response. The spec
trum congists of bands of the A =X systei.
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TFABLE 11l
Ar* laser.

Molecular constants® of systems excited by the

[N Wy Xy WoVe B, o,
154,29+ 0,45 0,421+ 0,05 0,0219° 6.5% 1674
172,984+ 0.2 0,385 + 0,005 -6.3x 10™ 0, 022806¢ 5.5% 107

e 1% 10 t4x10™ £ 5% 107
127,05+ 0,1 0,20+ 0.01 1% 10° 0,0179° 4.6x107
2% 0™ £ 1% 107
141.23+ 0,35 0.37+ 0,04 -1.9<10™ 0,0198" 5.6% 107
2% 0™ +2x 107
132.56+ 0,13 0,319 £ 0,005 0,01968¢ 8. 3% 1070¢
¢ 2% 107
105.68 +0,25 0.63+0,03 0.0149° 1.4% 107
£5% 107

127.7+0.4 0.44+ 0,04

Gerber, Sakurai, and Broida: Laser photoluminescence of Bi,

3All constants are given in cm™.
see Egs. (1)=(5).

For a definition of w,,
WeXgy oo s

by o ; s ‘ 2 13
hese B, values are estimated according to »,o,= const”,
where the constant value is taken from Refs. 3,4.

°These values are taken from Ref, 3.

%These o, values are calculated using the Pekeris relation,

of the A-X system have no vibrational relaxation and in
the case of 488.0 nm excitation (»"* =2, »’ =26) have no
rotational relaxation, However with 488.9 nm excita-
tion (»"* =0, »’ =22) weak rotational relaxation occurs.
By comparison with the photoluminescence excited by
528.7 nm (Fig. 2) and by 514.5 nm [Figs. 3(a), 3(b)],
both consisting of strong vibrationally and rotationally
relaxed bands of the A-X system, the absence of vibra-
tional relaxation in the 488.0 and 488.9 nm spectra in-
dicates that at approximately ¢’ =22 there is strong per-
turbation of the A state. The line intensities of the
488.9 nm A-X photoluminescence show a very strong
dependence on buffer gas pressure. The intensities are
down by a factor of 5 when the buffer gas pressure is
increased from 0.1 to 5 torr, whereas the line intensi-
ties of the 488.0 nm A-X photoluminescence are slight-
ly increased.

The assignments for the A-X transitions excit d by
488.0 nm and 488.9 nm are made by counting the num-
ber of anti-Stokes lines and confirming the assignment
by the calculated Franck-Condon factors. In the case
of vibrational-rotational transitions between previously
unknown electronic states the accuracy of an assign-
ment depends on how many transitions are actually mea-
sured. The more vibrational-rotational transitions mea-
sured, the more accurate are the constants obtained
from Av,, = f(v"") and Ly, = f(1'’). Plots of Av,,, as
a function of »”* for all observed transitions of the 488.0
nm excitation of Bi, are shown in Fig. 7. These plots
also show vibrational levels in the lower electronic
states which are perturbed. The molecular constants
for the lower states of these four electronic systems
are obtained according to Eqs. (6)-(9) by a weighted
nonlinear least-squares fit and are given in Table III.

The doublet photoluminescence series with w, =127.05
em™ excited by the 488.0 nm laser consists of 39 vibra-
tional transitions which form a unique intensity pattern.
This photoluminescence, extending from 465 to 585 nm
and covering the complete Franck-=Condon distribution,
is investigated in more detail in the following paper.®

15

In this case both Franck—Condon maxima are close to-
gether and not as well separated as with the 514.5 nm
photoluminescence (Fig. 4). The intensities of the ob-
served photoluminescence lines increase strongly with
higher temperatures but show almost no buffer gas
pressure dependence,

The photoluminescence spectrum, shown in Fig. 6,
consists of various doublet series excited by the Ar*
laser, simultaneously oscillating at 488.9 and 488.0
nm. One of them which is excited by the 488.0 nm line
(Fig. 8) involves a lower state with w, =105.68 cm™.
This transition is weak and observed only at tempera-
tures above 1270 K. At buffer gas pressures below 0.5
torr the intensities of the photoluminescence lines in-
crease approximately quadratically with increasing
pressure whereas at higher pressures no simple de-
pendence exists.

Very weak photoluminescence is produced by the
472.17, 465.8, 457.9, and 454.4 nm Ar* laser lines.
With the 421.6 nm line of the He-Cd laser and the 632.8
nm line of the He—=Ne laser, there was no detectable
photoluminescence of Bi, at temperatures below 1120 K.
During photoluminescence studies by laser excitation,
no emission of the Bi atom was detected in the wave-
length region from 180 to 980 nm.

Preliminary photoluminescence spectra also have
been observed by excitation with a cw tunable dye laser.
The dye laser excites photoluminescence over its entire
tuning range from 580-615 nm. With the dye laser
locked on the 589.6 nm atomic resonance line of sodium

lOO[j
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F1G. 10, Plot of the relative population N, of the vibrational
levels of the upper state A, as given by white light photolumin-
escence, versus o', The rapid falloff near ¢ =20 indicates a
strong interaction with another electronic state.
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Bi, photoluminescence has been successfully observed.

A portion of the discrete photoluminescence spectrum
obtained with white light excitation using the incoherent
light of a 150 W Xe arc lamp is shown in Fig. 9, This
discrete spectrum begins near 490 nm and extends to
longer wavelengths near 765 nm. At shorter wave-
lengths the spectrum is made up of v'' =0, 1, 2 progres-
sions of the A-X system, which are observed up to
»’ =23, At longer wavelengths, transitions occur main-
ly between different »’ and »’"’ levels of the A-X system
and no long progressions are formed. The intensity
distribution seen in Fig. 9 is similar to that of the A-X
emission spectrum of Bi, obtained using a microwave
discharge.® The shape of the spectrum at short wave-
lengths and the break off at »’= 20 of the »''=0, 1, 2
progressions indicates that there is a process which
removes Bi, molecules in high vibrational levels (v’
= 20) of the A state. For example the Franck-Condon
factors® for the v’ =2 progressions indicate equal in-
tensities for the 28-2 and 14-2 transitions but the 28-2
band is not observed whereas the 14-2 band is reason-
ably strong. Similar patterns hold for the »"’ =0 and 1

340

progressions. A combination of higher population of
the lower state vibrational levels and more favorable
Franck-Condon factors is the reason that the white light
photoluminescence spectrum at short wavelengths is
mainly due to the »”' =0, 1, 2 progressions.

From the knowledge of the emission intensity, the
Franck-=Condon factors and the transition frequency,
relative vibrational populations N,. are obtained from
Eq. (11) (Fig. 10), Populations of the upper vibrational
levels ¢’ are almost the same from v’ =0 to 19 and then
decrease rapidly, indicating a quenching mechanism ef-
fective at higher ¢’. Populations of lower v’ levels
(v £5) carnot be determined accurately because of small
Franck-Condon factors and strong overlapping transi-
tions of higher vibrational levels (', v'").

Photoluminescence spectra obtained with white-light
excitation provide a means to determine vibrational
temperatures. Spectra such as shown in Fig. 9, allow
evaluation in a straightforward manner. Neglecting that
portion of the spectrum at short wavelengths which is
perturbed in some way, the structure between 495 and

5145 nm
|
| & | NEERRTde  SEah gnbind TS R NNC=SRERE S, (N
490 470 450 430 410 390nm
WAVELENGTH
Bi
4722 nm
WHITE LIGHT
L 1 SENFEETIREE Nr-issaa— 1 onpap—
490 470 450 430 410 nm
WAVELENGTH

FI1G. 11, Continuous spectra are obtained with white light excitation (lower spectrum) and with 514, 5 nm Ar* laser excitation
(upper spectrum) of Bi, at a pressure of 0.1 torr and temperature of 1090 K in the heat pipe.
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570 nm reflects the population N,. of the upper vibra- It should be mentioned that white light photolumines-
tional levels. Since this portion of the spectrum mainly cence spectroscopy is very useful for measuring band
consists of only three '’ progression the N_. popula- heads and determining different possible transitions.
tions can be inverted to N,.. populations, thus obtaining White light photoluminescence spectroscopy gives the

an approximate vibrational temperature of the Bi, mole- same wavelength information that can be obtained from
cules. A similar procedure has been used by Sinha ef absorption measurements but often it is much easier to
al.'* for the determination of the vibrational tempera- observe.

ture of Na, molecules in a nozzle beam.
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Electronic states and molecular constants of Bi,*

G. Gerber' and H. P. Broida
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(Recerved | December 1975)

Potential energy curves of several electronic states of Bi, have been calculated by the Rydberg-Klein-Rees
method using molecular constants obtained from laser-excited photoluminescence of Bi,. These potential
curves are used to compute Franck-Condon factors. Franck-Condon factors for the 4- X system are
compared with measured intensities of photoluminescence series extending over 50 vibrational levels (17" =
0-49) and including both Franck-Condon maxima. It is shown that more accurate molecular constants
can be derived by using the information contained in these intensity data. Another important result is
achieved by denving previously unknown vibrational and rotational constants of the upper electronic state
of the E- B doublet Hhotoluminescence series using only line intensity measurements. Relative energy
positions of the electronic states have been obtained by perturbation considerations and by measuring the

temperature dependent changes of relative sities of photol

e lines belonging to different

electronic transitions. These experiments suggest that there is an electronic state X , which is lower in
energy than the X state. A potential energy diagram for B, is derived including the re-evaluated pubhshed

spectroscopic data of By,

INTRODUCTION

Laser-excited photoluminescence of Bi,' revealed the
existence of several previously unknown electronic sys-
tems. In some cases the photoluminescence consists
of long »"’ progressions extending over the Franck-
Condon distribution including both maxima., Doublet
photoluminescence series are observed when using dif-
ferent Ar® laser lines for excitation. Strong photo-
luminescence is due to different vibrational-rotational
transitions of the A-Y system. Transitions involving
the lower part of the A state (v’ < 22) exhibit strong vi-
brational and rotational relaxation whereas higher vi-
brational levels show no relaxation within the Bi, vapor
pressure range 0,1-10 torr, Relative populations of
vibrational levels ¢’ of the A state, obtained from white
light photoluminescence, are equal from low »’ to near
" =20 but between »’ = 20 and ¢’ = 23 the populations de-
crease by a factor of 10,

In addition to discrete line-photoluminescence, con-
tinuum spectra which arise from an unbound upper
state are observed with Ar* laser excitation and with
white light excitation,

In most laser-excited photoluminescence studies, ?
the laser excites one or more different vibrational-
rotational transitions within one electronic system.
However, in the experiments with Bi, several Ar* laser
lines simultaneously excite transitions of more than
one electronic system. This simultaneous excitation
makes possible a determination of the relative energy
position, V(r), of the involved lower electronic states
with respect to the X state by measuring the tempera-
ture dependence of the photoluminescence spectrum ex-
cited by the laser line,

From the results of both laser-excited photolumines-
cence and the data of previous studies®*® (both given in
Table I) we have derived a set of suggested potential
curves of Bi, (Sec, IV). The potential curves for the
different electronic states have been constructed by the
Rydberg~Klein-Rees® method., Calculated Franck—
Condon factors based on these RKR potential curves
are used to decide whether some of the spectroscopic
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assignments are correct or not. Considerations based
on laser photoluminescence data and Franck—Condon
factors lead to a change of the electronic term value
T, of the earlier™® observed states 0, G, and D.

From comparison of Franck-Condon factors with
measured line intensities of photoluminescence series,
extending over long ¢’ progressions including both
Franck-Condon maxima, an additional measure for
the accuracy of molecular constants and more infor-
mation about the upper electronic states is obtained,
This has been done for the »' =19 — '’ = 4 transition of
the A-X system excited by the 514.5 nm Ar* laser
(Fig. 1), giving a more accurate value for the rota-
tional constant a, of the X state, From the unique
intensity distribution of the E- B photoluminescence ex-
cited by the 488.0 nm Ar* laser, vibrational and ro-
tational constants for the upper electronic state are
derived,

The homonuclear diatomic molecules of the Group V
elements are summarized in Sec. V with respect to
their lowest excited states in an electronic term value
T, diagram, Owing to increasing spin-orbit interac-
tion of the heavier elements, the electronic states of
Bi, are best described in Hund’s case (c). Because of
lack of sufficient rotational structure in most observed
electronic states of Bi, there has been made no attempt
to systematically classify or to relabel the electronic
states,

II. INTENSITIES IN ELECTRONIC TRANSITIONS OF
Bi,

The emission intensity for a vibrational-rotational
line in an electronic transition is given by’

64n'

100" 0"'") = =5 V(S poe XNy o/ (207 4 1)]

X[@or s [R) [0 o[ * (1)
where S,. ;.. is the rotational line strength, N,.,. is the
population of the initial state, v is the frequency of the
emitted line in wavenumbers, and ¢, is the vibrational
wavefunction including v~J coupling characterizing the
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TABLE 1. Electronic states and molecular constants of Bi,.
State y W WeXe We¥Ve B, G, D, Transition References
X' (0) 0 154 29 0.42 0.0218° 6.5x107¢ K—X' 4, 1, 20
0 +0.45 +0.05
: 1500 172. 98 0.385 -6.3x10%  0,022806 5.5%107° 1.50x107* oL =
ke £ 800 0,2 +0,005 +1x10 +4x10°% +5x107 £ Tx a1 - i o
6500 127.05 0.20 -1x10% 0.01790" 4.6x107
BO 1000 £0.1 40,01  +2x10% £1%107 : oo 1
] 9500 141,23 0.37 -1.9x10°  0.0199" 5.6x10%° ;
A0 5000 £0.35  +0.04 +2x10™ B ik 4.1
& 19239.3 132,56 0.319 0.01968 5.3x10°* 1.71x107° .
AR £0.13  +0.005 £+2x107 +2x10°8 +8x 1071 . &t 30
G 21500 105, 68 0.63 0.01490° 1.4x10™ N—G d 1
Pl +200 £0.25 +0.03 +5x107 G—X 5
0 23500 Continuous absorption and emission, repulsive state 0—X 4,1, 3
K 24 000 Upper state of laser transition K =X’ d, 1
J x 103.2 2.45 P—J 22
E 27936.6 63.5 8.5 0.014250 1.5x10™ E—B d
+1,2 +0,8 +1x107 +1x10°°
D 28000 129 9.7 D—X"' 3
M 33500 Continuous absorption, repulsive state M<~X 3
L 31500 Upper state of laser transition L—A’ d, 1
H 34091 Only one v’ progression observed H—-A 5
1 34716.9 156.4 6.1 I—-A 5
c 37957 157 4.6 C—X' 3
N 42100 Upper state of laser transition N ~G d, 1
P x+15746.3 94.7 5.2 P—J 22
F 46 000 Only partially analyzed F—X 3
*All constants are given in cm™. For a definition of T,, w,, w.X,, ... see Egs. (1)=(5) in Ref. 1.
®These B, values are estimated using the 7, obtained from 72 xw,= const.
“These @, values are calculated using the Pekeris relation,
%This paper.
(v: J) stafe. R,(r) is tfle elec’f;ronic transition moment r (O =(f/g+ FOV2sf, @)
WeIM,19."), in which ¥; and ¥’ are electronic wave-
functions and M, is the part of the dipole moment de- where f and g are given by
pending only on the electrons. Owing to the difficulty h ” e
of obtaining values of R,(r) for a many-electron mole- fO) = 55T Io (U-E@, )] /2ar, @)
cule, the usual approximation is to replace R(r) by
R,, which is an average electronic transition moment and
in a small range of » assuming that R,(r) will be a h r sg
- — Ll -1/2
slowly varying function in this range. The square of &)= 2122 L e [U-E(@, o)) %ar . 4)

the remaining overlap integral Q(v'J’, v''J'"’)

= | @y g1 dyes y+0)1 % is known as the Franck-Condon fac-
tor. For the evaluation of these overlap integrals the
wavefunctions y. ,» and J,.. ,» must be known, The
first step is to construct potential curves for the upper
and lower electronic states,

Potential curves for the X and A states of Bi, have
been constructed from the spectroscopic constants
given in Table I using the Rydberg-Klein-Rees (RKR)
method.® This method does not assume any analytic
form for the potential. The turning points », and »_ of
the classical motion of the molecule are determined
for a vibrational level of energy U from the expression

The energy function E(l, k) of the molecule depends
upon the radial and angular momentum action variables
I=h(v+3) and x=J(J+1)k*/87%u, where u is the re-
duced mass of the molecule. In order to construct the
potential function V() for the nonrotating (J=0) mole-
cule, Egs. (3) and (4) have to be evaluated for « = 0.

Potential energies and turning points for the X and A
states are tabulated in Tables II and III, The calcula-
tions basec on the constants given in Table I are car-
ried out up to the highest observed vibrational levels,
v’ =380 and v’ =50,

The potential function V(r) used in our calculations is

J. Chem. Phys., Vol. 64, No. 8, 15 April 1976
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FIG. 1. The lower part shows the photoluminescence spectrum of Bi, excited by the 514.5 nm Ar* laser line. This spectrum

extends over the whole Franck—Condon distribution including both maxima; it is not corrected for instrumental response. The
upper part shows calculated Franck—Condon factors for three vibrational-rotational transitions excited in the A=X system.

obtained by connecting the turning points with a smooth
curve. To estimate the potential outside the region
covered by spectroscopic data, repulsive and attractive
segments are smoothly connected with the turning point
data and assumed to have the form V,, = a/r'?; ¢ and
Vae=a@/r*+d. The constants a, a’, b are determined
from the last two pairs of RKR turning points and ¢ and
d are given by the experiment,

The centrifugal distortion of the potential V(r) owing
to rotation is taken into account by adding the rotational
contribution to give the effective radial potential U(r, J)

Ulr, J) = V(r) + [J(J+ 1)h?/87%ur 2] (5)

Once the potential U(r, J) is constructed, wavefunctions
¥,, appropriate to this potential are obtained by nu-
merically solving the radial Schr8dinger equation® for
each vibration-rotation level. The eigenfunctions so
obtained will then be used to evaluate the overlap in-
tegrals,

Photoluminescence of the A-X system

Franck-Condon factors for the A-X system of Bi,
have been calculated® from rotationless (J=0) poten-
tials. However, comparing measured intensities of

photoluminescence series with intensities calculated
according to Eq. (1) one has to use Franck-Condon
factors calculated from U(r, J) potentials with correct
J values.'? If vibration-rotation interaction is ne-
glected, calculated intensities are in error by about
+10% for J=30, +20% for J=100, and +50% for J = 300.
Moreover, the error does not show a systematic trend
but varies irregularly from line to line and depends up-
on the vibrational level. Relative intensity measure-
ments for the A-X system of Bi, (not corrected for in-
strumental response and y* dependency) are given in
the lower part of Fig. 1. Photoluminescence excited
by the 514.5 nm Ar* laser consists' of four doublet
series 21-5 (J=120), 20-4 (J=170), 19-4 (J =10 and
20) and 17-1 (J=270). Vibrational progressions from
v'" =0 to v'’ =49 cover the whole Franck—Condon dis-
tribution including both maxima. Calculated Franck—
Condon distributions for three transitions are shown in
the upper part of Fig. 1. The Franck-Condon factors
are calculated from U(r, J) potentials using the J values
and molecular constants obtained from laser photo-
luminescence data' (Table I).

From Eq. (1) it is seen that the photoluminescence
intensity mainly depends upon the frequency v and the
Franck-Condon factor. While the frequency v varies

J. Chem Phve. Vol. 64, No. R 15 Anril 107/
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TABLE II. Potential energies of the X
state of Bi, (/- 0 rotational level).
vt h U(em™) r(A) r.(A)
0 0.0 2.6597
0.5 86. 394 2.6179 2.7044
1.5 258. 602 2, 5890 2.7390
2.5 430,034 2.5698 2,7639
3.5 600. 687 2.5547 2,7848
4.5 770,556 2,5419 2.8033
5.5 939. 639 2,5308 2.8203
6.5 1107. 931 2.5207 2. 8361
7.5 1275. 428 2.51186 2.8510
8.5 1442.127 2,5032 2,8653
9.5 1608, 024 2.4954 2, 8789
10.5 1773.114 2.4881 2,8921
11.5 1937. 396 2.4813 2,9049
12.5 2100. 863 2.4748 2.9173
13.5 2263.514 2,4686 2,9295
14.5 2425, 343 2,4627 2,9413
15.5 2586. 348 2.4570 2,9529
16.5 2746. 524 2.4516 2.9644
b Uy 8" 2905, 867 2.4464 2.9756
18.5 3064. 375 2.4414 2, 9867
19.5 3222, 042 2.4366 2.9976
20.5 3378. 866 2,4319 3.0084
21.5 3534, 843 2.4274 3.0191
22.5 3689, 968 2.4229 3.0296
23.5 3844, 238 2.4187 3. 0401
24.5 3997.649 2.4146 3.0505
25.5 4150.198 2.4105 3. 0608
26.5 4301. 879 2.4066 3.0710
27.5 4452,692 2.4028 3.0812
28.5 4602, 629 2.3989 3.0913
29.5 4751.690 2.3953 3.1013
30.5 4899, 869 2,397 3.1112
31.5 5047.163 2,3882 3.1212
32.5 5193. 567 2,3847 3.1311
33.5 5339.079 2.3813 3.1410
34.5 5483.694 2,3779 3.1508
35.3 5627, 408 2.3747 3.1606
36.5 5770.219 2.3715 3.1704
37.5 5912.121 2.3683 3.1802
38.5 6053.112 2.3652 3.1899
39.5 6193.187 2.3621 3.1997
40.5 6332, 343 2,3591 3.2094
41.5 6470.576 2,3561 3.2192
42.5 6607, 881 2.3531 3.2289
43.5 6744, 257 2.3502 3.2386
44.5 6879, 697 2.3473 3.2483
45.5 7014.200 2.3445 3.2580
46.5 7147.761 2.3416 3.2677
47.5 7280.375 2,3388 3.2775
48.5 7412, 040 2,3361 3.2873
49.5 7542.753 2,3333 3.2970
50.5 7672, 508 2,3306 3, 3068

slowly and monotonically in the range of the observed
photoluminescence, Franck-Condcn factors vary ir-
regularly from line to line of the progression (Fig. 1).
Because the Franck-Condon factors predominantly con-~
trol the intensity distribution of a photoluminescence
series, comparison with measured intensities (Fig. 1)
provides an additional check on the assignment and ac-
curacy of molecular constants,
culated Franck-Condon factors and measured intensi-
ties shows agreement up to »’’' ~10 in each series.

Comparison of cal-

However, a slight disagreement at higher »’’ results
in a shift of the second Franck—Condon maximum to
higher vibrational levels by about two vibrational
quanta. In order to reproduce the mcasured non-
regular intensity pattern by Franck-Condon factors,
constants of both states could be varied. However, be-
cause of the good agreement between experiment and
calculation at lower vibrational levels (»'' <10), we
assume that upper state constants are approximately
correct and that only lower state constants have to be
changed.

The dependence of the RKR potential curve and
Franck-Condon factors on vibrational and rotational
constants was extensively studied by Zare.'? Since
the width (r, = »_.) = 2/(1)) of an RKR-potential curve
only depends upon vibrational constants, and since
the lower part of the curve is quite symmetric, errors
introduced into RKR turning points by inaccurate ro-
tational constants are rather small for the lower vi-
brational levels. However, they build up rapidly, and
for higher vibrational levels, the potential energy func-
tion is quite sensitive to the rotational constants be-
cause the asymmetry of the curve is mainly determined
by rotational constants, The deviation of measured
intensities and calculated Franck-Condon factors in the
514.5 nm photoluminescence of Bi, starts only at higher

TABLE III. Potential energies of the A
state of Bi, (/= 0 rotational level).

v+j /(cm™) r.(A) . (A)
0 0.0 2.8632
0.5 66.200 2,8155 2,.9143
1.5 198,122 2,TR26 2.9541
2.5 329.406 2.7609 2,9827
3.5 460. 052 2,.7438 3.0067
4.5 590, 060 2,7294 3.0281
5.5 719.430 2.7167 3.0477
6.5 848,162 2.7055 3.0659
7.5 976. 256 2.6952 3.0833
8.5 1103.712 2,6858 3.0997
9.5 1230. 530 2.6770 3.1156
10.5 1356, 710 2,.6688 3.1309
11.5 1482, 252 2.6611 3.1457
12.6 1607.156 2.6539 3.1601
13.5 1731. 422 2.6470 3.1742
14.5 1855, 050 2.6404 3.1880
15.5 1978, 040 2,6342 3.2015
16.5 2100, 392 2.6282 3.2148
17.5 2222,106 2.6224 3.2278
18.5 2343,182 2,6169 3.2407
19.5 2463. 620 2,6115 3.2534
20.5 2583. 420 2.6064 3.2660
21.5 2702, 582 2.6014 3.2784
22,5 2821.106 2,5966 3.2907
23.5 2938, 992 2,5919 3.3028
24.5 3056, 240 2.5874 3.3149
25.5 3172, 850 2.5830 3.3268
26,5 3288, 822 2.5787 3.3387
27.5 3404.156 2.5745 3. 3505
28.5 3518, 852 2.57056 3.3622
29.5 3632, 910 2,56656 3.3739

30.5 3746. 330 2,5626 3.3855
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vibrational levels (¢''>10). Therefore it is reasonable
to assume that in a first approximation only rotational
constants have to be changed. According to the rela-
tion for B, (B,= B, - a, 1+ 3)+ ¥,(v+ )%+ ...), the B,
value mainly depends on @, and 7,. A change of B,
seems unreasonable as long as the lower part (v’ <10)
of the progression is well reproduced by the calculation.
The constant @, -5%10"% em™' is derived from laser
photoluminescence data' and y, can be estimated either
according to Dunham'' from the B, and v, values as
110" em™ or from the curve Av,,, = f(2'') of photo-
luminescence data, both methods give the same order
of magnitude, From the &, and y, values, it can be
seen that even at '’ =50 the corrective influence of y,
on B, is less than 0.17%, whereas the required change
of Ar~2 (Franck-Condon maximum shifted by about 2
vibrational quanta) leads to a change of B, ¢, of ap-
proximately 4%. Thus, keeping in mind that the vi-
brationai constants o, and w,x, are accurate to ~1%
only a change of &, will accomplish the necessary shift
of the second rFranck-~Condon maximum without chang-
ing the.agreement of experiment and calculation for
»'"<10. Therefore, the value of a, was varied in in-
crements of 5<10°® from 3x 10" em™! to 6, 5% 10°°

em™ without changing other parameters. The value of
¥,-5.5%10° em™ produced the best agreement between
the calculated intensity distribution and observed pho-
toluminescence and is believed to be the most accurate
o, value for the X state of Bi,. Comparison of ob-
served and calculated relative intensity distributions
of the »' =19~ "' - 4 transition of the A-X system is
shown in Fig. 2. Intensities of the photoluminescence

INTENSITY (ARB. UNITS)

VL,

0 |

L M ki
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3427

series are calculated according to Eq. (1) and nor-
malized to the observed intensity of the »* =19 ="' = 27
transition. Observed line intensities are accurate to
10% when corrected for instrumental response and p*
dependency. Agreement is good and seems to confirm
the assignment as well as the set of spectroscopic
constants used, Following the procedure described
above, one achieves more accurate molecular con-
stants (in this case «,) by using the information con-
tained in observed intensities. However, it should

be kept in mind that the ability to give the correct
vibrational overlap matrix is a necessary but no: suf-
ficient condition on a set of spectroscopic constants. i

Intensity measurements of transitions from a given
©' level to several v'’ levels allow a determination of
relative Franck-Condon factors [Eq. (1)|. But, if in-
tensity measurements are available for transitions to
all »’' levels of the lower state, absolute Franck-Con-
don factors may be obtained instead of relative ones.
With the 514.5 nm photoluminescence (Fig. 1) we ob-
served transitions from ¢’ to all possible ¢’' levels.
That means the sum of the related Franck—Condon fac-
tors ¥ .. Q... should be unity. For the example of the
19-4 excitation, this sum over the observed transi-
tions (¢’ =0-49) is 0.986; therefore absolute rather than
relative Franck-Condon factors have been obtained.

Photoluminescence of the £-5 system

The E-B doublet photoluminescence series with w.’
=127.05 cm™! excited by the 488.0 nm Ar* laser con-

=== OBSERVED (THIS WORK)

|
} =
|
|
|

40 v

F1G. 2. Comparison of observed and calculated relative intensities (normalized to 19-27 transition) of the doublet photolumines-
cence series resulting from the 19-4 transition of the A-~X system excited by the 514.5 nm Ar* laser. The measured intensities
are corrected for instrumental response. The calculated intensities reflect a specific 4, which is obtained by the best overall

agreement of experiment and calculation,
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sists of 39 vibrational-rotational transitions which form
aunique intensity pattern. Figure 3 shows the measured
intensity distribution (not corrected for instrumental
response and v* dependency) of the photoluminescence
covering the complete Franck-Condon distriiution
where the line positions, extending from 465 to 585 nm
are indicated by dots. Additional lines belong to dif-
ferent electronic transitions excited by the 488.0 nm
laser. In this case both Franck—Condon maxima are
close together in energy and not as well separated as
in the 514, 5 nm photoluminescence (Fig. 1). The
lower electronic state B is well characterized by the
position and number of the observed photoluminescence
lines which result in molecular constants' given in
Table I. If there were several photoluminescence
series with the same w, excited by the laser line, the
upper electronic state constants could be derived from
spectroscopic analysis by standard procedures. But
the accuracy of these constants would depend strongly
upon the number of excited transitions. However, the
photoluminescence indicated by dots in Fig. 3 consists
only of one »"’ progression. Although there is only
one transition excited, we have succeeded in deriving
the upper state constants by a method (to be described)
utilizing only the intensity data. Information contained
in intensity data is usually overlooked or used only in
contiection with Franck-Condon factors to confirm an
assignment,

Fmission intensities of vibrational~rotational lines
are given by Eq. (1) and after correction for the v*
term and for instrumental response, intensities are
proportional to the square of the overlap integral of
the lower and upper state wavefunctions. Corrected
measured intensitirs therefore reflect these wave-
functions. Knowing the lower state wavefunctions (as
determined by photoluminescence) upper state wave-
functions are derived in the following way using in-
tensity data. Turning points of the lower state vibra-
tional levels are plotted in a graph to give the shape
of the lower electronic potential curve, Taking into
account the measured number of anti-Stokes lines, the
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corrected intensity of the photoluminescence line be-
longing to the highest energy is correlated with the

v’" =0 level. A line which reflects the intensity is
placed at the internuclear separation of the »'' =0
turning point », . The corrected intensity of the photo-
luminescence line of the second highest energy is cor-
related with the »’” =1 level and the corresponding line
is placed at », of v’ =1. In the same way all mea-
sured photoluminescence lines are connected with the
¥, turning points of corresponding vibrational levels
v’’. The envelope of all these lines gives in a first
approximation the upper state vibrational wavefunc-
tion. The assumption that the heights of the last maxi-
mum at large » of the lower state vibrational wavefunc-
tions are the same is, of course, not correct, but
would only slightly change the shape and maxima of the
upper vibrational state wavefunction. Actual calcula-
tions of the vibrational wavefunction show a 10% mono-
tonic variation of heights between»’’ =7and 30, There-
fore, the wavefunction of the lower state can be taken
out of the overlap integral |(p,. 1¥,..)!% with the enve-
lope now representing the probability density distri-
bution of the upper wavefunction |4, |2, The upper
vibrational wavefunction of the w!’=127,05 cm™! photo-
luminescence constructed as described above is shown
in Fig. 4. The envelope suggests that »' =1 is the up-
per vibrational level. In principle the »’ =2 level also
could be a solution with the third maximum of the wave-
function not being measured. However, the intensity
at the low energy side of the second peak, correspond-
ing to large internuclear separations, decreases more
slowly than on the high energy side before approaching
zero, Even with sensitivity increased by a factor of
100 we did not detect any photoluminescence of the F-B
system at longer wavelengths where transitions due to
the third maximum of the v’’ = 2 vibrational wavefunc-
tion should occur, If there would be a third maximum
with overlap of low vibrational levels of the B state,
the measured line intensities would be dramatically
different because of favorable Franck-Condon over-
lapping. Therefore, we believe v’ =1 is the correct
numbering. Once the vibrational numbering is de-

4889 nm
I

4880
|

FIG. 3. Fast scan of a por-
tion of the photoluminescence
spectrum excited by the
488.0 nm and 488.9 nm Ar*
laser lines. The E~B dou-
blet series covers the whole
Franck—-Condon distribution
including both very close
lying maxima. The position
of the E~B photolumines-
cence doublets are indicated
by dots.

WAVELENGTH
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FIG. 4. Turning points », and ». of an RKR potential curve of the B state are used in connection with intensity data of the E-B
doublet photoluminescence series to construct the upper wavefunction Yy of the transition. The position of the lines are given by
the turning point 7, of the lower vibrational level involved and the length of the lines reflects the Franck—Condon factors as ob-

tained by correcting the experimental data for instrumental response and for the v* dependency.

termined, the values of Ar(»'=1)=», -»_ and eventual-
ly »,.;, may be derived. The amplitude of the clas-
sical vibrational motion Ar=», —=»_is obtained from
the intersection of the potential energy curve with the
corresponding energy level, since the turning points
are the positions at which the total energy is entirely
potential energy. However, the quantum-mechanical
probability density 19,12 still has a large value at these
turning points. This value |§,!7, can be estimated for
the v’ =1 vibrational level using w, obiained from'?

2% w,=const and 7., in a harmonic oscillator approxi-
mation. The ratio between the maximum of |y, |2
and the value for |, If‘ at the turning point », is thea
used to determine the location of the turning points »,
and »_ of the derived probability density distribution for
the »’ =1 level given in Fig. 4. The turning points ob-
tained in this way are »,=3,530 A and »_=3. 235 A and
in good agreement with calculated turning points (Table
VI) from the best fit of experiment and calculation, In
the first step of an iteration procedure », ., may be
taken as r», of the upper electronic state. Using the
empirical relation' »2xw,=const, an approximate w/
may be obtained. On the other hand, an approximate
value of w) also may be obtained from a graph of 2f
=mn(U), where f is given by Eq. (2) and U is the energy
of the vibrational level, using the fact that the dif-
ference Ar=»,~r_ of the RKR turning points only
depend upon the vibrational constants and for »’ =1

mainly upon w;. Knowing the constants w! and B,, one
may find from a Morse potential a value for w)x) which
satisfies the given Ar,,, using the relation D,=w?/

4w,x,. From the Perkeris relation'
T 2
[/ x
ue=6 WeX,XB, 6B, .
W, W,

an approximate value for «! is oiztained and with this
value a more accurate B, follows (the approximation
Yyr.1 =7, 0O longer being used) and consequently more
accurate w, and w,x, are derived. The o/ value also
may be improved by using the more accurate values for
B,, w, and w,x,. Comparison of calculated and mea-
sured overlap integrals, provides an additional test for
the constants. For instance, if the separation of the
calculated maxima is too large, vibrational constants,
especially w,, do not have correct values; if the sepa-
ration agrees but the maxima do not occur at the cor-
rect vibrational levels, the constant B, has to be
changed; and if the calculated and measured distribu-
tions disagree only in shape, a simultaneous change of
a, and B, is necessary.

In cases of transitions with J#0, the additional
energy F, =B,XJ'(J'+1) has to be taken into account
as well as the rotational distortion Eq. (5). For the
E~B photoluminescence, the rotational number J'’
=105 is known from the measured doublet separation
of the series and the B; value is approximately the
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TABLE IV. Molecular constants of the E—~B system of Bi,.

State q',' WXy Wy, B, O,

o 63.5 8.5 0.014250 1.5x107
2.9 +0.8 110" +1x10™

B 127,05 0.29 1x10% 0,01790 4,6~10°
+0,1 10,01 =22x10 +1x107

*All molecular constants are given in em?.

"The constants of this state are derived from intensity data.

same as in the J=0 case, The turning points », and »_
of the vibrational-rotational level depend also upon

the rotational number J' as well as &r,, ;. =» =7r_.

The comparison of measured and calculated intensities
again provides the final adjustment of the derived con-
stants for the upper electronic state, However, it
should be kept in mind that now the wavefunctions |,
are obtained using the effective radial potential U(r,J)
given by Eq. (5) which includes the rotaiional contri-
bution. Given in Table IV are vibrational and rotation-
al constants of the upper electronic state E of the E~-B
doublet series as derived from intensity data following
the method described above., The constants o/ the
lower state B also are given in Table IV, bzcause the
derived constants of the E state, especially B, and o, ,
are strongly correlated with those of the B state. In
Table V and VI we present potential energies and turn-
ing points for the E and B states. The measured inten-
sity data (closed lines) and line intensities calculated
according to Eq. (1) (open lines) are shown in Fig. 5.
Agreement is good and the deviation is less than 5%
(except for »’’ =29, 30 and 31), which is the experi-
mentally determined uncertainty in line intensities of
the E-B photoluminescence. Uncertainties in derived
constants are established by the variation of these con-
stants not leading to changes of more than 5% of
line intensities. Deviations of measured line intensi-
ties for »'’ =29, 30, and 31 are due to a perturbation of
the lower electronic state B. The most strongly per-
turbed level is v’ =29, which is in agreement with per-
turbations observed in the position of photoluminescence
lines (Fig. 7 in Ref. 1) resulting in a shift of level 29
by -6 cm™!, 30 by +2,1 ¢cm™!, and 31 by +1,2 ecm™',

The procedure used in deriving the upper state vi-
brational wavefunction by connecting line intensities
with lower state vibrational turning points r, is some-
what arbitrary, We could also have connected the in-
tensities with the »_ turning points. Doing this and
following the procedure described above we obtained a
completely different set of vibrational and rotational
constants, However, the calculated intensities do not
match the measured line intensities better than +30%
for any set of constants. Also, we could not reproduce
experimental measurements by connecting one maxi-
mum with », turning points and the other one with »_
turning points of the lower state levels, A systematic
variation of the constants found for the E state giving
different calculated intensity distributions was carried
out but showed much less agreement between experi-
ment and calculation (Fig. 5) than achieved with the set
of constants given in Table IV. Therefore, we believe

TABLE V. Potential energies of the B
state of Bi, (/= 0 rotational level).

vt} /(em™) r_(A) r, (A)
0 0.0 3.0022
0.5 63,452 2.9534 3.0543
1.5 189,919 2,9198 3.0949
2.5 315.797 2,8975 3.1240
3.5 441,079 2.8799 3.1485
4.5 565, 761 2.8652 3.1702
5.5 689, 836 2.8522 3.1902
6.5 813.298 2.8406 3.2087
7.5 936, 141 2. 8300 3.2263
8.5 1058, 358 2,8203 3.2431
9.5 1179. 945 2.8113 3.2592
10.5 1300, 895 2,8028 3.2747
11.5 1421, 202 2,7949 3.2898
12.5 1540, 859 2.7874 3,3045
13.5 1659. 862 2,7802 3.3188
14.5 1778. 204 2.7734 3.3329
15.5 1895, 879 2,7668% 3, 3467
16.5 2012, 880 2,7606 3.3602
17.6 2129, 203 2,7546 3.3736
18.5 2244. 841 2,7488 3.3867
19.5 2359, 788 2.7431 3.3997
20.5 2474.037 2.7377 3.4126
21.5 2587, 584 2,7324 3.4253
22.5 2700, 422 2,7273 3.4379
23.5 2812, 545 2. 7223 3.4504
24.5 2923. 946 2.7175 3.4628
25.5 3034.621 2,7127 3.4751
26.5 3144.563 2,7081 3.4874
27.5 3253.765 2.7036 3.4996
28.5 3362, 223 2.6992 3.5117
29.5 3469. 930 2.6948 3.5238
30.5 3576.879 2,6906 3.5359
31.5 3683. 067 2.6864 3.5479
32.5 3788, 484 2.6823 3.5599
33.5 3893.127 2.6783 3.5718
34.5 3996, 989 2.6743 3.5838
35.5 4100, 064 2.6703 3.5957
36.5 4202, 345 2.6665 3.6077
37.5 4303. 828 2.6627 3.6196
38.5 4404. 506 2.6589 3.6315
39.5 4504, 373 2.6551 3.6435
40.5 4603. 422 2,.6514 53.6554

the set of constants given for the E state in Table IV
best describes the upper state of the E-~Bphotolumines-
cence,

I1l. TEMPERATURE DEPENDENCE

The excitation of two electronic states by one laser
line provides a possibility for determining the relative
energy positions of the lower electronic states in-
volved. The measured intensity of the K —i emission

TABLE VI. Potential energies of the £
state of Bi, ¢/ =0 rotational level).

vty  Ulem™) r-(A) r.(A)

0 0.0 3.3648

0.5 29,625 3.2959 3.4472
1.5 76.125 3.2346 3.5382
2.5 105, 625 3.1612 3.6492
3.5 118,125 2,9701 3, 9226
—
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luminescence series.
stants of the upper state E.

Agreement between experiment and calculation is within 5% (except for perturbed levels v’

may be represented by

N(1/1g)

/794 1/7,,+ chz(T)+ o* Pp,(T) 6

UK, i)~

where 7, is the spontaneous lifetime of state K, 7, is
its nonradiative lifetime, o and o* are quenching cross
sections for Bi,~Bi, and Bi,~Bi collisions and Py, and
Pg, are temperature dependent pressures of Bi, and
Bi respectively. The number of Bi, molecules (per
second) in the upper state K is given by

Ne= N(T) % Qy )

Ilu-r ’

in the case of exciting the upper level x by a laser line
from a single lower level i, where N,(T) is the number
of molecules in state i, @, is the Einstein coefficient

for the transition, and I, is theincident light intensity.

The number of Bi, molecules in a given state i is
connected with temperature 7 according to
N, T) % (,-!' /AT
N(T) = —Q(_H'ﬁ"m'— ,
& ’[,’, o
where Ny(7) is the total number of Bi, molecules and
£; and g, are degeneracy factors.

(8)

The measured intensity of photoluminescence follow-
ing laser excitation therefore depends upon the tempera-
ture 7 and reflects the population of the lower level i,
Taking intensity ratios it can be easily seen that N (7),
which decreases with increasing temperature when
keeping the pressure constant, has no influence on the
ratios. Only the part [0Py, (T)+ 0* Py (T)] of the de-
nominator has an influence on the intensity ratios, be-
cause (1/7441/7,,) depends only on the structure of
the molecule, A semilogarithmic piot of relative in-

28
3431

The experimentally obtained inteusity data are used (Sec.
Calculations of intensities are based on an RKR potential curve obtained from the derived constants.
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FIG. 5. Comparison of observed and calculated relative intensities (normalized to 1-11 transition) of the E~B doublet photo-

1D to derive the vibrational and rotational con-

29, 30, and 31).

tensities of photoluminescence lines against 1/7, the
reciprocal of the temperature (measured in the heat
pipe) gives a straight line, which indicates that the
electronic states are in equilibrium. Vibrational levels
also should be in equilibrium. Therefore, a change of
temperature results in a change of relative populations.
Measuring the relative change of photoluminescence in-
tensities with temperature yields the relative energy
positions of the vibrational-rotational levels of lower
electronic states.

An example of such 1 temperature dependence mea-
surement is illustrated in Fig. 6. This portion of the
photoluminescence spectrum of Bi, excited by the 488.0
and 488.9 nm Ar° laser lines is measured several times
in the heat pipe under the same experimental conditions.
The only change is an increase in temperature which is
monitored by a thermocouple attached to the outside
wall. The experimental set up used for these mea-
surements is described inthe preceding paper.! Figure
6 shows how the intensities of the doublet photolumines -
cence belonging to the A-X and E-B systems are
changed with increasing temperature. From the analy-
sis of the white light photoluminescence and of a ther-
mal emission spectrum of the A-X system of Bi,, the
gas temperature of the system is known to agree within
10% with the measured wall temperature, Assuming
that quenching and other collision induced effects do not
greatly change the intensity ratios in a given tempera-
ture interval, the difference in energy between two
vibrational -rotational levels of different electronic
states may be represented by

I(v'J' u"J") [[ v'J v"J
L'J', o ")] L' v
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where I(v'J’, »'"J"") is the intensity of a given line,
T,and T, are the temperatures in “K of the system,

F, and E, are the energies of the two vibrational-
rotational levels of the electronic states ¢ and h. From
a semilogarithmic plot of (I, /I,)y,/(I, /I,)s, versus
(1/Ty~1/T)) the value AE = E, - E, can be obtained.
Such a semilogarithmic plot in a case where the pho-
toluminescence intensity of the A-X system is com-
pared with that of the E-B system is shown in Fig. 7
where the error bars represent maximum deviations.
The energy difference between the B state and the X
state derived from such a plot properly normalized is
AF - 5000 em™ +20%. The accuracy of the value AE
may be increased by taking different pairs of doublets
into account. Hwever, the achievable accuracy is
limited by the assumption that quenching and other col-
lision induced effects are of minor importance while taking
relative intensity data. The accuracy may be somewhat
improved by knowing the number of Bi, molecules in a
given state NV, as a function of pressure. From pres-
sure dependence measurements we know that the E-B
intensity does not change very much with pressure, but
the A-YX intensity does depend strongly on pressure.

Therefore, we have to correct in a first approxima-
tion only the A-YX intensity according to the changing
density of Bi,, The temperature T, is correlated to
the Bi, vapor pressure maintained in the heat pipe ac-~
cording to Py, = f(T). T, is a higher temperature,
therefore T,/T, = a is the correction factor for each
ratio taken at T, and T,.

The values obtained for the energy difference between
the bottom of the X and B state potential curves is given
in Table 1. The uncertainty for this electronic term
value 7', is mainly determined by errors introduced
through temperature measurements and by errors con-
nected with the measured intensity ratios, Electronic
term values 7', obtained for the X’ and A’ state obtained
by temperature dependence measurements are also

G. Gerber and H. P. Broida: Electronic states and molecular constants of Bi,

F1G. 6. Portion of the pho-
toluminescence of Bi, ex-

1350 K cited by the 488.0 nm and
488.9 nm Ar* laser lines.
The spectra are taken at
1099, 1190, and 1350 K,
whereas all other experi-
4880 nm r

mental parameters kept con-
stant. Two doublet photo-
luminescence series of dif-
ferent ele ironic transitions
(A-X and E-B) are indicated
by lines, so that the change
of relative intensities with
temperature can be easily
seen, The intensity scale of
the spectra is different for
different temperatures.

*B
A—X

given in Table I. The earlier work®’ on Bi, which has
beendone inabsorptionand emission was based onthe as-
sumption that X is the ground state and 4 the first excited
state of Bi,. Laser photoluminescence experiments'
clearly show that these assumptions are not valid. We
also find that the electronic state X’ is 1500 cm™! £ 800
cem™! lower in energy than the X state originally con-
sidered as tie ground state of Bi,.

IV. POTENTIAL CURVE DIAGRAM OF Bi,

All the known information about the bismuth diatomic
molecule is summarized in the potential curve dia-
gram of Fig. 8, based on results of earlier work®=’ on
Bi, as well as on laser photoluminescence.' The po-
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FIG. 7. Semilogarithmic plot of intensity ratios, obtained by
temperature dependence measurements, from which the en-
ergetic position of an electronic state can be derived.
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tential curves for the bound electronic states are cal-
culated RKR potential curves (solid lines in Fig. 8)
based on the molecular constants given in Table I.
Potential curves indicated by broken lines are char-
acterized by an approximate vaiue for T,. Potential
curves for repulsive states are constructed using
available data,'® Energy positions of lower electronic
states are obtained from temperature dependence mea-
surements, For the higher electronic states D, G, and
0, the value of T, had to be changed by reanalyzing
earlier data®® in the light of laser photoluminescence
information, Fquilibrium internuclear distances »,
for most electronic states are estimated according to
the empirical relation r:X w,=const, This relation be-
tween », and w, holds fairly well for the different elec-
tronic states of the same homonuclear molecule, '

From rotational analysis of partially resolved bands as
carried out by Aslund ef al.,* rotational constants are

known for the A-X system and therefore », values may
be estimated for the other electronic states.

Energy levels of the atomic states of Bi are taken
from Ref. 15. Combinations of different Bi states are
used as possible dissociation limits according to their
energies and are given on the right-hand side of Fig. 8.
The dissociation energy of Bi, is not very well known.
Gaydon'® gives a value of Dy=1.85 eV + 0.1 for the X
state whereas Rosen'” gives D,=16500+ 500 cm™! (2, 05
eV) for Bi,. Recent mass-spectrometric work done by
different groups'® suggests D,=15500 cm™ (1.92 eV)
as the most likely value for the dissociation energy of
Bi,.

J. Chem. Phys., Vol. 64, No. 8, 15 April 1976




i3

A graphical Birge~Sponer extrapolation of the mea-
sured vibrational spacings of the \ state leads to a val-
ue of D, = 17500 cm™! for the X state. Because such an
extrapolation usually gives a high value for the dis~
sociation energy, it is believed that the X state dis-
sociates into Bi ground state atoms. From tempera-
ture dependence measurements, we find that the elec-
tronic state X’ is 1500 em™' + 800 cm™' lower in energy
than the X state which earlier workers considered to
be the ground state. We believe that this X’ state is
more likely the ground state of Bi, Vibrational per-
turbations seen in the X state and in this lower state
are further support for this conclusion. The dissocia-
tion energy of the X’ state is /), - 14500 cm™!, esti-
mated according to D, - w? /4w, x, indicating that the X’
state also dissociates into Bi ground state atoms,

Within the framework of two very low lying states in
Bi,, an experimental observation of Almy and Sparks®
can now be well understood. They found that the energy
range of absorption in the A~X system depends strongly
on temperature, whereas, the absorption into a higher
state C is almost independent of temperature and much
more intense, An explanation for this can be easily
given by assuming that the absorption into the higher
state C starts from the lower state X’ instead of starting
from the X state. Because the equilibrium distance »,
of the lower state X’ and that of the upper state C are
almost the same, the Franck-Condon factors for the
C-X' system are more favorable than for the A-X
system.

Almy and Sparks® did not recognize this lower state
because the diffuse band heads in their absorption
measurements did not allow an accurate determination
of vibrational spacings. More recently performed ab-
sorption measurements by Topouzkhanian ef al.'® at
low temperatures (1070 K) contain many unassigned
band heads. Some of them can be assigned to X' - C
absorption. This lower state X' has probably been
observed earlier by Parys® in the photoluminescence
of Bi vapor excited with the light of a Hg lamp. He
photographed doublet series with w}’=309.1 cm-!,
which is about twice as big as w.' =154, 29 em™! which
we obtained from laser excited doublet photolumines-
cence, Parys obtained this w)’' probably because weak
Franck~Condon factors prevented the observation of
every second transition. He found a difference in en-
ergy between the electronic states involved as 23092
cm™’, close to the approximate value 7, =24 000 cm™
derived from laser photoluminescence data, It is sig-
nificant that Parys observed the w)’=309.1 cm™' photo-
luminescence series at temperatures as low as 770 K,
whereas the )’ =173, 2 ecm™! photoluminescence was ob-
served by him only at 1070 K and higher temperatures.

Another part of the absorption measurements by Almy
and Sparks® also must be revised in the light of the
laser photoluminescence experiments, Almy and Sparks
claim that they measured discrete absorption from the
A state into the D state and continuous absorption from
A into a repulsive state O. From the close agreement
of the vibrational spacings of their lower state with that
of the A state it was concluded that the A state must be

G. Gerber and H. P. Broida: Electronic states and molecular constants of Bi,

the lower state seen in absorption. Considering the
thermal population of the A state which is only ~10™* of
the ground state even at temperatures as high as 1270
K, it seems improbable that their absorption really
originates from the A4 state. Observation of thermal
emission from the A state does not prove that the popu-
lation is high enough for absorption because emission
can be observed much more readily than absorption,
We believe that the absorption into the D and O state as
measured by Almy and Sparks originates from higher
vibrational levels (¢’* ~20) of the X’ state which fits the
measured vibrational spacings. With this assumption
the value T, of the upper state D is changed dramatical-
ly. The position of the repulsive state O as given by
photoluminescence resulting from white-light excitation
and from 514.5 nm Ar* laser excitation is then also in
agreement with the continuous absorption measured by
Almy and Sparks.

The earlier work®=® on Bi, was based on the assump-
tion that A is the first excited state of Bi,. Laser
photoluminescence experiments clearly show that this
assumption is not valid, We find besides the X’ state
two more bound electronic states B and A’ lower in en-
ergy than the A state. The 7T, values of the B and 4’
states are approximately given by temperature depen-
dence measurements. The dissociation limits D, of
these two states, obtained by a graphical Birge-Sponer
extrapolation of the measured vibrational spacings, led
to D,(B)=9900 cm™! and 1,(A’) = 8900 cm™!, indicating
that the B state probably dissociates into Bi ground
state atoms, whereas the dissociation limit of the 4’
state does not match well with possible dissociation
products.

The estimated limit for the A state according to
D,=w?/4w,x, is D,=13500 cm™ and seems to indicate
that the A state dissociates into Bi(*S,,,) and Bi(*Ds ,).

The broken lines in Fig. 8 indicate electronic states
which are observed in absorption® (F state), in emis-
sion® (H state), and in laser photoluminescence experi-
ments' (K, L, N states). Except for approximate val-
ues for T,, all other molecular constants for these
states are unknown. The potential curves for the M and
C states are based on the constants given by Almy and
Sparks® and that of the I state is based on the data given
by Reddy and Ali, $

The electronic state G was observed by Reddy and
Ali® in emission, They claimed that the lower state
of this emission is the A state, because of close agree-
ment of measured vibrational spacings with those of the
A state. The G state also is observed in laser photo-
luminescence experiments' as the lower state of a
doublet series with molecular constants given in Table
I. However, the laser photoluminescence data do not
support the conclusion of Reddy and Ali that the A state
is the lower state observed in emission and the subse-
quent value of T, for the G state. A Franck-Condon
factor analysis shows that there is no overlap between
low vibrational levels of the A and G state where, ac-
cording to Reddy and Ali, most of the transitions should
take place. Moreover, the w,x,=0.6 cm™ value for the
A state as given by Reddy and Ali® from their analysis
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of the G-~A emission does not agree with the value
0,%,=0,32 cm"! obtained by several other groups'?
and also by Reddy and A!i® analyzing different emission
systems. The constants® given w,=132,3 em™ and
v,x,=0.6 em™ for the lower state of the G-A emission
system would rather fit high vibrational levels (v’ =50)
of the X state, which have considerable Franck-Con-
don overlap with low vibrational levels of the ¢ state.
The value for T, obtained assuming that high vibra-
tional levels of the X state would be the lower part in
the G emission system is 21 060 cm™', which is close to
the value T,= 21400 cm™ derived from laser photo-
luminescence data,

The energy position 7', =21400 cm™ of the G state is

based on the strong perturbation of the A state, seen in
white-light photoluminescence' and in several A-X
laser photoluminescence series.! The RKR potential
curve for the G state is based on the photoluminescence
data given in Table I.

The E state is observed as the upper state of the £~
B photoluminescence whose line intensities were used
(Sec. II) to derive E state molecular constants. The
potential curve of this very shallow electronic state
(»"=0, 1, 2, and 3 are bound levels) is given only for
v’ =0and 1.

V. DISCUSSION OF THE ELECTRONIC STATES OF Bi,

For the determination of the character of the elec-
tronic states a rotational analysis of the observed bands
has to be carried out. This has been done only for the
A-X system of Bi, by Aslund ef al.* who identified the
electronic state A as 'S [or O in the notation of Hund’s
case (c)) assuming that the X state is the ground state
of Bi,. The configuration of the ground state of Bi,, in
analogy with the ground state configuration of Ny, Py, « -+,
may be written as . .. (¢,65)%(0,65)*(0,6p)*(I1,6p)* which
can give rise to only one molecular state 'Z}, as in N,
and P,.!" Because of the increasing spin-orbit inter-~
action for the heavier elements of the Group V (the fine
structure splitting 2D, ,,-2D; ,, in atomic bismuth is
4019 cm™ whereas it is only 8 cm™ in atomic nitrogen),
a Hund’s case (c) description of the electronic states
of Bi, becomes more appropriate, The electronic
states in case (a) and case (c) description are readily
correlated, !* The 'Z* becomes 0*, the *Z* becomes
O and 1 and the regular ’[1 state is split into 0*, O,

1, and 2, The ground state 'Z} of Bi, therefore be-
comes O,

Rotational analysis of the A- X system* shows that
'£-1% is the transition involved, Because of the X
state being the lowest energy state observed by Aslund
et al.,* they assumed 'Z; as the X state and consequently
'$: (0;) as that of the A state. However, spectroscopic
data and temperature dependence measurements of
laser photoluminescence of Bi,' as well as the experi-
ments carried out by Parys?® show that there is an
electronic state X’ lower in energy that the X state,

The doublet series observed in laser photolumines -
cence' and by Parys® suggest that the X’ state has an
O-type symmetry. Therefore we believe O] is the ap-
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propriate description of the X’ state, since it is prob-
ably the ground state of Bi,. If, however, the photo-
luminescence series with )’ =309.1 cm™' observed by
Parys® belongs to an electronic state other than the

X' state, it might be possible that this would be the
ground state of Bi,. Therefore, all the symmetry con-
siderations and assignments should be considered pre-
liminary.

The rotational analysis®and the doublet photolumines -
cence of the A-X system show that there are O-type
states involved. The fact that there are no<ransitions
observed between the A state and the lower X’ state is
believed to be due either to the gerade character of the
A state or to the ++ - rule, because the selection rule
AQ=0, +1 and the Franck—-Condon factors are favor-
able. If the A state has ungerade character, the X
state must have gerade character, because of the g=u
restriction. The weak interaction between the X and
the X’ states, indicated by the small displacement of
vibrational levels in both states, suggest that these two
electronic states do not have different character.
Therefore we believe X(0;) is the most appropriate de-
scription in Hund’s case (c), because the interaction
with the X’(0;) state would be stronger if X had O}
symmetry, The symmetry of the 4 state is very prob-
ably O, which could be one of the components of *I1, .
The dissociation energies D,(X')=14500 cm™ and
D,(X)=17500 ¢cm™', obtained from Birge-Sponer ex-
trapolations of the vibrational levels, indicate that the
X’ and X state dissociate into Bi atoms in the ‘S, ,,
ground state, The possible molecular states arising
from two 'S atomic states are 'T;, *S¢, 55! and "5
which give in Hund’s case (c) description 0}(2); 03(2);
1,(2); 1,; 2,; 2,; and 3,. The 'S} (0}) state arises
from the ground state configuration as described above.
The *T; becomes O} and 1, probably arises from the
configuration . - . (0, 65)%0, 65)%(0, 6)%(11,6p)*(11,65).
The °Z} state belongs to a configuration of a higher
excited state, However in Hund’s case (c) description,
the =} splits into O}, 1,, and 2,, but because of the
strong spin-orbit interaction in the heavy Bi, the O}
state could be located at low energies, The components
of the "Z; state are believed to lie at higher energies,
Assuming that there is in Bi,, even at strong spin-
orbit interaction, still a correlation between the molec-
ular states and the atomic states of the dissociation
products, the X state best described having O; sym-
metry could originate from *Il, which probably arises from
the configuration . . . (0,65)*(0,85)%(c,6p)(11,8p)(11,6p).
This result agrees with the known order of excited
states'*'!7 in N, and P, as the highest elements in the
Group V. The first excited states in N, are A’S] and
BN, , while this order is changed in P, with *Il, and
than *Z; being the first excited states. A comparison
of observed electronic term values T, of the low-lying
excited electronic states of the Group V diatomic mole-
cules is given in Fig. 9, where straight line segments
connect states believed to have the same symmetry.
The energy of the electronic states T, and the symmetry
designation are taken from Ref, 13, 17, and 21. This
comparison seems to indicate that the *[l, molecular
state is the first excited state of the Group V diatomic
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molecules (except N,).

The character of the B state is most probably of O
symmetry, because of the doublet series observed in
laser photoluminescence.l However, it cannot be ruled
out that the B state could have 1 symmetry with the @
component not being observed due to its weakness, The
extrapolated dissociation energy D, = 9900 cm™!'indicates
that the B state dissociates into ground state Bi atoms,
However, there is too little information available to
decide upon the configuration from which this B state
originates,

The A’ state is the lower electronic state of a doublet
series observed in laser photoluminescence, ! there-
fore probably having O-type symmetry, The extrapo-
lated dissociation energy D,=8900 cm™' does not match
closely with possible dissociation limits, but it might
be correlated with Bi(*Sy,,) + Bi(*S, ;). It is again not
clear from which configuration this A’ state arises.

The A state which is the upper electronic state of the
A-X system has been observed in absorption, ** emis-
sion™® and laser photoluminescence,' A rotational
analysis® and the arguements given above identify the
A state as state as being of O symmetry. The esti-
mated dissociation energy D,=13500 cm™' closely
agrees with the Bi(‘S, ;) + Bi(*D; ;) dissociation limit,
This dissociation scheme for the A(O;) state also was
suggested by Almy and Sparks,?

G. Gerber and H. P. Broida: Electronic states and molecular constants of Bi,

FIG. 9. Comparison of ob-
served electronic term
values, T,, for the low-ly-
ing excited electronic states
of the Group V diatomic
molecules. Straight line
segments connect states
believed to have the same
symmetry.

Because of the strong interaction of the G and A
states, observed in white-light photolumlnescer\cel as
well as in laser photoluminescence,' we believe the
symmetry of the G state is the same as for the A state:
0, . The interaction between O; and O, would be much
smaller,'® The G state is the lower electronic state of
a doublet series observed in laser photoluminescence, '
This also supports the designation O for the G state,
A reanalysis of the emission observed by Reddy and
Ali, ® which involves the G state as the upper state,
leads to the conclusion that this emission goes to high
vibrational levels (»'’ = 50) of the X (O;) state rather
than to the A state, which agrees with the assumed O
symmetry for the G state. From the estimated dis-
sociation energy (D,=4500 cm™) it seems likely that
the G state dissociates into Bi(‘Sy,,) and Bi(*D, ,,).
Because the mainfold of molecular states correlated
with 'Sy 5+ 2Dy ,, is so large, no attempt has been made
to ascribe the G(0}) state to a specific configuration,

The electronic state E is the upper state of the E~B
doublet photoluminescence whose intensity pattern was
used to establish the molecular constants of the E state.
(Sec. II). The symmetry of the E state could either be
0 or 1, because a doublet photoluminescence series may
arise from 0-0 and from 1-0 transitions, '* the lower
state B being of 0 symmetry, But the available data
allow no determination of the character of this state,

Almy and Sparks® observed the electronic state D in
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absorption (D~ A) as a strongly predissociated state.
However, a reanalysis of these data in the light of the
photoluminescence data seems to indicate that Almy’s
absorption into the D state originates from higher vi-
brational (»'’ ~20) levels of the X' (0;) state. The re-
pulsive state M, observed by Almy and Sparks in ab-
sorption, could be the state causing the predissociation
of the D state. The available data do not allow any
speculation about the character of the D state

The electronic states K, L, and N are upper states of
different electronic systems excited by the Ar* laser
where doublet photoluminescence series occur and
therefore having either 0 or 1 symmetry. Because the
states C, F and H, I are observed in connection with
states of 0 symmetry in absorption and emission, we
believe these states have either 0 or 1 symmetry.
Owing to the lack of rotational structure in most elec-
tronic transitions observed in Bi, there has been made
no attempt to systematically classify and relabel the
electronic states. There has been reported an unknown
electronic system of Bi, by Singh ef al.?* They in-
vestigated the spectrum of BiCl by dissociating BiCl,
in a discharge and observed in addition to the A~X sys-
tem of BiCl about twenty new bands in the region 620-
650 nm. The bands have been fitted into a Deslandre’s
table, the lower and upper state vibrational frequencies
being w!’=103.2 cm™, w,=94.7 cm™, w!'x,’ =2.45 cm™
and w/x}=5.2 cm™ with vy = 15746.34. Singh ef al.?*
believe that the bismuth diatomic molecule is the emit-
ter of these bands, because of the absence of any
chlorine isotope effect and because of the vibrational
frequencies for both the states are of the order of 100
cm™! whereas bismuth halides and oxide correspond to
much higher frequencies, However, the available data
do not allow any determination of the energy position
V(r) of the lower electronic state and of the symmetry
of states involved.
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I'he chemical reactions between bismuth and oxidants i a heat pipe oven are described. Strong chemiluminescence

(A1, 3+ X 2115 3) was observed in the reaction with N O and the vibrational temperature of the A 211, ,, state was

measured to be 3150 + 300 K.

A recent preliminary study of the reaction of Ba
and N5 O in a heat pipe oven has demonstrated the
unln_\—m such ovens for studies of chemical reactions
between metals and oxidants. We have tested two
different heat pipe configurations with chemical
reactions of Bi and Bi, with oxidants.

One heat pipe consisted of a simple cross-shaped
stainless steel pipe with a stainless steel wick in a
S ¢m diameter [1] stainless tube. The other heat
pipe was more complicated. Its shape was a double
cross, consisting of S cm diameter stainless steel
tubes. eight sets of 250 W heater elements. and
additional cooling systems. Temperatures of the
heat pipe oven were indicated by an alumel
chromel thermocouple attached directly to the out-
side surface of the oven (fig. 1). When the heat pipe
is working properly, the temperature inside the heat
pipe is in equilibrium at a pressure determined by
Ar buffer gas pressure. Vapor pressures then are
measured by a pressure gauge, and temperatures are
obtained from vapor pressure versus temperature
tables. 12.5 mm diameter quartz tubing was used to
introduce microwave discharge products into the
center of the metal vapor region, and 3 mm stainless
steel tubing was used to introduce other reactants.

Laser induced photoluminescence of Biy mole-
cules [2] was used to determine the distribution of
metal vapor along the pipe. Metal vapor existed only
in the middle heating zone, and a very sharp bound-
ary was observed between the metal and buffer gas

* Work supported in part by Office of Naval Research, Con-
tract No. N00014-69-A-0200-8013.
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Fig. 1. Heat pipe oven.

zones. About 4 ¢m outside the sharp boundary,
particles of bismuth were observed. The metallic
particle region was about 4 cm long when the Biy
vapor region was 15 cm. Scattered light from these
particles was completely plane polarized, indicating
particle sizes much smaller than the wavelength of
light [3]. Even when the buffer gas pressure was
higher than the equilibrium vapor pressure and heat
pipe action was not complete, there was a separation
of the metal zone from the buffer gas zone. We believe
that operation in this steady-state condition, without
equilibrium heat pipe action but with a separation of
the metal rich zone from the buffer gas zone, will

be very useful for chemical reaction studies as well
as for spectroscopic measurements.
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We have trnied chemical reactions between bismuth
and several oxidants such as O, discharged O,, N, 0,
and NO,. During the chemical reaction, laser photo-
luminescence was used to detect changes in the con-
centration of Biy as well as reactant products in the
reaction zone. Oxidants were introduced into the
middle of the heat pipe oven. No visible chemilumi-
nescence was observed in the reaction with O, or
NO,, but the laser induced photoluminescence
showed that Bi, was totally consumed. !n the reac-
tion between dl—\'ch;nge'\l oxygen and bismuth, a faint
vellow glow was observed in the reaction zone, It is
so faint that spectra has not been obtained because
the background radiation from the hot walls is so
Jarge. The shape of the flame was confined in a small
cone, indicating that the reaction is fast.

Above 1300 K, the thermally excited A = X tran-
sition of Biy also was observed. The vibrational distri-
bution of the thermally excited A IE; state was

i
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Fig. 2. BiO (A%11y,, =+ X ?I1y,,) chemiluminescence spectra
from the reaction of bismuth and N, O in a heat pipe oven
at a temperature near 1050 K estimated from the vibrational
distribution of Biy in the A state (see text), and a pressure
of 7 torr. Thermal radiation from the walls is very strong at
longer wavelengths, The lower spectrum was taken at 0.2
nm resolution, while the upper one was 0.075 am. No cor-
rection has been made for the wavelength response of the
GaAs photomultiplier.
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Fig. 3. Vibrational population distribution in the A %11, 2
state of BiO produced from the reaction of bismuth and
N, O. Vibrational populations (v') were obtained by aver-
aging over the observed v” progression. Franck—Condon
tactors were calculated by the RKR method using molecular
constants obtained by Barrow et al. [4]. The total pressure
was 7 torr and the temperature reading of the thermocouple
outside the oven was 1350 K.

determined by the measured intensity distribution
and calculated Franck Condon factors [4]. The vi-
brational temperature was found to be 1050 + 150K.
This temperature, as expected, was somewhat lower
than that measured by the outside thermocouple
(1320 K). Total pressure was 7 torr.

Relatively strong chemiluminescence also has been
observed in the reaction with N, O at a buffer pres-
sure of 7 torr. The shape of the flame was round,
and the flame spread within the oven indicating a
slow reaction. During the reaction, slow pumping
was needed to maintain a constant pressure. Flow
rates of N, O and buffer Ar gas were estimated to be
10'8- 10" molecules/s. The N5 O flow was less than
one third of the total flow.

In the reaction with N5 O the chemiluminescence
produced the /\zlll 2 Xy le, , system of BiO
(fig. 2) with the v" = 0 progression observable from
v =2 to 10 and the v" = | progression from v’ = 1
to 5. The vibrational intensity distribution is slightly
different from spectra obtained previously by micro-
wave discharges [4.5]. A rotational temperature of
1200 + 150 K was estimated from the rotational
intensity distributions when the temperature of the
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outside wall of the heat pipe measured 1320 K, in
good agreement with the vibrational temperature of
Bi,. The vibrational population distribution of the
A ZII, > state of BiO (fig. 3) gave a vibrational tem-
perature of 3150 + 300 K. In addition to BiO emis-
sion, strong emission of the Dy g =* 453 , transi-
tion of the Bi atom at 875.5 nin was observed.

During the reaction of discharged O, the stain-
less steel mesh and gas inlets were oxidized. Even the
quartz tubing for the inlet was “eaten™ (1 ¢cm of
quartz tubing disappeared in each S hours of opera-
tion) by chemical reaction in the presence of bismuth.
At excess pressures (15 to 30 torr) of NZ()‘ soot-like
small particles were observed in the chemilumines-
cent region, possibly coming from the oxidation of
small metallic particles.

In the reaction of Ba and N,O [1], metal is sup-
plied by evaporation, while oxidant is supplied from
outside the imetal vapor region. Metal oxides and
other reactant products condense or are trapped in
the pipe and pressure remains constant. Unfortunately,
the bismuth and oxidant reaction does not fit this
mode of operation: it is necessary to remove excess
oxidant and products to maintain a stable pressure.

[
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By pumping, a steady-state condition is established
In this pumping mode, quantitative studies of chemi-
cal reaction rates and photon yield will be difficult.
Moreover, in the present system, both oxidart and
the metal inlet tube are heated to the over tempera-
ture. Thus, a large fraction of reacting oxidant
molecules were vibrationally excited. since k7 is
nearly 1000 ¢m
composed before entering the reaction zone. Another
difficulty of the present system is the strong back-
ground thermal emission from the walls and from the
metal vapor itself.

I. and some oxidant may be de-
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Homogeneous nucleation of Pbl, particles with diameters tess than 10 nm has been observed in Ny gas by white light
scattering. The refative intensity of the scattered light has been measured as a function of wavelength. Particle sizes and
shapes have been determined by electron microscopy.

Size effects of elementary excitations in solids are
expected when crystalline sizes become extremely
small, i.e., less than a few nm. Some earlier experi-
ments have been made with homogeneously nucleated
metallic particles [1-4]. This report describes pre-
liminary studies on very fine crystals of Pbl,.

Homogeneous nucleation of Pbl, crystals was ob-
tained in flowing N, at pressures from 0.1 2 kPa
(0.75-15 torr). Vapor from reagent grade Pbl, in an
alumina crucible heated to about 600 K was entrained
by the N, flow. Since the N gas was in contact with
room temperature walls, the vapor was cooled and
Pbl, particle nucleation occurred when the super-
saturation ratio was sufficiently large. This method
of particle nucleation and the apparatus have been de-
scribed for the work with pure metals [3—5].

Samples of “floating™ particles were collected on
standard microscope grids exposed to the gas flow
downstream from the region where particles were
formed. Electron microscope pictures of these par-
ticles show individual particles with diameters less
than 8 nm. Fig. 1 shows examples of individual par-
ticles. Shapes are not well defined but the sizes are
quite uniform, between 10 and 30 nm. Occasionally,
under conditions of low pressure, particle samples
reveal a faint hexagonal outline on which smaller par-

* Work supported in part by National Science Foundation Fig. 1. Example of individual “floating™ Pbl, particles with
Grant NSF-MPS74-22174 and Office of Naval Research Con- irregular shapes but a sharp size distribution centered around
tact No. N00014-69-8013. 20 nm diameter (20,000 X plus photographic enlargement).
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ticles can be seen. It is possible that the hexagonal
shape is an artifact of the collection process rather
than an indication of a “floating” particle. It is gen-
erally difficult to determine to what extent growth
and movement take place on the grid surface rather
than in the vapor phase.

Unlike pure metals [4], Phl, particles tend to clump
or coagulate into long chains and lacey networks as
shown in fig. 2. Higher magnification than fig. 2 in-
dicates that these chains consist of small particles
linked together. Presumably the chains are formed on
the deposition grids. Electron diffraction photographs
of these samples show a ring pattern which have the
same diameter as diffraction patterns obtained from
bulk material, indicating that the small particles have
the same crystal structure.

Light scattering from “floating™ particles was ob-
served at right angles to the flow direction and to a
xenon-ar¢ white light source. The scattered light from
fine particles appeared blue or bluish grey: larger par-

Fig. 2. Lacey networks and long chains are formed by smaller

particles as seen at low magnification (5000 X plus photographic

enlargement).
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Fig. 3. Light scattering at 90° to the incident light from fine
particles at a pressure near 1/3 kPa (2.5 torr) compared to
scattering from bulk materia! collected on the chamber walls.

The relative intensity has been corrected for instrument re-

sponse and light source characteristics.

Fig. 4. An example of hexagonal platelets collected from the
chamber walls. These hexagons are approximately 130 nm on
a side (40,000 X plus photographic enlargement).
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ticles trapped outside the flowing gas caused a wide
variety of colored patterns. The blue light was totally
plane-polarized indicating that the maximum particle
size was less than the wavelength of light. With in-
creasing N, gas pressure the intensity of scattered light
increased but it is not known if the inciease 1s caused
by greater numbers or greater size of the particles.

A 3/4 monochromator with | nm resolution was
used to measure the relative spectral scattering at 90
to the incident light. Neither phosphorescence nor
photoluminescence were detected: only elastic scattering
at the inaident wavelength was observed. Fig. 3 shows
the relative scattering from “floating™ particles and,
for comparison, trom material collected on the walls.
Small shifts in peak heights and positions were noted
under different conditions but no consistent pattern
was tound. We were not able to associate any of ob-
served structure to known absorption or photolumin-
escence of Phi,

Deposits of Pbly. 1 4 mm thick, covered most of
the interior of the vacuum chamber in 1 to 4 h of

peration. This “wall matenial™ was most likely formed
from “tloating™ particles but might have some com-
ponent of single molecule accretion. Its color was
similar to that of bulk Pbl,, but its density was con-

siderably less, appearing to be a finely divided powder.
The thickness of the wall material decreased in a
period of several days after exposing to atmosphere
conditions. Low magnification photographs obtained
with 4 scanning electron microscope suggest that
macroscopically the wall material is spongy. Higher
magnification photographs of the wall material ob-
tained with transmission electron microscopy shows
clearly defined hexagonal platelets with diameters as
small as 40 nm (fig. 4). Electron diffraction patterns
of this material are consistent with X-ray diffraction
patterns of which showed peaks corresponding to the
(001) and (110) planes of bulk l’bl: crystals.
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Chemiluminescence from the reaction of calcium and aluminum with various hydrogen containing compounds in a
flowing gas system and in a heat pipe oven are described. Red chemiluminescence of CaH was observed in the reaction
of calcium, and weak chemiluminescence of AIH was seen in the reaction of aluminum with formaldehyde (H,CO). It
is proposed that a reaction between metal atoms and formaldehyde may be used as a source of diatomic metallic hydrides.

Diatomic metallic oxides and halides have been
well studied in various types of reactions [1,2]. Al-
though metallic hydrides are very important in the
study of stellar atmospheres, very few sources of
metallic hydrides with high spectral purity have been
studied in detail in the faboratory. Both flow systems
[3] and heat pipe ovens {4] have proved to be use-
ful for the study of reactions of some metal vapors
with a variety of gaseous chemicals. This report de-
scribes the production of diatomic metallic hydrides
in these sources.

The flow system [3] consisted of 10 cm diameter
stainless steel tubing in the shape of a double cross.

A heatable alumina crucible for the calcium, along
with an argon (carrier gas) inlet was placed in the bot-
tom section of the tubing. Through one of the hori-
zontal arms of the double cross, a stainless steel, heat-
able reactant gas inlet was positioned over the center
of the crucible. The remaining four arms were used
for pumping and observation. Carrier gas pressures
were between 0.4 and 15 torr, The inlet nozzle of

H, CO gas was heated to 1300K by a tungsten heater.

The heat pipe oven [4] was a simple, horizontally
oriented, cross-shaped stainless steel pipe of 5 cm
diameter containing a wick of stainless steel wire
mesh. Argon was introduced as a buffer gas to prod-

* Work supported in part by Office of Naval Research, Con-
tract No. N00014-69-A-0200-801 3.

442

uce a well-defined region of metallic vapor in the
heated part of the cross. Reactive gases were intro-
duced into the metal vapor region via either stainless
steel, quartz or alumina (Al;O03) tubing. Usual oper-
ating pressures were between 1 and 10 torr and tem-
peratures between 1080 and 1300 K. Background
thermal radiation from the heat pipe was relatively
large.

Table 1 lists several metallic-hydride binding ener-
gies and some dissociation reactions of hydrogen con-
taining compounds which we tried. Formaldehyde is
the simplest, weakly bonded hvdrogen compound
that we used. Paraformaldehyde, heated to 110°C
was pyrolyzed as the source of formaldehyde.

Table 1
Dissociation energy of hydrogen bond

Reaction Endothermic
energy (eV)

CaH~Ca+H 240

AlH —~ Al + H 2.90
H,CO —~ H + HCO 3.25
HCO —~ H + CO 1.21
Hy~H+H 4.47
NH3 — NH + H 4.59
NHy = NH+H 3.85
NH-N+H 3.67
H;0; — H + HO; 3.83
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H, . discharged Hy (Cactive hydrogen™) and formal-
dehyde were used as reactant gases in the heat pipe.
As expected, (table 1), no chemiluminescence ap-
peared with either Hy or discharged H, . The addition
of formaldehyde to the calcium vapor in the heat
pipe produced red chemiluminescence with emission
mainly from CaH and CaO [5,6] . Weak CaOH emission
was observed. The observed Cal emission systems
were A2M1- X 2X (692 nm), B211-X 22 (639 nm)
and E 211 X 2E (490 nm) with intensity ratios of ap-
proximately 1000:100:5.

CaO emission was observed from the A 1X- X 1Y
system in the near infrared between 700 and 920 nm.
In addition strong band systems were seen in the
orange (580 650 nm) and green (540 580 nm).
These bands have been attributed to CaO, but it ap-
pears that the emitter is a polyatomic oxide, such as
Ca, 0, and partly CaOH [7]. We cannot positively
identify all of the orange band systems, but relative
strengths of various parts of the bands are dependent
on the concentrations of Ca and HyCO and on the
temperature.

In the flow system NH3, H,0, and H;CO were
tried. There was no chemiluminescence from the re-
action of NHy with Ca. Only CaO and CaOH were
observed in the reaction of Hy0, with Ca. With heated
formaldehyde (1200 1300 K), CaH and CaO again
were observed. Only the A 2l1-X 2% and B211- X 2%
systems of Call were observed. The spectrum was sim-
ilar to that obtained in the heat pipe oven, except
that there was an interesting temperature effect (see
fig. 1. At low temperatures of the crucible and reac-
tant gas infet, no CaO A !X X 1T emission was ob-
served and the strength of the main CaH system,

A 211 X 2%, near 692 nm, was weak in relation to
the complex orange system of calcium oxide around
625 nm. At high temperatures, red and infrared bands
of the A X system of CaO became prominent and
the strength of CaH A 211- X 2¥ system increased in
relation to the orange system.

To test the generality of the reaction, aluminum
with heated formaldehyde was tried in the flow sys-
tem. The A1Z X 1Y system of AlH, but no emission
from AlO, was observed.

We would like to propose a possible mechanism
of chemiluminescence between metal atoms and
H,CO. As shown in table 1, reaction between Ca and
ground state H,CO does not occur since the reaction
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Fig. 1. CaH chemiluminescence in a flow system. The top
spectrum was taken at relatively low nozzle temperature of
H,CO. Note the lack of CaO A 'X - X 'L emission and the
relative weakness of the CaH system in relation to the com-
plex orange band systems. The middle and bottom spectra
were taken at high nozzle temperature and higher density of
Ca atoms. Relatively strong CaO A Ty X 'y was observed.
The band shape of orange band is quite different from that
at low temperature. Most part of continuum is due to ther-
mal background emission from heater.

is about 0.85 eV endothermic. When stretching vibra-
tions of CH bond are excited thermally to have ener-
gy greater than 0.85 eV (v 2 6), the reaction becomes
exothermic. HyCO molecules heated to 1300 K have
an average energy near 0.1 eV. At this temperature,
an order of 105 of the H, CO molecules have enough
energy (0.85 eV) for the reaction with Ca. H, CO mol-
ecules excited vibrationally in high CH stretch modes
possibly initiate the reaction. The reaction between
metal and HCO produced from the reaction between
the metal and H,CO, or possibly produced from ther-
mal decomposition, may be responsible for visible
chemiluminescence since the reaction is more ener-
getically favorable (about 1.2 eV).

We want to thank Dr. G. Taieb for his continued
interest and early assistance in obtaining spectra.
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Laser photoluminescence of calcium molecules*
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Calcium diatomic molecules were produced in a heat-pipe oven at temperatures from 1000 to 1200 K.

Photoluminescence of Ca, has been studied with various laser sources and with white light. Discrete, sharp
line spectra are attributed to known bound states of Ca,. A broad continuum emission with an oscillatory

intensity distribution is associated with emission to the repulsive part of the lower state. A weak continuum

emission to another repulsive state also has been observed. The observed strong emission from the atomic

resonance lines at 422.7 and 657.3 nm probably is caused by dissociation of excited Ca, molecules. The
Jaser-excited photoluminescence experiments suggest that the ground state of Ca, is repulsive and that the

lowest observed bound state of Ca, correlates with the 'P atomic state.

I. INTRODUCTION

Recently, homonuclear diatomic molecules of group
[la in the periodic table of elements, Be,, ! Mg,, ¥ and
Ca,, *** have been observed by absorption spectroscopy
in the gas phase®* and in solid matrices at low temper-
ature. '*% From simple orbital theory, these molecules
are considered to be van der Waals molecules in the
ground electronic state since the molecular electron
configuration has an equal number of bonding and anti-
bonding electrons.®’ No regular chemical bond would
be expected and, except for the van der Waals interac-
tion, the ground state would be repulsive.

We have studied photoluminescence of Ca, excited by
several laser lines between 458 and 660 nm at tempera-
tures from 1000 to 1200 K. Photoluminescence spectra
show discrete emission identified as the previously re-
ported A'Z,~ X'Z; transition, * overlapping oscillatory
continuum emission identified as transitions to the re-
pulsive part of the lower state, the atomic calcium
resonance lines at 422.7 and 657.3 nm, and other Ca
atomic lines. These observations strongly support the
view that ground state atoms do not form stable diatomic
molecules and that bound molecules are formed only in
electronically excited states.

Il. EXPERIMENTAL

Calcium vapor was produced in a heat-pipe oven® us-
ing a horizontally oriented, cross-shaped stainless
steel pipe of 5 cm diameter containing a stainless steel
wick. 1 Argon, or at times helium, was introduced
at pressures from 1 to 10 torr as a buffer gas. A well-
defined region of metal vapor was observed by laser
photoluminescence in the heated section of the cross.
Most experiments were carried out with the buffer gas
pressure exceeding the Ca vapor pressure at the given
oven temperature. Under these conditions there was a
mixture of Ca vapor and buffer gas in the observation
region. Partial pressures of Ca were determined by
measured oven temperatures.

Temperature was monitored by a chromel-alumel
thermocouple attached to the outside wall of the heated
cross. The thermocouple reading was calibrated at the
melting point of calcium inside the cross; agreement
was within the experimental error of + 3 K. An addi-
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tional estimate of the difference between thermocouple
readings and gas temperatures inside the oven was ob-
tained from measurements of vibrational temperatures
of CaCl, atrace impurity. Thermally excited CaCl
emission of the A %, ,,-X?2" and B*2'-X*z’ systems
gave vibrational population temperatures agreeing with
the thermocouple temperatures to + 30 K.

It should be noted that when the oven was operated in
the normal mode for a heat-pipe oven with buffer gas
pressure equal to the calcium pressure,® solid calcium
crystals grew rapidly from the walls at the hot-cold
transition region. This crystalline deposit formed a
solid, thin (~1 mm) diaphragm completely closing the
optical paths in less than an hour.

Various lines of an Ar® laser (Table I) were used to
excite photoluminescence. In addition, some explora-
tory experiments used a cw tunable rhodamine B dye
laser pumped by all lines of a 4 W Ar® laser; the width

TABLE 1. Photoluminescence of molecular caleium (Ca,) ex-
cited by Ar® laser line.”

Main transitions Normalized integrated intensities of emission

Laser

wavelength Excited Molecular® Atomic®
inm) v v’ Continuum  Discrete 422. 7 am 657.3 nm
528.7 7.4.2 2,1 650 200 0.4
514.5 4.3 2,0 550 200 100 0.3
501.7 7 0 200 100 400 1.0
496, 5 1,10 3,5 650 300 500 1.2
A88.0 12 1 650 350 600 t.3
476.5 16,17 0,2 850 400 1 900 1.6
472.7 18 1 450 aso 3500 1.6
465.8 22 2 150 # 500

457.9 29 3 100 100 13 000 .2
454.5 Very weak

17 000

%A blank indicates that the emission was so weak that mea-
surements of quantitative data were not made,

Integrated intensity was estimated from the spectral area
without correcting for instrumental response. The lack of res-
olution caused some uncertainty in separating continuum
from discrete spectra. Data were taken with lock-in detec-
tion. Intensities are normalized to unit power excitation.
The accuracy of measurement is + 50%.

‘Integrated intensities of the self-reversed line at 422, 7 nm
were estimated as follows. Peak height intensity was deter-
mined by measuring the intensity distribution at the tail of the
Lorentzian line shape, I (Aw)™?, and by extrapolating to the
assumed linewidth of 0.1 ecm™'; integration was over the entire
observed emission,

Copyright © 1976 American Institute of Physics
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FIG. 1. Laser photoluminescence spectra of Ca, with 0.1 nm
resolution, Laser power was 0,52, 3.3, and 1.2 W at 528.7,
514.5, and 496.5 nm, respectively. In addition to the dis-
crete and continuum emission from Ca,, Ca atomic emission
can be seen at 560, 445, 430, and 423 nm. Above 540 nm,
there is some small background radiation from the heat pipe.
The oven temperature was about 1070 K, corresponding to an
equilibrium Ca vapor pressure of 0.67 torr; the Ar pressure
was 3 torr,

at half-maximum intensity of this laser was 0.05 nm.
Photoluminescence also was obtained with continuum
emission between 250-1000 nm from a 150 W xenon arc
lamp. A tungstern lamp was used for absorption mea-
surement. Emission and absorption spectra from 400
to 800 nm were recorded using a im grating mono-
chromator with photoelectric detection. Phase-sensi-
tive detection with a lock-in amplifier was used to mea-
sure weak photoluminescence obscured at longer wave-

lengths by strong thermal radiation from the oven walls.

111. OBSERVATIONS
A. Molecular emission

Photoluminescence spectra of Ca, (Figs. 1-3) excited
by laser lines are not like the usually observed photo-
luminescence spectra of diatomic molecules, 1012715
In addition to the usual discrete, sharp line emission,
there is broad continuum emission with an oscillatory
intensity distributiou (Table II). No small scale struc-
ture was observed in the continuum emission even with
a resolution of 0.02 nm. Near the laser excitation
lines, the discrete spectra are very complicated but
become progressively simpler in appearance at both
longer and shorter wavelengths (Fig. 3). Discrete

spectra end abruptly at wavelengths longer than the ex-
citation line and cover approximately + 500 cm™. Com-
plete rotational assignments of these lines was not pos-
sible because of the complexity, the lack of resolution,
and the very small rotational constants of Ca,.* Tenta-

tive vibrational assignments are included in Table I.

The oscillatory, continuum spectra show a regular
change of pattern with decrease of the excitation wave-
length. With decreasing excitation wavelength, or in-
creasing energy, of the laser excitation, the last ob-
served continuum maxima shift to longer wavelength,
and the number of oscillatory peaks increases. Also,
the continuum emission at wavelengths shorter than the
excitation wavelength extends to 420 nm and gets rel-
atively weaker with decreasing excitation wavelength
(Figs. 2 and 4). The line to continuum intensity ratios
and the general appearance of the spectra were un-
changed with pressure variations of Ar buffer gas from
1 to 10 torr and with oven temperatures from 1000 to
1200 K (i.e., partial pressures of Ca from 0.1to 5
torr). Integrated intensities of the discrete line emis-
sion are comparable with the total intensities of the
continuum emission (Table I). Intensities of both dis-

FiG. 2, Laser photoluminescence spectra of Ca, with 0.1 nm
resolution for 488, 0 nm excitation and 0.2 nm for 472.7 and
457.9 nm. Laser power was 2,2, 0,15, and 0.57 W at 488, 0,
472.7, and 457.9 nm, respectively. The resonance line of Ca
at 422, 7 nm is self-reversed and its normalized intensities
rapidly increased with excitation laser energy. Dotted lines
show the approximate intensities of the background thermal
radiation for the heat pipe. The temperature of oven was
about 1080 K, corresponding to an equilibrium Ca vapor pres-
sure of 0,79 torr; the Ar pressure was 3 torr.

J. Chem, Phys., Vol. 685, No. 3, 1 August 1976
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crete and continuum emission increase linearly with
increasing laser power from 0 to 3 W.

With white light excitation, only the impurity CaCl
gave molecular emission. No absorption or photo-
luminescence of Ca, was detected with temperatures as
high as 1300 K. Excitation spectra, with broad band
detection over the entire visible region obtained by tun-
ing the dye laser from 610 to 670 nm, showed some
radiation at all laser wavelengths in addition to strong
peaks due to impurities of CaCl, CaBr, and Cal. With
the laser set at 657. 3 nm, a complex discrete spectrum
with peak separations similar to Ca, vibrational spac~
ings was observed. Similar discrete spectra also were
observed about 1 nm on either side of 657.3 nm.

Other methods for producing Ca, emission were tried.
In one case a low current discharge (20 mA) was pro-
duced in the Ca vapor in the oven. In addition to many
lines of atomic Ca, there was very strong emission of
the A-X and B-X systems of CaH, but no Ca, radiation.
In another experiment in a flow system'® and using laser
excitation, no Ca, photoluminescence was observed even
though a high density of Ca vapor was entrained in
relatively low temperature Ar gas.

B. Atomic emission

In addition to discrete and continuum emission from
molecular Ca,, several atomic transitions were ob-
served (Table III). The allowed resonance 4s2'S-4p'p
atomic Ca transition at 422.7 nm was very strong and
usually appeared with a large amount of self-reversal
(Figs. 1, 2, and 4). White light excitation also showed
strong 422.7 nm emission. The self-reversed line was
asymmetric!” with the long wavelength maximum of
greater intensity than the short wavelength one. In ad-
dition, the long wavelength tail from the resonance line
spreads into the molecular continuum emission as

Broida: Laser photoluminescence of calcium miolecules
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Fig. 3. High resolution
spectra (0, 036 nm) of the
photoluminescence of Ca, ex-
cited by the 496. 5 nm laser
line. The underlying con-
tinuum begins near 470 nm.
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4880 nm
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1 » S—
440 400 nm
FIG, 4. Photoluminescence spectra near the resonance line of
Ca at 422, 7 nm. (a) 488.0 nm laser excitation, (b) 457.9 nm

laser excitation, and (c) excitation by white light from a
xenon arc lamp,
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(20161)  (20280)

(20 000)

Wavenumbers of peaks (cm™)
(20 000)

(19 840)
(19 820)

(19645)
19610

(19 685)
(19 550)
19435
19380

(19 230)
(19 305)
19175
19100

18905
18940
18940
18 850
18775

18520
185

18550
18520
18450

18145
18085
18025
17930
17950

TABLE II. Wavenumbers of observed continuum maxima. *

Excitation
(nm)
528.7
514.5
501.7

496.5

488.0
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= TABLE 1Il. Observed atomic Ca transitions.
x — P ———
—- Atomic Excitation laser Laser
< emission (nm) Assignment (nm) power Intensity "
2 344 58" ? 488,0,514.5 ¢ 1
o~ 422.7 4s7'S—4p'P*  All lines Linear 10
" 428.3
428.9
2 430.2 4pP'-4p?'P  488.0,514.5 Square 1
- 430.7
™ 431.8
-~ 442.5
g 9 443.5 4p'P'~4d'D 488.0,514.5,496.5 Square 1
- 445.6
S =
L= S 535.0 3d'D-4p’ 'F"  488.0 c 10
= 551.3 4p'P'-6s'S 488.0 c 10
n "
o 558. 1
o o 558, 8
&N 559. 8 3d'D-4p' D"  488.0,514.5 c 1
560. 1
S Tl 560. 2
o n
g 2 &= 585.7 4p'P'-4p’'D  488,0,514.5,496.5 ¢ 5
o DR 657.3 4s2'S—4p'P°  All lines ¢ 10
e 732.6 4p'P'-4d'D 488,0,514.5 ¢ 1
(=2 (=4
g% 2
e e L *Approximate intensities excited by 1.5 W 488.0 nm laser line.
CL L TR ®J. A. Anderson, Astrophys. J. 59, 76 (1924).
] °Appears only with high power; no measurement of power
gL B dependence.
g R
oS =
NN N
readily seen in the 457. 9 nm excitation (Figs. 2 and 4).
S8 2 The partly forbidden resonance transition 4s2'S-4p3p
Sg = of Ca at 657.3 nm also was observed with thermal ex-
citation as well as with laser and with white light excita-
2g = tion. With changing pressures of Ar or Ca, the intensi-
~ - P :
°& = ties of the atomic resonance transitions relative to the
< (=4 2 sas :
S a molecular intensities remained the same.

Effects of laser power and laser wavelength on the
resonance line emission are illustrated in Figs. 5 and 6.
Line intensities at 422.7 and 657. 3 nm increased
linearly with increasing laser power for all laser lines,

19 820
19760
19775

9
v
(=%
o
=
b
eg 8 % indicating that both upper levels are produced by single
b T @ photon processes. However, the intensities of the two
e : lines had a very different dependence on the excitation
-
5]
s g || &
MmN ~N
- o 3
Ll - 2
3] ® 4227 nm
= (o] 4
g8 2 =
&8 & B 4 657.3 nm
- R @
8
1
(=3 w
22 2 || 2 -
®w® ® e D
- - g 25
gg g || z
NN o~ @ e
@ o O -
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wavelength, suggesting that different mechanisms
populate the 'P and *P atomic states. The 657.3 nm
line showed a linear increase with decreasing excitation
wavelength (Fig. 6), while the 422.7 nm line increases
exponentiaily with decreasing wavelength.

Several other atomic Ca lines were observed (Table
II1), usually at high laser power. Some lines, but not
all, showed a square dependence on laser power. At
460.7 nm, the Sr resonance line was observed and its
intensity increased with decreasing excitation wave-
length.

Both 422.7 and 657. 3 nm photoluminescence were ob-
served when the dye laser was tuned to 657.3 nm. An
excitation spectrum near 657. 3 nm, while using 422. 7
nm detection, peaked at 657. 3 nm but showed an asym-
metric profile with a sharp cutoff at shorter wavelengths
and a longer tail on the long wavelength side; the width
was about 0.1 nm. In contrast, a symmetric shape was
observed for 657. 3 nm detection.

In the white light photoluminescence spectra, weak
emission also was seen from the 612.2 and 616. 2 nm
lines (*P,,,~3S,) of Ca and from lines of impurities of
Sr, Ba, Na, and Li.

IV. ANALYSIS
A. Radiation to bound states

Figure 7 is a proposed set of simplified potential
curves of Ca, to fit the observed photoluminescence.
Curves A and B are drawn using constants given by
Balfour and Whitlock* but assuming that their lower
state correlates to 'S and *P atoms rather than to two
1S atoms.

Since the laser induced photoluminescence falls in the
same spectral region as the observed absorption spec-
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trum, * and since the observed vibrational spacing of the
anti-Stokes components is the same, we have assumed
that the bound states in emission are the same as those
observed in absorption. However, there are several
observations that are incompatible with the lower state
of these transitions being the ground electronic state—
there is extensive continuum emission to the short
wavelength side of the excitation line; there is strong
emission of the resonance Ca lines at 422. 7 and 657. 3
nm, and the temperature dependence of the photo-
luminescence indicates that the lower state is at least
12000 cm™ above the ground state.

Discrete spectra observed in the laser photolumines-
cence occur as a result of absorption from the A state
to the upper B state with re-emission to various vibra-
tional levels of the bound part of the A state. Laser
excited photoluminescence from closely spaced rota-
tional and vibrational levels of molecules such as Ca,,
Rb,, ? and Bi,!° is very complicated. Vibrational as-
signments of Ca, excited by the various laser lines
(Table I) were made using known rotational and vibra-
tional constants® and calculated Franck—Condon factors.
The calculated Franck—Condon factors are strongly
dependent on the assumed rotational levels of the
molecules. Obviously, the exact assignment is difficult
because of the overlapping of many lines due to the
close molecular spacing and the lack of sufficient spec-
tral resolution.

The binding energy of ~1000 cm™ is the same magni-
tude as the thermal energy in the heat-pipe oven with a
temperature of 1100-1200 K. Therefore, thermal
energy is sufficient to excite all vibration—rotation
levels of the lower state with J =80 as the most popu-
lated rotational level. Since the binding energy is so
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small, predissociation by rotation'® will easily occur.
There are no bound levels above rotational levels of

J =200, and the highest bound level for J =150 is v =2.
It is this predissociation which accounts for the rela-
tive simpiicity of the discrete spectra observed at
larger wavelength intervals from the exciting line. If
a high J' level ig excited, only a few »"" progressions
are possible and most of the emission will be to the
unbound part of the lower state. Emission from low J’
levels will have long ©'’ progressions as well as more
anti-Stokes components. The relative positions and
shapes of the potential curves are very important for
quantitative understanding of the discrete intensity
patterns.

B. Radiation to unbound states

Since there was no observed pressure dependence of
the relative intensities of the continuum and discrete
emissions, it is reasonable to assume that both transi-
tions come from the same directly excited states and
not from an energy transfer process. The oscillatory
continuum spectra are assumed to be caused by emis-
sion to the unbound portion of the lower potential
curves, '*~# while the discrete spectra are due totransi-
tions to the bound portion of the lower state (Fig. 7).

Most of the intensity of the continuum is due to the
transition from high J' levels because there are fewer
possible bound vibrational states in the lower electronic
state.

We suggest that the oscillatory intensity distribution
of the continuum is the reflection of the square of the
wavefunction |¥,(r)|? of the upper state B. The inten-
sity of emission of a transition from a vibrational level
v! of the bound state to the repulsive state is propor-
tional to the Franck-Condon factor, |[¢,()dg(r)dr|?,
where §g(r) is the wavefunction of the lower unbound
state.!® Since the wavefunction of the unbound state has
a relatively large amplitude at the turning point, we
assume for simplicity that the contribution to the
Franck-Condon integral is only at the turning point and
thus the intensity depends primarily on (J,,-(»'Hz, i.e.,
only vertical transitions are possible owing to the
Franck-Condon principle. Intensity peaks in the con-
tinuum occur at those frequencies for which Franck-
Condon factors give maxima. The emission frequency,
v, is given by

hv=E@") ~V(r,), (1)

where E (') is the energy of the upper state vibrational
level and V(r,) is the energy of the turning point », of
the repulsive lower state.

Figure 8 shows calculated potential curves, calculated
intensity distributions of continuum and discrete emis-
sions and observed turning points of the potential curve.
The bound potential curves of the upper and lower states
were calculated by the RKR method® using constants*
of the ' Z; and ' T, states. For the lower A state, the
repulsive section was obtained by smoothly connecting
the left side of the RKR potential curve to Ar'*®+C. The
effective potential curves for different J values were
obtained by the addition of the rotational energy to the
rotationless potential. '®

The intensity distribution of the continuum emission
from the v’ =10, J' =100 level is illustrated on the left
side of Fig. 8. This distribution was calculated from
the product v¥|¢,+(r)|%, using Eq. (1) and |¢,(»)|? ob-
tained from numerical integration of the Schrédinger
equation. Intensities of discrete lines due to transitions
to the bound A state were calculated from v3Q,+,
where @, is the Franck-Condon factor. The scale
factor between the continuum and discrete emission is
arbitrarily set. Above »'' =16, predissociation by rota-
tion takes place for J'" =100 and there are no discrete
spectra.

The lower state potential curve obtained from ob-
served intensity maxima of the continuum emission ex-
cited by the 496.5 nm is shown by black circles, The
small difference between the slope of the measured po-
tential and the calculated potential probably is due to
the simplifying assumptions that only a single ' = 10,
J' = 85 level was excited and the only contribution to the
Franck-Condon factor was at the turning point. More-
over, we can not exclude the possibility that an »** poten-
tial is too steep in this region and that the measured
potential is more nearly the correct one, It will be
possible to obtain true poteutials from the intensity dis-
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tribution of a single »’ excitation and the self-consistent
potentials with complete numerical integration of
Franck—Condon factors between the bound and unbound
states,

Fxcitations to high »’ levels are expected to show a
simple oscillatory continuum because the positions of
the amplitude maxima of the wavefunctions from neigh-
boring vibrational levels are very close to each other.
In contrast, however, excitation to several low v levels
would produce a more complex structure caused by the
large displacements of intensity maxima from various
' levels. The continuum emission excited by 514.5 nm
(Fig. 1) shows the superposition of emission from at
least »’ -3 and 4. Similar, but less clearly, observed
continuum emission has been observed in the transition
from the B'Z} state of H,* and a fluctuating continuum
has been observed in the He, spectrum near 60 nm. *

Another repulsive state is needed to account for the
continuum emission observed (Figs. 1, 2) at shorter
wavelengths than the excitation line and underlying the
discrete emission, The energy of photons in the anti-
Stokes continuum is as much as twice the depth of the
potential well of the A state, Moreover, the intensity
distributions of these anti-Stokes continua have little
structure and decrease monotonically with decreasing
wavelength; the very weak continuum extends to at least
420 nm. These observations fit a potential curve X
(Fig. 7) correlating with two ground state 1S Ca atoms.
Since there is no preference on J' for transitions from
the B state to the repulsive curve Y, the continuum in-
tensity is a sum of transitions from all ', J' levels and
the oscillations are smoothed, This smoothing is
similar to the intensity distribution observed in the H,
continuum. 2° The continuum emission to the X state
extends to both sides of the laser excitation, and there-
fore, part of the continuum underlying the oscillatory
structure at long wavelengths can be due to this con-
tinuum.

Another method was used to estimate the energy of
the lower state of the molecular emission by studying
the photoluminescence intensity as a function of oven
temperature T.'™' If quenchingis neglected, the lumi-
nescence intensity of laser induced photoluminescence
is proportional to the number of molecules in the lower
state, The population of molecules N at any energy E
is determined by the Boltzmann distribution N« Noe™*/*"
in terms of the number of Ca atoms Ny. Ny=Ae ?/*7,
where the constants A and B are obtained from temper-
ature and pressure curves. ™ It is assumed that the Ca
vapor pressure is the equilibrium vapor pressure, The
intensity of luminescence [ is

7 T i (@)

The temperature depende.ce of the molecular lumines-
cence has been measured at constant buffer gas pres-
sure and at excess gas pressure, The energy E of the
lower A state was found to be 12000 + 2000 cm™', This
number is a lower limit to the energy of the A state
since quenching in the B state has been neglected,
Nevertheless, this measured value fits well with the
energy of Ca(’P) at 15200 em™',
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C. Atomic emission

The linear excitation power dependence of the inten-
sities of atomic Ca from the *P and 'P states indicates
that the excitation process is due to a single photon,
However, the different dependencies on excitation en-
ergy (Fig., 6) show that there are at least two separate
mechanisms for populating the upper electronic states,
The potential curves (Fig. 7) suggest that *p atoms are
formed as a result of the dissociation of Ca, from
transitions to the repulsive part of curve A. Excited
state ' P atoms could be formed as a result of Ca, in the
B state tunneling through the potential hump at large
internuclear distances.

Since higher energy laser lines can reach higher en-
ergy states in curve B, the tunneling probability will
increase rapidly as the potential maximum is reached.
An approximation to the intensities of the 422, 7 nm line
with various excitation wavelengths can be calculated
by assuming that the transmission probability 7 through
the potential hump V(v) is?’

X,
T ~exp- 2[ : z—l:gV(\)— E'%4x, (3)
*1
where x, and x, are the entrance and exit points to the
potential barrier and E is the energy to which a mole-
cule is excited by the laser. If an inverted parabolic
barrier is chosen for simplicity 7 can be integrated.
The probability for dissociation of Ca, in the B state by
tunneling is approximately

T o exp- (e—":(—:—“-')- 4)

a is a parameter related to the curvature of the parab-
ola and the normalization factors. €, is the barrier
height measured from bottom of the potential B, and €,.
is the vibrational energy of the laser excited level,
Although we do not know whether the repulsive potential
curve to the right of the barrier correlates directly to
the !P state or to some other atomic state (Fig. 7), the
relative intensity of 422.7 nm is assumed to be propor-
tional to the number of dissociated molecules. In this
case, then, the dependence of intensity on the laser
frequency v, is derived as

1- # exp- (”;'r'-'\; , (5)

where 1y is barrier height from the '’ lower state, and
3' is a proportionality constant, The calculated laser
frequency dependence of 422.7 nm line intensity shown
as the dotted curve (Fig. 6) used the constants v,=22.5
«10® em™!, a’=494, and 3’-104, Since the barrier
height measured from the lower state is 22, 5% 10° em™,
€, the barrier height measured from bottom of the po-
tential B is about 3,5%10° cm™. An estimate of the
position of the potential maximum was found to be 0. 55
nm by extrapolation of the right side of potential B.
This calculated transmission fits reasonably well with
the excitation dependence of the resonance line (Fig. 6,
Table 1).

The linear dependence of the 657.3 nm line on excita-
tion energy can be qualitatively understood because
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with increasing laser energy a larger fraction of the Ca,
transitions go to the repulsive part of the lower A state,
Thus the intensity of the 657, 3 nm line will depend upon
the overlap of the bound B state with the repulsive part
of the A state, Shorter laser wavelengths excite higher
vibrational levels of the B state, resulting in a greater
overlap with the repulsive part of the A state.

In addition to the resonance radiations, many atomic
emission lines were observed (Table 111). Transitions
due to triplet-triplet transitions such as 4p°pP-4p*°pP°
(428.3-431.8 nm) and 4; *P°-44°D (442.5-445.6 nm)
and many lines initiated from complex terms with two
excited electrons have been observed. Most observed
emission starts from levels with energy 4.6 ~5,15 eV,
which is very close to twice the laser energy,

V. DISCUSSION

Potential curves A and B (Fig. 7), derived from ab-
sorption measurements, * are very consistent with the
discrete molecular spectra and the oscillatory contin-
uum spectra that were observed in laser photolumines-
cence, However, there is an unresolved discrepancy
because the absorption studies® concluded by assigning
the lower state as a van der Waals bound ‘:1; ground
state, correlating with the two Ca('S) atoms. This as-
signment of the ground electronic state is supported by
the possible observation of Ca, at low temperature in a
Kr matrix, *

While much of the molecular photoluminescence does
not contradict the previous assignment, there are
several observations of the present experiments which
cannot be explained by the assumption that the lowest
bound state is the ground electronic state: (1) the con-
tinuum emission on the short wavelength side of the
excitation laser wavelength, (2) the strong emission
from both the 422, 7 and 657, 3 nm atomic lines, (3) the
pressure independence of the relative intensities of the
atomic and molecular emissions, (4) the temperature
dependence of all emission intensities indicating that
the lowest state is at least 12000 ¢m™ above the 'S
atomic state, and (5) no Ca, was observed in the room
temperature flow systems at Ca densities comparable
to those obtained in the higher temperature heat-pipe
oven,

We are forced to conclude that the calcium dimer
molecule Ca, is an eximer molecule like the rare gas
diatomic molecules rather than a van der Waals mole-
cule, The simple set of potential curves suggested in
Fig. 7 best fit the mair observations on Ca,. There
are, however, two major unresolved difficulties with
this conclusion, First of all, the assignment from ro-
tational analysis® of the lower A state as a 'S state is
incompatible with the *P atomic state, Second, while
the observation of Ca, in a low temperature matrix is
not a clear cut assignment, Be,' and Mg,* also have
been identified in matrix isolation studies and tend to
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support the assignment of a bound ground state, Further
studies by sensitive photoluminescence and absorption
spectroscopy will be necessary to resolve these uncer-
tainties,
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Lifetimes, self~quenching, and vibrational and rotational energy transfer cross sections of individual rotational levels in

3 : :
the B” Il:l state of [, were measured by observing the correlat
from 514.5 and 501.7 nm argon ion lasers. Lifetimes were me,

ion between fluorescence photons and the pulsed excitation
asured with both vibrationally resolved (1.0 nm) and rotation-

ally resolved detection (0.015 nm). The cross sections from Stern Volmer plots were respectively, 76 and 89 A with 57
accuracy for single (43-2) band emission and the P(16) line emission in the same band. The difference in cross sections is
interpreted as vibrational and rotational energy transfer from the originally excited level. Measured radiative lifetimes are con-
sistent with previous measurements except that a 107 shorter lifetime was observed with single rotational line detection.

1. Introduction

In recent years, many measurements of lifetimes
and self-quenching cross sections of levels in the B3N
state of iodine have been made by several different
techniques [1-4]. Recently lifetimes have been meas-
ured [5.6] by observing the fluorescence decay follow-
ing excitation by a narrow band tunable dye laser. These
are the first measurements in which the excitation laser
was sufficiently narrow to excite single vibrational and
rotational transitions but the resolution of detection
was not suitable for detailed analysis of complicated
energy transfer processes.

Photon counting and photon correlation techniques
have been used to measure the photon statistics of
light and to study fluctuation phenomena at critical
points [7]. Since a photon correlator can measure the
correlation between isolated photons, this device makes
possible \7ery sensitive measurements of intensity decay
from single rotational - vibrational transitions after la-

Work supported in part by National Science Foundation
x Grant No. MPS-74-22174.
Permanent address: Department of Pure and Applied
Sciences, University of Tokyo, Tokyo, Japan.
* permanent address: Laboratoire de Photophysique Molécu-
laire, Université de Paris Sud, Paris, France.

ser excitation. Using both narrow band excitation and
narrow band detection, it is possible to measure the ro-
tational and vibrational energy transfer cross sections
as well as quenching cross sections. Vibrational and ro-
tational energy transfer cross sections and quenching
cross sections for iodine have been extensively invest-
igated by steady-state methods [8- 10].

There has been little discussion of the influence of
the spectral band widths of the detector on the meas-
ured lifetimes and quenching cross sections. The pur-
pose of this paper is to call attention to the possible
need of reanalysis of such measurements.

2. Experimental

A schematic diagram of the experimental set-up is
shown in fig. 1. An excitation pulse was obtained by
mechanically switching a laser beam with a fast rotat-
ing mirror (500 r.p.s.) driven by an air motor. A 0.5
mm hole was placed in the light path 4 m from the ro-
tating mirror, giving rise and fall times of the light in-
tensity of less than 50 ns. Output powers from an Art
laser were 1 W at 514.5 nm and 0.2 W at 501.7 nm.
The photoluminescence from iodine was measured
with a 3/4 m grating monochromator. For steady-state
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Fig. 1. Fxperimental arrangement.

spectral observations, both ordinary picoammeter and
photon counting methods were used.

A S ¢m diameter pyrex cell with a flat window was
connected to a high vacuum pumping station to control
iodine pressure. The control and measurement of iodine
pressure are important for successful lifetime measure-
ments. In initial experiments, iodine pressure was cori-
trolled by maintaining the side arm of the cell at con-
stant temperature by cooling with ice and various freez-
ing mixtures. In later experiments, iodine pressure meas-
ured by a Pirani gauge which had been exposed to io-
dine for Jeng periods and was calibrated at ice (0°C)
and CaCl, -ice mixture temperatures (- 19.2°C). The
most consistent data were obtained by the latter meth-
od.

A very high detection sensitivity is required to meas-
ure the luminescence decay of a single rotational tran-
sition. Such sensitivity can be achieved by using a pho-
ton correlation or delayed coincidence method. A pho-
ton correlator is a device which can measure the correla-
tion of photons at two different times. The correlation
between a §-function excitation pulse and the emitted
photons, (V(£)5(t + 7)), is the time variation of the in-
tensity of fluorescence, where N() is the number of
photoelectrons detected by photomultiplier. The cir-
cuitry of the photon correlator is similar to that first
proposed by Jakeman and Pike [11]. The differences
are that it uses fast Schottky shift registers as delay ele-
ments, has synchronizing circuits between the start and
fluorescence photon pulses, and has a clock suitable for
lifetime measurements. Laser pulses trigger the corre-
lator to start counting photon pulses. Photomultiplier
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pulses due to photons are amplified, shaped and then
fed to the count input of the correlator. The signal
from the excitation pulse is delayed by the shift reg-
ister and the coincidence between the delayed excita-
tion pulse and fluorescence photon pulses is counted.
The basic unit delay time, 7 is determined by a syn-
chronized clock (50 ns—S ms). 8 channels for delay
times are available by an 8 bits shift register. Photons
emitted in time delay 7 are counted by the counter 1,
those in 27 are counted by the counter 2 and so on.
Since there are dark counts due to thermal electrons
from the photocathode and steady-state stray back-
ground photons, the actual counting distribution over
every channel is an exponential decay plus a constant
background due to accidental coincidences of back-
ground photoelectrons. Because measurements are
taken only in brief time periods (<10 ps) after excita-
tion of I, , dark counts in this time are so small that
they have little effect on the measurements. There was
no need to correct for the piling-up of photons since
the number of photons in a single excitation was less
than 1 in usual experimental conditions. The major
noise source is due to statistical fluctuations of the
counted photons in each channel and thus the signal-
to-noise ratio in each channel is proportional to the
square-root of the number of photons in the channel.

3. Results and discussion

Two detection schemes were used to measure fluo-
rescence intensity decay. First, a single vibrational tran-
sition (43—2) at 526 nm, which consisted of transitions
from rotationally relaxed levels as well as the originally
excited rotational level, was detected with a spectrom-
eter slit width of 1 nm. Then, the single rotational tran-
sition v’ =43,v" = 1,J' = 15 line from the level original-
ly populated by the laser was detected with a spectrom-
eter slit width of 0.015 nm. Typical decays observed in
the correlator are shown in fig. 2 and are exponential
for 3 orders of magnitude. At higher pressure. system-
atic deviations from the exponential were observed at
later times; this non-exponential decay is due to back
energy transfer from the levels populated by collisions.
Decay times of I, at various pressures from 2 to 30
mtorr were measured and depopulation cross sections
and radiative lifetimes were obtained by means of Stern—
Volmer plots. Major errors are due to lack of accuracy
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in pressure measurements. The results are shown in
table 1. For comparison with these measurements, table
1 also lists some measurements obtained with filtered
detection of total emission at the same excitation wave-
lengths [S] and at nearby wavelengths [4].

The differences in measured cross sections (table 1)
can be interpreted in terms of the several mechanisms
of depopulation of an excited level. When a laser ex-

Table 1
Measured lifetimes and self-quenching cross sections of I
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cites a single vibrational —rotational level (v, J;)) in an
upper electronic state, molecules can collisionally relax
to other rotational levels (v, J') and to other vibration-
al —rotational levels (', J') before emitting radiation.
Also spontaneous predissociation can take place for I,
even at zero pressure [12]. When all emission is detected
with a filter, the cross section from the Stern—Volmer
plot is due to the average electronic quenching of the
upper state. If emission from the originally excited lev-
el and the rotationally relaxed levels is detected, the
measured cross section is due to electronic quenching
and to depopulation by the vibrational relaxation; mol-
ecules which have undergone vibrational reiaxation do
not emit radiation into this detection band width. Final-
ly when only emission from the originally excited level
is detected with high resolution as a single rotational
line, the combined electronic, vibrational, and rotational
depopulation cross section is measured.

With 514.5 nm excitation, the value [S] of 64 A2
is due tg electronic quenching, 76 A2 1o the electronic
quenching plus depopulation by vibrational transfer,
and 89 A2 due to the combined effects of electronic
quenching, vibrational relaxation and depopulation by
rotational energy transfer. From the diffe ences be-
twecn these measured values, the total e ffective cross
sections for the vibrational and rotatiunal depopula-
tion are determined to be 12 and 13 A? respectively.

[t is important to note that these cross sections are
for net depopulations which include both forward and
backward processes by multiple collisions. Kurzel et

Excitation Detection
(nm)
514.5 (Ar%) all emission (filter)®
43-2 band (1 nm)®)
part of 42-2 band (0.2 nm)®)
R(16) line in 42 -2 band (0.015 nm)®)
501.7 (Ar%) all emission (filter)®)
625 band (1 nm)®
part of 62- § band (0.2 nm)®)
513.4 (dye) all emission (filter)®)
501.6 (dye) all emission®)
a) Ref. [5]). b) Present measurements. ©) Ref. [4].

A ————— o B A WY o

Lifetime (‘r';ss sechon
(us) (A%)

2.28 + 0.08 636+ 08
213+ 015 76 +4
2.11 + 0.05 Bl +4
1.82+0.10 89 +4
88 +0.2 751+ 09
7.5 +1.0 83 8
54 +03, 10 1o + 10
224 + 021 60 +1
555+ 1.41 68 +2
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al. [8] have measured the single process removal cross
sections for vibration and for rotation to be 18.4 and
31.3 A2 respectively. The large difference (31.3 13

= 18 A2) in the rotational depopulation cross sections
between the 2 sets of measurements indicates that mul-
tiple collisions are important in rotational relaxation.
The somewhat smaller difference (18.4 — 12 =6 A2)
in the vibrational cross sections indicates that the back-
ward process is less likely.

Although a simple model predicts the same radiative
lifetime with any detection scheme, small deviations
are observed which are larger than the experimental er-
ror in each measurement as shown in table 1. The nar-
row band detection tends to show slightly shorter life-
times. A small deviation from linearity in the Stern
Volmer plot is observed at lower pressure (<S5 mtorr)
in band detection whereas a linear plot was obtained
from the single line rotational detection. These small
discrepancies possibly are due to different lifetimes and
cross sections of various rotational and vibrational lev-
els caused by predissociation [12].

4. Conclusion

It has been demonstrated that the spectral band
width of the detector for fluorescence decay affects the
measured depopulation cross sections and radiative life-
times. Both single rotational line excitation and detec-
tion by a single rotational transition are essential to ob-
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tain true lifetimes and depopulation cross sections.
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