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Abstract

Optical spectroscopy has been used to study laser ~;pectrochemistry
of B12 molecules . Molecular constants and new electronic states of
Bi7, energy exchange between Bi2 and foreign gases , l i f e t i m e s  of
excited states, and chemical reactions between bismuth vapor und severa l
oxidants have been measured. Two d i f f e r e n t  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 correla tor ” 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 12 in single rotational
transitions.

Some interesting new results were obtained in the laser photo-
luminescence of Ca2 in the heat-pipe.
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1

I. General D~scu~~ ion

A. Laser Photoluminescence of Bi2 and Electronic states and
Molecular Constants of Bi2

There have been re1ativ~ ly few spectroscopic investigations of the
diatomic molecule bismuth , Bi2; therefore spectroscopic data was
incomplete and possibly unreliable. Several electornic states of T3i~
had been observed and are labeled as A to H states. New measurements
combined with a c r i t i ca l  evaluat ion of previous measurements and
assignments were needed to construct realistic potential energy curves
and to calculate accurate Franck—Condon factors.

A. oroblem in studying heavy molecules such as Bi2 is that rotational
and vibrational constants are usually ve ry small making correct
numbering difficult. Vibrational bands of such molecules are heavily
overlapped and difficult to analyze. Laser-excited photoluininescence
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 Bi 2 can be excited. From the analysis of photoluxninescence 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 det’Prmining
the nature of excited states including possible predissociations
and energy exchange between various species. In Sections, h A and B ,
results of measurements and analyses of laser and white light photo—
luminescence of Hi2 with resulting new information on several low-lying
electronic states are presented .

Two different types of apparatus were used to produce Hi2 molecules.
In one apparatus using a furnace immersed in flowing inert gas, Bi 2 mol-
ecules were produced by heating a sample of bismuth metal in an A12O
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 tha t  of the lowest carrier
gas pressure. In order to study the Bi 2 at high bismuth pressure
(0.1 to 5 torr), bismuth metal was contained in a cross—shaped heat
pipe oven. The heat pipe was sta in l e s s  steel with a 4 . 5  mu wire , #100
mesh stainless steel screen used as a wick for re turning condensed
liquid metal to the heated zone.

For the excitation of Bi photoluminescence , several laser sources
lie—Ne , He-Cd , Ar e’ 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-Ehert scanning monochromator
from 400-900 mm , with various resolutions from 0.02 to 10 nm. For
better wavelength measurement , a 2 m Mcpherson spectrograph was used.

V ~~~-. -~~~~~
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Wave length measurements w~ r carried out by compar ing  photol, umi n —
escence spectra w i t h  sp~-s:tra of an Fe—Ne ho l1ow—catho~ e lamp. i-ut-
l i f e t i m e  n~ asurements , a N2—l aser-pumped dye—lase r  (4 50—5 70 nm ) was
used. Peak powe r , s pf s tr a l  wid th , and time pulse width of t h is
laser were typically I kW , 0.5 nm and 10 nsec respsctively. Fluorescence
i n t ens i ty  decays a f t e r  the pulsed—laser  exci ta t ion were measured by
means of a fast  t rans ien t  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 excitation , the lifetime was 0.7 ~Jsec and the quenching cross-
section was 30 A2 . With 488.0 rim excitation two lifetimes were found
to be 0.1 and 0.7 usec. The lorlger lifetimes correspond to the lifr~time
of A state, the shorter one to the l i f e t ime  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 1
above the X state and one other higher excited state A’ about 20 ,000 cm~~
above the X’ state.

B. Chemical Reactions in a Heat Pipe Oven
We made two types of heat p ipe 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

V 
temperature. A #100 stainless steel mesh was used to return liquid
metal to the heat ing 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 addi t ional  cooling system .
The ei ght  sets of heaters were in three groups , controlled by three
variac transformers. By combinations of heatinq currents of the various
groups and flow of coo].inq water , temperatures to 1150 K with a
var ie ty  of temperature gradients can be realized. This heat pipe used
vertical arms so that grav itational flow , as well as mesh capi l lary
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
re turning 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

V wet oxidized stainless steel mesh but clean , new stainless mesh does
work. However l iquid metal  bismuth itself can play a role irs 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. Insert ion 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 ot 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.



Laser induced 1 to1.uInines~ , s V  of H i 2 molecu!es  used to
de te rmine  the d i st  r i h u t  ion  of net tl vapor x lonq th~ p ipe.  N( tal  v.~~r >r
only  exi . st . e I  i n t h e  nj (i~ 1 L V ~ heating zone arid a very  sh arp  b o u r i d i r y  was
obse rv~ d betwe~ n tj e~ meta l  and car t  j e t -  gas zones. About 4 cm ot it s ile
the sharp boundary , par t  ic L~~s of b i s m ut h  w.~re ob .~. r v i -d .  TV ~~C !tleCct i l ic
p ar t i c l e  region wan about 4 cm long. Scattered l i ght  f rom tdies~ par t ic les
was complet e ly  plane polarized , i n d i c a t i ng  p ar t i c l e  sizes  ouch smal ler
than the wavelength  of l i g h t .  Even when the car r ier  gas pressure  was
h igher  than  the eq u i l i b r i u m  vapor pressure , and there  Wa S  rio I I CV ~~t pipe
action , t h~ re was a separation of the metal zone from the c a r r i e r  gas
zone. Ue believe that the o p er a tio n  of t h i s  k ind , w i t h o u t  hea t p ine
action but with a separation of the  meta l  r ich zone f rom the ca r r ier  gas
zone, will be useful for chemical reaction studies as well as for spectro-
scopic measurements.

For determining the optimum conditions for~s tudying 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 mimi stainless steel tubing was used to introduce other reactants. %~
tried chemical reactions betw-~eri bismuth and several oxidants such as
02, discharged 02 ,  N2O, NO2. During the chemical reaction , laser
photoluminescence was used to detec t the concentration of Hi 2 as cell
as reactant  products in the react ion zone. A brief discussion ef
these measurements is reported in Section TIC.

We would like to remark on some particular xperienees 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 opera tion, 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 + N20 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 02, 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 S 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 N2O , 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

- . _
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g i n  i nlet  tube w i t h  i cool ing m e c h : t r i i s m  ins ide and a
me chan ism outs ide . In our  pr  i t t  t y s t  cm , t he  l e t  11 tube i t : ;el f and
the c o n t a i ri d o xL d e  i t -  h at ed  to the even I . op r at u rt . The r e ac t i ng
o x i i i n t  mo t e cu i e s  w’ re . 1  t ,r~~f l en t 1 Ly exc ted , si nce PT S Se i t - i  y
1000 cm 1 . In a d d i t i o n  some f re e t  on of the oxidant , especially in
the case of N ,0 , in ce~ ;~~cs. 1 b0 or e nt er i n g  th~ reaction zone .
Q u a n t i ta ti ve  stud ies  o f  c h e m i c a l  r ict iort i. it o s , phot on y ield , etc .
p r o b a b L y  w i l l  be d i f f ic u l t  w i t h  t h -  pump ing mode , s ir c s i  th e  calib r a ti on
of the quantity of e x t - t a u t us  ti  will be difficult. /\riet:ner d i f f i c u l t y
of the present system is the s t rong  background therrrtal emission from
the w a l l s  and f rom the meta l  vapor i t s e l f .

Small  pa r t i cu l a t e  fo rma t ion  of b i smu th  met a l  was observed be~~~- -~e
the hot. and cold t r a n s i e n t  reg ion in the heat p ipe as well  as in
the f low syst em at very slow g a s — f l o w  r at e . S p e c t r a  of scattered l i ght
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 nuc l ea t ed  par t ic les  of PhI2 is discussed
in Section lID.

I n order to test the heat p ipe as a general tool for studying chemical
reac t ions  of metal  vapors , we at tempted to make metal hyd r ide s .  Weak
c h o m i l u r n i m i e ~ :ence was observed in the reactions of Al and of Ca
with formaldehyde (~~‘vt i o r i  lI E )

Al though  our p r e l i m i n a r y  exper imen t s  indicated ve r sa t i l e  and wide
range uses for heat  pipes in s tudies  of chemically reacting cysterr e ,
our experience has not borne out this  optimism. Because of the mar .y
problems connected with temperature and mixture stabilization , the

inc to reach t rue  st e ad y-s tat e  conditions, the chang ing e f f e c t s  due to
product con tamina t ion, the large e f f e c t s  of impur i t i e s , arid the conderi-
sation of both r e a c t a n t s  and products  in cooler regions , we believe t h a t
the heat pipe has onl y l i m i ted  use in the study of chemical react ien s.

C. Laser Photolurnin escence of Calc ium Molecules
In the course of using photoluminescence as a tool in the chemical ly

reacting systems , many impurity molecules were found including Cad ,
Bad , BaBr , and Ca2 . Some i n t e r e s t i n g  results on this latter molecule
are reported in Section h F .

D. Lifetime Measurements of 12
In the course of deve loping suitable equipment for measuring l i f e times ,

we developed a photon correlator. This instrument was first tested on
12 (Section h G )



-S

5
Laser photoluminescence of Bi2 *

G. Gerber,t K. Sakur ai , and H. P. Broida
Quantum I nsti tute an d Depa r tment of P hysi cs, Univerci:y of California . Santa Barbara, Californ ia 93106
(Received I December 1975)

Bismuth diatomi c molecules are produced in an Inert gas flow system and in a heat-pipe oven at pressur es
from 10 to 10 i~ rr . Photolum inescence of Hi, has been stud ied w ith var ious laser sourc es and w it h wh ite
lig ht . Strong photo lumin escence is due to differen t vibrational—rotational transit ions of the 4— X system.
Obse rved weaker photolum inescence series are due to s ibra t,ona l—rotat ion al transitions of four prev iously
unkno w n electronic systems of Hi 2 wit h w , = 154 .29±0 .45 cm ; co, = 14 1.23 ± 0.35 cm = 127 .05± 0 .1
cm and co, 105.68 ±0.25 cm . Long v progressions extending over the who le Franck—Condon
distnbut ion (inclu ding both maxima ) are measured for several electronic transitions. Molecular constants
for the lower electronic stat es involved are obtained from spect rosc op ic analys ia. The iaser-excfled
photo luminescence exper iments suggest that A is not the first excited state in Bi 2 and that X is not the
ground state of Hi 2 but that the k state is probabl y t he lowest energy state. Photolum,nescence with
w hite lig ht excitation consists of emission from Bi2 and atomic Hi. In addition to discrete line
photo luminescence , continuum spectra arising from an unbound upper state are obse rved with 5 14 .5 nm
Laser excitation and with white light excitation.

I. INTRODUCTION tems are found to have a common lower electronic
state , which probably is the upper state of the A — KSpectra of the homonuclear diatomic molecules N2,

P2 and As 2 of the lighter elements of the fifth group have system.
been extensively studied both in emission and absorp- A problem in studying heavy molecules , such as Bi5,
hon. However , few spectroscopic investigations have is that rotational constants are very small and correct
been made of the heavier diatomic molecules, Sb2 and numbering of rotational lines therefore is difficult. In
Bi2, of the same group. addition, most metal diatomic molecules are weakly

Almy and Sparks 1 photographed the absorption spec - bound with fairly small vibrational frequencies. Vibra-
trum of Bi2 in the spectral region 211-.790 nm at tem- tiona l bands of such molecules are heavily overlapped

and thus are difficult to analyze. In the last few years ,peratures from 1120 to 1770 K. The spectrum was
analyzed into four discrete band systems: (1) the visible laser-excited photoluminescence spectroscopy’ has

system from 450—790 nm consisting of over 300 bands proved to be a very useful tool for analyzing compli-
due to A — X transitions; (2) the ultraviolet system from cated spectra because the band width of the laser oscil-
260—290 nm assigned to C —K  transitions; (3) the far lation can be sufficiently narrow so that only a single
ultraviolet system below 225 nm (F ’.- X), which shows vibrational—rotational transition is excited even in a
diffuse band heads; and (4) the violet system which ap- heavy molecule like Bi2.
pears only at temperatures greater than 1270 K. The In this paper we report results of laser-exc ited pho-
violet system consists of three parts: (a) a group of toluminescence of Bi2 as well as white light photolumi-
sharp-edged bands extending from 405 to 420 nm (D —A) ,  nescence. The results of our investigations lead to the
(b) a series if diffuse “continuous bands” from 420 to conclusion that the X state , previously considered~~

4 to
450 nm , and (c) a group of diffuse and closely spaced be the ground state of Bi8, is probably not the ground
bands from 400 to 405 n m .  In addition there is strong state . Our experiments indicate that there is another
continuous absorption in the neighborhood of 310 nm. electronic state X’ with w, = 154.29 cm~ which lies
From the close agreement between vibrational con- about 1500 cm~ below the X state. 6 Also we find three
sLants of the lower state of the D— A system and con- other low-ly ing electronic states (one of them is a re-
sLants of the upper state of the v~sible system A — X, pulsive state) below the A state and two electronic states
they concluded that the lower state of the D— A system which are higher in energy thai’. the A state. In addition
is the A state. to these well characterized electronic states we observe

Results of absorption spectroscopy on B12 by Naka - four more states which are upper states of photolumi-
mura and Shidei2 are in general agreement with those nescence series.
of Almy and Sparks .’ Aslund el ci.’ have derived mo- The new observations are in good agreement with
lecular constants for the A — X  system from analysis of previous data°4  for the A—X system. However , there
partially resolved bands obtained by absorption mea - Is partial disagreement with assignments of the earlier
surements. data t”~

4 but , a re-evaluation6 removes most of the dis-
Emission spectra of the Bi, molecule excited in a crepancies.

microwave discharge were studied more recently by
Reddy and All.4 Their investigations revealed the ex- In most laser-excited photoluminescence studies, the
istence of three new band systems: (3) G —A  in the laser excites one or more different vibrational—rota -
wavelength region 803—882 nm, (2) H — A  consisting of tional transitions within one electronic system. How-
a single progression in the region 673—705 rim, and (3) ever , in the experiments carried out with Bi,, several
I — A between 629—657 rim. The three new band eye- Ar laser lines excite transitions of more than one

3410 The Journal of Chemicat Physics , Vol. 64, No. 8, 15 April 1976 CopyrIght D 1976 American Institute of Physics
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electron ic systeni. For instanc e the 488.0 nm Ar la- heat p ipes are made of stainless steel with a 4.5 inil,
ser line siniultaiietsus lv exc i t e s  vibrational—rotational ~ 100 mesh stainless steel wire sc reen for wicks. Both
traitsitloits of four di lte re nt elect r nic sy s ts nis— K—X ’ , Ar and He .tre used as buffer gases. Hi metal is placed
, 1 —X . F—B , and .\‘— ( . . Calculated Franck—C ondon fac- on the bottom of the vertical arm (Fig. 1) The laser
t i ’ s~ ha~ od on RKR—p tcnt ial curves are used to con— bea m conies through the upper ver t ica l arm and the
f i rm the spec’tr scopic assignments , whic h in some photoluininescence is observed perpendicular to the La —
c ases arc unambiguous because of It)ng observed pro— ser beam.
gress ions (t “ ~0 up to i ” =49). A second paper6 ex-
amines t hese photoluminescenc e observations in more Usually heat-pipe action9 is achieved at equilibrium
detai l in ternis ~,I potentia l curves ,tnd Franck—Condon of metal vapor and buffer gas press ures. Heat—pipe
acto rs.  In addtt ion the published data of Bi5 1—4 are re— action means that meta l vapor c - ,nd&’nses in the cooler

evaluated and a pntenti.ii energy diagraiii for Bi2 is de— region and returns to the hot region duo to the capi llar’,
rived t r im all available data , action of the mesh. With constant pressure , an increase

in heating does not result in increasing temperature
II. EXPERIMENTAL after reaching equilibrium, but rather in an elongation

of the vapor region.Two types of apparatus are used to produce Bs2 mole-
cules. In )ne apparatus Bi2 is produced by heating a it is possible t~ operate the heat pipe in a son sew hat
samp le of meta l bismuth in an A1303 crucib le. The Hi2 different manner. By keeping the pressure inside the
vapl r t hen is cooled and carried by an inert gas flow heat pipe constant while continuously supplying and
(Ar , He or N2) ii the observation region. 7 The pres- pumping the buffer gas at very low flow rates , an in-
sure of t he inert carrier gas is varied from less than crease in temperature is obta ined. Maintaining a buffer
0. 1 torr to 20 torr. Partial pressures 8 of B15 are at gas (Ar) pressure near 0. 1 torr , we are able to reach
least ti ne order of magnitude lower than the lowest car- a gas temperature of 1450 K even though the Hi2 vapor
rier gas pressure used. Under these nonequilibrium pressure 8 of 0. 1 torr corresponds to a temperature of
conditions toe pressure of Bi2 in the observation region only 1170 K. The temperature reached by the heat pipe
is not well known but is considerably less than the equi- is approxinsately measured with a thermocoup le at-
librium pressure. Therefore , in order to achieve a tached to the outside wall of the heated cross , Spectra
controlled and measurable vapor pressure of Hi2, two serve as a second and calibrating thermometer. From
d ifferent heat-pipe ovens9 are used. One was a cross- a thermal emission spectrum of Bi2 (A— .V) as well as
shaped heat pipe and the other consists of two vertical from white light photoluminescenc e spectra , the gas
.triiis in addition to the horizontal cross (Fig. 1). The temperature inside the heat pipe is measured from vi-

GAS INLET,J, 1,LASER BEAM

—
~~ TO PRESSURE

G~JGE

)

PEATER

5cm
~ -I

FIG. 1. Heat-pIpe oven used for production of l3I~.
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hi’.ittoiia l populations . Tt iesc two spectroscop ically is the difference in electronic energy of the two states.
measured te m peratures are consistent wit h each other The vibrational spar cng of the lower electronic state or
and w ith the thermocoup le measurements to within lO~ . the spacing between pairs of h u e s  (, ‘‘, J’’) and (r ’’ + 1,

J ”)  of the same photnluminescence series , ~~~~~ isIn addition to production of gaseous Bi2, small par— obtained from Eqs. (1)—(5):tid e formatio&° is observed between the hot and co ld
transient region in the heat pipe at buffer gas pressures 

~~
e,1b(lt) =a 0 — Oi l • 021.’ + O3l’~ + ‘ ‘ , (6)

greater than 0.5 torr .
w here 5

Several laser photoluin inescence sources—He—Ne ,
= We — 2

~~e~ e 4 3.25 U~’i~ ’e + 5 w~z~ + (— a~ + 2v~)J(J + 1)
He— Cd, Ar ’, and a cw Ar puniped tunable rhodaniine
6 G dye—are used. Most investigations use multimode — (

~~e + 26 ,) [ J (J + 1)12
laser excitation, but a few experiments are made with
the Ar laser operating single mode with an intracavity
eta lon. Multitnode excitation mainly is used with a fre- 0z = 3W e Ve + 12 U J,~Z e ‘ 

(7)
qucncv spread of 5 0Hz (— 0.15 cni~~), while the band-

a3 =4width of single mode operation was about 20 MHz. At
higher current s , our Ar laser simultaneously oscil- From a plot of 

~~~~~ 
as a function id i ” or from a

lates at 488.0 and 488.9 nm° with an intensity rat io weighted nonlinear least-squares f i t , the coefficients
488. 9~488, 0 of 10 i 10.2 depending on the discharge a~ are obtained, determining the vibrational constants
current. The cw dye laser was tunable in the range W

~ , We Xe~ We V e, and ~~~ of the lower electronic state.
580—615 rim with output power varying from 100—400 The accuracy of the molecular constants derived fr rn

niW. T he light of a 150 W Xe arc lamp is used for such a plot depends , of course , upon the correct vibra-
white light excitation of Bi2 photoluminescence. tional assignment u ”. However , if t he constant s are

determined by a weighted nonlinear least-squares fit
Spectr a are recorded both photoelectrically and pho- the absolute values of the constants also depend upon the

tograp h ica l l y. For the photoelectric measurements a number of constants to be determined. Even with as
m grating monochromator was used with various pho- much data as given for the A — X  photoluminescence Se-

tomultipliers. Relative line intensities are obtained by ries (Fig. 7), the constants W~ and WeXe have different
comparison with a calibrated lanip. Spectra are mea- values depending on whether two , three, or four con-
sured with various reso lutions from 0.02—2 nm. Pho- stants (including We Ve and W e Ze) are included in the fit.
tographic measurements are obtained using a two meter The fact that different sets of constants describe the
grating spectrograp h wit h linear dispersion of 0. 378 exper imental data equally well (the RMS deviation being
rim/mm and an achieved resolution of 0.003 and 0. 007 almost the same) is due to the strong correlation of the
nm wit h 15 and 50 p. slits , respectively. Exposure constants and the limited number of experimental data,
times run from 30 mm to several hours. Wavelengths but does not much depend on the accuracy of the experi-
are  determined by comparison with a Fe spectrum pro- mental data.
duced by a 30 mA Fe—Ne hollow cathode lamp and by From the same Eqs. (1)—(5 ) , the spacing between theinterpolation using Fe—Ne hollow cathode wavelength
standard lines. ’2 The achieved accuracy is ±0. 004 doublet lines (u”, J’ + 1) and (t”, J’ —1)  of a P, R pho-

toluminescenc e series is given by(0. 2 cm~~).
= b0 — bi t ’ + b,, ’2 

, (8)
III. METHODS OF DATA ANALYSIS where’

The line positions u ’(t ’J’ : r ”J ”) of a photolumines-
b0 = (4 B~ — 2 a .+y ~) (J ’ +~~) + . . .

cence series may be represented by the energy differ-
ence between the (i ’J ’) and (u ”J” ) vibrational—rota- b, =(4a , — 4y ,) (J’ + ~

) +. .  . , (9)
tional levels of the excited and ground states ’3

, ‘(r ’.J’ ; t ”J ”)  = P. + [G(r ’) — G(t ”)J + [F,, (J’) — F,,.. (J ”) 1 neglecting higher orders of J’ and small contributions
(1) from D~, 

~~~ 
and 

~~~~ 
The coefficients b 1 may be obtainedw here the vibrational energy either from a plot of ~~~~~ versus u”, or from a nonlin-

= + ~
) — w~x~(t ’ + ~ )2 + w,y,(i~ + ~ )S + ut.z~(t ’ + ~) 4 

~~~~~ ear least—squares fit , thus giving th’e rotational con-
stants B,, ‘u,, and y8 .

(2)and the rotational energy in the ii level

F ,(J) = B~~LJ(J + 1) — A ’l — D,,[J(J+ 1)— A 212 + . . .  
The emission intensity of a (t ”J ’)— (t ”J”) line is ap-

proximately given by
The rotational constants B, and D,, depend upon the vi-
brationa l level p as ’3 1(v ’.J ‘

, r ’’J ”) = a[ .V ,,, ,,./(2.J ’ + 1)1

B, B, — a1(, + ~) y~(,’ .,. ~
)‘ + . . . (

~
) p 4 ( i ’ ’.l ‘, r”,J ‘‘)R~Q,,.,..S~

;’ 
, (10)

Li, = • ~,(i’ ~
) + ~~(? + + . . where N,.,. is the population of the (6 ’J’l level,

is the trans ition frequenc y , R~ us the electronic
and A is the absolute value ol the projection of the angu- transition moment , Q,,,1 ,. is the Franck—Condon factor
ta r  monuent ’mm upon the internuclear axis.  = — T ’  of the (z ”J ’ , u ”J°) transition and a is a proportio nality

I Ct’u er,, Phvs.. Vol. (34 , Ne . 8, 15 Anrit IQ7R
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constant. Carryinr out the summation over all J ’ lines about t he upper stat e available from laser photolumi—
of a band gives the emission intensity of a vibrationa l nes cenc e data containing emil y one vibrational—rotational
band and makes the Winl—London factor S~. equal to excitation. Therefore only the multiplet character and
unity . Assuming that the electronic transition moment the’ numbe r of anti—Stokes lines of the photolumines-
R~ varies slowly with ,‘ , t he relative population of the cence series has been given with the values for the nio-
vibrational levels , ‘ may be found from lecu lar constants of the lower electronic state.

(11) A typical photoluminescence spectrum in which the
mA(r ’, t”) Q, .,.. 528.7 nni Am” laser excites both the , ‘ = 11 and 12 levels

- of the A state is shown in Fig. 2. This spectrum con-F rum the’ measurement of emission intensities , Fr:m nck—
s ists of two doublet photoluminescemice series and ofCu,ncion factors , and transmtion frequencies , the re lative
sonic we ak bands indira ting tha t rotationa l and vmbra —

V it)rationa l populat ions are obtained
tiona l relaxation occurs. These rela x~tioui bands are

Usiug white light excitation with nearly constant in- observed even at inert gas pressures as low as 0. 1
tensitv over the absorbing wavelet igth region, the vibra- torr , but they become strenger w ith increasing pres-
tmona l popula t ion  N,. is proportiona l to the sum of N,... sure. The laser line excites both a P and an R transi-
In this case N,,~ refers to the population of the initial tion. Emission to the vibrational—rotational levels of
vibrational level of the lower electronic s ta t e ,  the lower electronic state forms the two resonanc e

doublet series. Measured wavelengths of the P, R
N,,. N ..(~ . , .V(r ’, p ’ ’ )  . (12) doublets of the photoluminescenc e are used to deter-

,,“ .O m ine the molecular constants of t he lower electronic
The sunsination extends usually over all vibrational 1ev— state. In this way we assign the two transitions excited
els u - ”= O to u” . However in some favorable cases i4 by the 528.7 mu Ar’ laser as due to the A—X system ot
this :;ummation can be restricted to only a few i ” 1ev- Bi2. The l.iser line coincides with R — 45 of the i ” — 2
els. Wh itc light photoluminescenc e of Hi2 (Fig. 9) can — t ” = 12 transition and with a high rotationally excited
be treated in this way because the spectrum consists state suc h as P = 290 of the u ” = 0 — u ’ = 11 transitions.
mainl y of three progressions i ” ~ 0, 1, 2. The second Both photoluminescenc e series are observed from t” =0
rnaxiniun’i of the Franc k—Condo n distribution does not to m” = 37 between 520 and 750 n m .
contribute to the spectrum. From the values of N,. ob- A more complex photoluminescence spectrum is ob-
tained accord ing to Eq. (11), values of N,.. are deter- tam ed from 514.5 nm laser excitation with a number of
mined by inverting the set of equations given by Eq. rotational transitions overlapped within the bandwidth
(12). Once values of ~

\‘,, .. are found, the temperature (5 0Hz) of the 514 .5 nm line. The 514.5 nm photolumi-
connected w ith these populations may be obtained from nescenc e was observed in the heat-pipe at temperatures

N .. e
t V )

~~
kTTt

~ (13) as low as 790 K (corresponding to Di, vapor pressure6

of approximately 1O~ torr). Observed line intensities
assum ing a Boltzniann distribution for the vibrational increase linearly with increasing vapor pressure and
populations. laser intensity. Relaxed bands are observed at Bi,

IV RESULTS 
. pressures as low as 10 ’ torr. An analysis based on

photographic measurements such as illustrated in Fig.
The various observed photoluminescence transitions 3(a) shows that four vibrational—rotational transitions

of Bi 2 are given in Table I. Molecular transitions ex- of the A — X  system are excited (Table I). The upper
cited by different light sources are listed in this table part of Fig. 3(a) clearly shows roLilional and vibration-
together with a rough c lassification of observed intensi- al relaxation in a number of bands . It is interesting to
ties of both photoluminescence lines and relaxation band note that strong photolunsinescence is observed from
heads. The assi gnment of a trans ition is made in the the t ” = 18 level, even though it is not directly populated
fo llowing way. The number of measured anti-Stokes by a laser transition. From the measured line posi-
h u e s  (i.e. , photoluminescence lines with wavelengths tions of the photolunimnescence series vibrational and
shorter than the excit ing laser line) gives, in a first rotational constants of the X state are determined ac-
approximation , the vibrational level of the lower elec- cording to Eqs. (6) and (8) by a weighted nonlinear
tronic state. Either with known molecular constants or least-squares fit. These constants are given in Table
with constants derived from vibrational and doublet II together with previously published constants, ~~ and
spacings [Eqs. (8) and (8)1, potential curves for the show agreement within the given uncertainties of one
electronic states invo lved are calculated’ using the standard deviation. Observed band heads are used tc~
RKR method. Once potential curves V(r) are con- determine the vibrational constants for both the X and
s t ru c ted , Franck—Condon intensity factors can be cal- A states and v,. The derived constants also are given in
cu lated for vibrational—rotational transitions. A com- Table II and show agreement with published constants”4
parison of measured intensities of a photoluminescence and constants obtained from line photolunsinescence.
series with Franck—Condon factors for this series pro- Figure 3(b) shows , for comparison, a portion of the
vides a sensitive test for the accuracy of the assign- photoelectrically measured phololuniinescence spec-
ment . espec ially for long vibrational progressions . In trum of B11 excited by the 514.3 tim line. Photoelec-
the case of one observed transition which Involves pre- trically recorded spectra are easier to use for relative
viously unknown electronic states, an assignment of the intensities , whereas photographic spectra provide more
transition was not made because of lack of Information accurate wavelength data .

J. Chem. Phys., Vol. 64, No. 8, 15 April 1976
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3414 Gerber, Sakurai, and Broida: Laser photoluminescence of Bi 2

rAt3t .F: I. t Im .  Iulu. t~ l u i n e s c e n c e  excited by different light sources.

Photo-
Laser wavelengt h Molecular transition cxi- ted luminescence Relaxation d

nm (:mirl ~ u- ’ i ’ j b System’ Intensity d vib rot

Ar’ 528.690 12 2 R 290 A—X m m m
11 0 P45 A—X in s a

Ar 514.532 17 1 R271) A—X B B B

19 4 RiO A—X m a
211 4 R170 A X  a m s
2 t 5  R12t) m a s
contmuious photoluminescence (approximately
lO’° f line photoluminescence)

Ar’ 501.716 19 1 R60 A—X m a B

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

— 1~7. 7 em~l and 7 anti—Stokes lines vw none

. \r ’ 4~ S .9O3 2’, 0 P80 A—X m none w

Ar’ 4S 7 .98 26 2 R160 A—X in none
1 s R105 E—B in none

= 105.68 cm i, 2 anti-Stokes lines P245 .V— G w none
,, 154 .29  cm~’, 20 anti—Stokes lines K—X ’ vw none

A r’ 476. 451i 31 3 R40 A— A ’ w none
33 4 R20 A—X w none
doublet photoluminescence series with
:, 141.23 cm’°, 6 anti—Sto kes lines L—A ’ vw none

154 9 (m m 20 anti-Stokes lines K—X’ vw none

He “Cd 121.5 n. photolum mneseence observed at T= l lOO K
lIe—Nc u,32.~~ u photoluminescenc e obser v ed at T= 1100 K

Rhodamine 6G dye weak photolummescence observed
580—6 15 color of photoluminescence changes from deep

red ti green blue with var ious excitation lines

White—light strong discrete photo lu m i nescence (490—765 nm,
Xe arc lamp main ly A — X )  and very weak continuous photo—

luminescence from 1312 and d iscrete photol umt-
nescence from atomic Hi.

‘As given by Ref. 11. rotatIonal numbering is still not unambiguous.
5Approxlmate J val ies only because of the small 8, values. ‘Assignments of electronic systenis are taken from Ref. 6.

Even with high resolution photographic measurements , t he  553 , strong, m, m edium, a . weak3 vw , ~c rs weak.

528 7 nm

H H I I  I I  
II

l~~ I I  I !  I I  H 11-0

540 520rn~vVAV F M~TH
FIG. 2. Photolumtnescenc e spectrum .1 81, excited by the 528. 7 nm Ar ’ laser line. The spectrum is taken with 0.06 nm resolu-
tion In the flo~ system at an Ar..carrler gas prss.ure of 1 torT ar,.t is not corrected for instrumental response. The two observed
doublet series .t’~ well as some rotational arni vibrattonal rels.xatioe can be seen.

J. Chsm. Phys., Vol. 64 . No 8, IS April 1976
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(5

-- 
I ’  

_ _  

I I  ~~~~ i~~~~~~~~~~~~~~ ’ 0

¶
~I0

( a )  514 ’ nm

1 2 1 — 5 1 !  II II II
H H 20 - H  H ii II

1 I I
I I I  ‘ I I

514.5nm

b) 

:~560 540 520 500 rum
WAVELENGTH

FIG. 3. (a) Photoluniinescenc e spectrum of Bi 2 excited by the 514.5 nm Ar ’ laser line taken in the heat pipe. The lower spec-
t.rum is photographed with 0.007 nm resolution at a Bi, pressure of 5 ’  10-2 torr. The upper spectrum is photographed iv itu 0. 02
nm resolution at a Bi2 pressure of 5 ‘ 10~ torr. A Fe spectrum, produced by a Fe—Ne hollow cathode lamp, is superimposed be-
low the 1312 photolumlnescence spectrum. The laser excitation line and the vibrational transitions excited in the A —.X system are
marked. (b) Photoluminescence spectrum of B12 excited by the 514.5 nm Ar’ laser line. The spectrum is taken photoelectrically
with 0. 02 rim resolution at Bi, pressure of 5x 10.1 torr in the heat pipe.

A complete spectrum of the different doublet series nescence series of the A—X system. The transition cx-
excited by the 514.5 nm Ar’ laser is shown in Fig. 4. cited by that laser line is the p =60 line of the t” = 1
The series extend from 495 to 785 nm and consist of — ,“ = 19 band. The observed doublet series extends
progressions from u ” =0 to u” =49. These progres- from r” =0 to ‘ “ =47 (498—775 nm). Intensity of rota-
sions cover the whole Franck—Condo n distribution in- tional and vibrational relaxed bands remain constant
c luding both maxima. The Intensit y distribution of such relative to the intensity of directly excited lines at car-
long progressions is specially suitable for comparison nec gas pressures (Ar , N1) front 0. 1—20 torr in the
w ith calculated relative intensities and ~ivps an addi- flow syste m , but both the relaxed and the line photo-
tional uiwas ure for the accuracy of molecular constants . luminescence intensities are I)1’~ S5it T ’ (

~ Iepu nd i’uc . t ic —
‘ l i i - j u t ’  u ’ m j i a t  ion obtainable front intensity mne.~sure— co mmuit ~ weaker wi th m u u c r ’ .used pru’s~ uu- c .
u i i . ’ u i t ~ is ( I u s ( ’ l u s u e ( l  in liii following paper. ~ , -

Lx c  it~~t i o u  of l i i, I)’. tt ~ ’ 496.5 nm I i  ~u’ u ’ I inc produces

3 I’~moto1umninesce mice resulting front cxc it : t t  i i i  1 It m~ a I)tlotolutninescence sp~cti’uiui ( loceu part of I ~~. 5)
‘a mli i  the 501.7 nm Ar ’ La H. ’ r  consists of one photolumi— euumlsiS ti u1~. ol a doublet s,’i’ ies due to the A — .\‘ t r a ns i—

J. Chem. Phy~. , Vol. 64 , No. 8. 15 April 1976
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3416 Gerber, Sakurai, and Broida: Laser photoluminescence of Bi 2 11
TA ltl.E II. Uolecular - o u i s t : u r u i s  for the A — .t’ ,sV stu ’oi .

‘ t a te U,’ ‘ - ‘p s’,x, - ,v. W,Z, B, a,
I r i  i:t .’.:,r, 0. mw . . 53t h is  wor t~177:2 .1 1 ’  0 .7 1 . 0 , ~:l - ii . 005 -

A 
17719 .3 112.4(1 11.302 — 2 .  l~ m0~ 5,5* 10’’ iu .l11us;~ 5.3~ 10 ” i.71X tO ’

(1 .22 o .u:iu; 2’ III 1.~~’ ii~~” 2 ’  II ’- - i
~.2 lu_s o .OSx ~j~~’ 

(C

I5i( I~~ 173.22 0.392 Th is work 53
( ( .2 2  i 0. 1(09

1500’ 172.98 0.385 — 6.3X 10 4 5 ,5X ~~~~~ This work’
~O.2 0.005 1’ t o ’

0 172.71 0.34 1 — l.SX 1o ’ i.0~ 10’ (( . 02250 0 5. 0* 1O~ 1.50* l0 2 
It f 3 4( 0.27 &0 . 023 £ 0 . 7 X 1 O~~ ± 0 .6 X 1 O ~~ 4~ ~~~ O.2~ 1Ø 5 t O.0 7 ~~ 

e

‘Alt molecular constant s are given in em ’. For a definition of v
~, w,, ~,x,... see Eqs. l it—IS ) .

53From band hea ts.
‘From spacings of doublet photoluminescence series according to Eqs. (6 l— (9 ) .

‘From Ref. 1 .

tions and a weaker series with vibrational spacings 6 anti-Stokes components; this transition is observed
whic h do not fit the X state spacing. A plot of ~~~~ as only at temperatures above 1300 K. En addition there
a function ot i ” leads to c,~,=127.7±0 . 4 cm_ i for the is a photoluminescenc e series with many anti-Stokes
lower electronic state which is probably the same state lines extending to shorter wavelengths (425 run) w ith
B seen with 488.0 nm exc itation. However , the ob- u,,=154.9 cm m , probably having the same lower state
served ~~~ =0. 44 ± 0. 04 cm~ does not agree with w,x, as observed with 488.0 nnt excitation. The strong sin-
= 0. 29 ± 0.01 (.nt i for the 488.0 nm photoluminescence gle peaks which form the A—X photoLuminescence se-
series. F rom the measured spectrum it is not clear if ries are actually produced by over lap of two different
t his photoluntinescenc e series consists of triplets or of vibrational—rotational transitions of the A—X systems.
two overlapping doublets of the same electronic system. Both series involve low J-values , so that the doublet
This photoluminescenc e appears at a temperature of separations are resolved only by high resolution photo-
about 1230 K, but the intensity even at higher tempera- graphic measurements.
tures was too weak to be seen on a photographic plate. . -In most laser-induced fluorescence experiments dm1-The photoluntinescenc e of the A—X system does not . . - . . -

- . . . . . . fer ent vibrational—rotational transitions are exc tiedshow vibrational or rotational relaxation, indicating ‘ . . ‘ -
- . . ‘ . . . within one electronic system. However in Bi some Arthat the lifetime of the Bi molecules in high vibrational . . . .

- . laser lines excite vibrational—rotational transitionslevels of the A state is shortened by some mechanism. from different low lying thermally populated electronic
The upper part of Fig. 5 shows a portion of the pho- states. The photoluminescenc e spectrum of Bi5 at a

to luminescence spectrum excited by the 476.5 nm laser temperature of 1370 K excited by the 488.0 nm Ar’ laser
line. Besides the A—X series which again show no vi- tine consists of transitions between as many as four
brational relaxation, there is a weak doublet series different electronic systems. Part of the spectrum cx-
wit h a vibrational spacing of u,,= 141.23 i0.35 cm 1 arid cited by the 488.0 mu line is shown in Fig. 6. The

514.5 rvn

‘0 700 600 5(X) ran
WAVELENGTH

FIG. -I . l’hotoluminescence upec’trtm m of RI2 ‘ueitu’ ct by the 514.5 nm Ar ’ laser line obtained with 0. 02 nm resolution. This apse—
trum extends ‘ “. r the whole Franck.—Condon distribution including bot h maxima; il ls not corrected for Instrumental response.

~ 
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476.5nm

I I I I I I

II U II H II II LmA

490 480 470 460 nm
WAVELEI’4GTH

496,5 nm

I I I I I I I I A -X

It II~ II~ III ~l III 1 iii I! uJ~’ 27.7 crr~’

510 490 47Onrn
WAVELFNGTH

FIG. 5. Photoluminescence Spectra of Bi2 excited by the 496. 5 nm (lower spectrum) and the 476.5 cm (upper spectrum) Ar ’
laser lines. Both excitation lines excite vibrational—rotational transitions of the A—X  system. In addition the 496.5 cm laser
lines excite two overlapping doublet photoluminesoence series while the 476. 5 nm laser line exc ites 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*O.45 cm ’ extends te 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 syetem, 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 . 04. No. 8. 15 April 1976
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).~Y ‘ - ‘  4U~~rin
~~~~~~~~~

WAJ~
FIG. 6. Photoluminescenc e spectrum of Bi~ in the heat pipe excited by 45s . 0 cm and t o ’. 9 nm Ar ’ laser lInus. The 458 .0 nm
laser line excites four different electronic transitions, one of them consistS of a high number of anti—~~okes 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 cnt ’~

m was observed RI 2 pressures - 0.5 torr) is linear. At B12 pressures
at temperatures as low as 1120 K and ort~ inates from greater than 0.5 I c r  the line intensities increase less
an unknown low-lying electronic system. The depen- than linearly with increased pressure, probably due to

~~“vib

(cm’~’) ~~- • A— .X•.
•• • I

60- • • 9 E — ’ B
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4 j t-iim
1~

UI11RLI~~IIIIII 1111 III I1U llhI I

_ _  11 liii IU I
II II A —— -s ~‘

488.9 1
II It It II IF ~I II II E —“-s B

H H II II Ii II
H H II H N — ’ G

488.0 rim

n;. 8. Portion of the phot Itiminescenc e spectrum excited by the 1os . 0 nm and t s~ . 9 nni laser lines. The spectrum is photo—
graphed ii Ith 0. Ol~ cm ru- lution at . ~ i pressure of 0. 1 torr in the heat pipe. A Fe—spec t rum, pr xtucud Un Fe —Ne hollow Oath—
ode lamp, is superimposed above the Iti si ctrum. The Ar ’ laser oscillates simul taneously at 488.0 nm and 488. 9 cm. The
spectrtl m clearls shows the lifferent contributions I rorn both laser lines and the tiffurunt electronic transitions excited by the

nni line.

cV1t riz~ transfe r , simultaneously oscillates at 488.0 and 488.9 rim. The
488.9 nni laser line excited only one vibrational—rota -

The wave length region of 480 to 505 rim is shown pho- tional transition of the A—X system. The photolumi-
tographically in Fig, 8. The different doublet spacings nescence with w~ = 154 .29 cm~ is too weak to be seen on
show unambiguously that there are three different elec-

t h i s  photograp h.
tronic transitions excited by the 488.0 nm Ar laser
line with ~V e = 127•05 , 105.68 , and 172 98 cm~~. In ad- Both the photo graphic (Fig 8) and the photoelectric
dition the measurement also shows that the Ar’ laser (Fig. 6) measurements show that the excited transitions

- V • U — -j  i r 1 1 ~ 4
- I I -T - I V ~~~ T 1  v .3

—
~~~~~~ V - V - - T - I ~~~~~~~~~~~~~~~ ~~~~~~~~

r ‘r I V ‘ V ‘ T  — —-i-
~~~

—-

~ V’ I
-V- -_-—l V ’.O

v~.5r T 
V’,4f T~~~ 

t~~~T”

V”3~
V . 2 1  1 I I V I I I i r — —,’ —— i — — r r - r—’~-r ,

v’.lr~’r t I I V i~~~~i

V’.(: I V V I - V V I V T 1  r~~ r r T -  1 —i--—’-r

- _ .___ I_ _ _ _ _ _ - _- -- - I — I —
FiX) 580 ‘~kO 54u 50

WAV’ELE~~ TH

FIt . 9. Portion ‘.1 the photoluminescence spectrum 1 Bi2 excited with white-light from a Xe Ire lamp. The Spectrum is taken
with 0,02 cm resolution at a 131. pressure of 0. 1 torr in the heat pipe and is not cc,rrect&’tI for instrumental respnhi~e. The spec
trum con~Lat~ of hands of the A —X t e , ~

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

‘~~~~~~~~~~~~~~~~~~ 1~~~~~~~~~~~ —- - —

r ’ 



3420 Gerber , Sakurai, and Broida: Laser photoluminescence of 9i 2 1 5

I.’t ’~ l.I- ill. Molm’ular cousla it . I systenis ex~~it t - I I v  the In this c : i s ’  both Franck—Condon maxima are close to—
‘ti” lase r. gt ’t tu ’ r and not as well separated as with the 514. 5 cm

photo luminesci’nce (Fig. 4). The intensities of the ~b-

4 . 0.4 . 42 ’  0.05 ~ . ~~~~‘ ~. ~ 10~~ 
served phot lumlia’s - ‘rice lines inc i-ease strongly ~t ith

- .~~~, . (. 1(1 - I,, Li’ ~~~ I , ~~~~ • ~~ 
- ii 1gb - r U enipe ra tu res but ~ be a 1 rn o’ I si buffer gas

- I 4~ l’~ 
- [ ‘ I ’ ’ I)rl’.~~ure depi’ietl’ie’ ’.

127 .0 . 1  I l L  U. (’I I I ’ ”  ‘ “ 7 ’ ’ ’ 4 .10 ’ - -
i ” , 

~~
. Fh ’  photolunitiies~’e t i ’ ’  spec I I’Urn, shown ii I~ 6,

141.2:1 . - ‘ .17 ’ . -~ — ~~~ ~~ ~~~~~ ~~~~~ 
- . consists of v.iriuus doublet series excited by the Ar’

2 ’ Ii)’ • 2 ’  10~ laser , simultaneously oscillatinc at 488.9 and 488.0
- I , i. .319 - .1(13 I I , ’ 5.3’ t o” nrn. One of them which is excited by the 488.0 rim line

-~~ 
I) (Fig. 8) involves a lower state w i th ~~ 105.68 crn~~.

O.

~

. ’ . 13 ( . 1 1 4 ’ ’ 

~~~~~~~~ 
This transition is weak and bservrd only at tempera-
tures above 1270 K. At buffer i.tas pressures below 0.5

127.7 .1 ,4 1 . 4 4 . 4 - 

- 

-
______________________________________________ turr the i iit ’’tis it u’~ of the photoluni inesi’ (‘11CC lines in—

~Ali ‘ ‘ustants tfl’ ~ IV & ’fl in  CII . U r .i t ’ t l l l i t i on  II . ‘~~. crease approximately quadraticali v with increasing
‘ C  1. js . 11— 15, . pressure w hereas at higher pressu res U simple de—

bThese 8e values are e~ t in; it ed  a -cur ling to ~~~~~ const t l , pendence exists.
n here the constant value is taken from Refs . - , 4 .

1’hest’ values ire taken from Ref . :i. Very weak photoluminescenc e is pr oduced by the
~These n. values are calculated using the Pekeris relation. 472.7, 465.8 , 457.9 , and 454.4 nrn Ar’ laser lines .

Wit h the 421.6 nm line of the He—Cd laser and the 632 ,8
- - rim line of the He—Ne laser , t here was no detect a ble

of the A—X system have no vibrational relaxation and in - -
- . photoluniinescence of Ri2 at temperatures bclo~j 1120 K.

the case of 488.0 nni exc ita t ion (t ” = 2. I’~ = 26) have no - . - - -
- . . . During photoluminescence studies by laser (‘~ (‘itation ,

rotational relaxation. However with 488.9 rim cxc ita - - -
- no emission of t he Bi atom was detected in t In- wave-

tion ( i-  ‘ =0 , ,“ = 22) weak rotational relaxation occurs. -
- . ‘ ‘ Length region front 180 to 980 nm.

By comparison with the photoluminescenc e excited by
528. 7 cm (Fig. 2) and by 514.5 tim [Figs , 3(a), 3(b)1, Pre liminary photoluminescenc e spectra also have
both consisting of strong vibrationally and rotationally been observed by excitation with a cw tunable dye laser.
relaxed bands of the A~-X system , the absence of vibra- The dye laser excites photoluminescenc e over its entire
tional relaxation in the 488.0 and 488.9 rim spectra in- tuning range from 580—615 rim. With the dye laser
dicates that at approximate ly t - ’ =22 there is strong per- locked on the 589.6 nrn atomic resonance line of sodium
turbation of the A state. The line intensities of the
488. 9 rim A —X photoluminescenc e show a very strong
dependence on buffer gas pressure. The intensities ar e 100
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 rim A—X photoluminescence are sli ght- .

ly increased. . I • 
• • ~

The assignments for the A—X transitions excit d by . 
+ • 

I
488.0 nm and 488.9 cm are made by counting the num-
ber of anti-Sto kes lines and confirming the assignment ¶=? . 4
by the ca lculated Franck —Condon factors. In the case 4
of vibrational—rotational transitions between previously
unknow n electronic states the accuracy of an assIgn- 10ment depends on how many transitions are actually mea-
sured. The more vibrational—rotational transitions mea- —
sured , the more accurate are the constants obtained
from 4

~~,jb
= f ( v ”)  and Ap rot =f fr ”) .  Plots of 

~~V,ib as
a function of i” for all observed transitions of the 488.0
am excitation of B13 are shown in Fig. 7. These plots
also show vibrational levels in the lower electronic
states which are perturbed. The molecula r constants
f r  the lower states of these four electronic systems
are ,btained according to Fl’ (6)—(9) by i weighted
nonlinear least-squares f it and are given iii Table 111. I I I i~ I 1 i i 1_ _.,.,i.,,,,,,,~i I I I i i L

The di uhiet photoiuminescence series with ~o, = 127.05 5 1 0 I S 20
CII~~ ( ‘X ( - Itt’d ii’, thu 488 0 nm las(’ I - cons ists Ii 39 vibra —
tti,nal t ra ns i t  i ’tis W t i C tl iorrn .i utit ~ u’’ t it ,- ns it v pattern. - - -FiG. 10 , Plot I the relate e populat’ on ‘ . 1 the vit ratil,nal
‘I bis P i ( l~~1i i1 I i iU t .5C11’& ’, l’X l i  ietmg 1 m m  -1 65 t I  585 j im levels- f  hi’ ippe r stat e A . is given Ii~ lute light I,tIl t olunutn—
and  (‘ lV’~~rIng th~ ci,tte~ etc F ranch— Cond in (i istt ’ t l)li ’ Ion, t~sci’uice , versus i .  The I ’ al I l  (alloff near ~~

‘ - - 20 indicates a
is inV ’;-tiga ted in more detail in the following pall’!’. st rong interaction with another electronic state .
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16
}3i~ photoluminescence has been successfully observed, progressions. A combination of higher population of

- - the lower state vibrational levels and more favorable
A portion of the discrete photoluntinescence spectrum

- - - - Franck—Condon factors is the reason that the white lig htobtaIned wit h white light excitation using the incoherent -photoluntinescence spectrum at short wavelengths istight if a 150 W Xe arc lamp is shown in Fig. 9. This -mainly due to the “ =0 , 1, 2 progressions.discrete spectrum begins near 490 nm and extends to
longer wave lengths near 765 nm. At shorter wave- From the knowledge of the emission intensity, the
lengths the spectrum is made up of “ = 0 . 1, 2 progres- Franck—Condon factors and the transition frequency,
sions of the A—X system , w hich are observed up to relative vibrational populations N,. are obtained from
z - ’ = 23. At longer wavelengths, transitions occur main- Eq. (11) (Fig. 10). Populations of the upper vibrational
ly between different t - ’ and I~ ’ levels of t he A—X system levels I ’ are almost the same from I’ =0 to 19 and then
and no long progressions are formed. The intensity decrease rapidly, indicating ~t quenching mechanism ef-
distribution seen in Fig. 9 is sintilar to that of the A—X fective at higher i”. Populations of lower r’ levels
emission spectrum of Bi 2 obtained using a microwave (t ’ ~ 5) cannot be determined accurately because of small
discharge.4 The shape of the spectrum at short wave- Franck—Condon factors and strong overlapping transi-
lengths and the brea k off at , - ‘ 20 of the i” 0 1, 2 tions of higher v ibra tional levels (t ”, i- ”).

progressions indicates that there is a process which
removes Bi~ 

molecules in high vibrational levels (t ” Photoluminescence spectra obtained with white-light

~ 20) of the A state. For example the Franck—Condon excitation provide a means to determine vibrational
f actors6 for the i” =2 progressions indicate equal in- temperatures. Spectra such as shown in Fig. 9, allow
tensit ies for the 28—2 and 14—2 transitions but the 28—2 evaluation in a straightforward manner. Neglecting tha t
band is not observed wherea s the 14—2 band is reason- portion of the spectrum at short wavelengths which is
ably strong. Similar patterns hold for the i” =0 and 1 perturbed in some way, the structure between 495 and

5l’~ 5 rrrn 

-
~~~~ 

470 4”k 30 410 390 rtm
I’. ~- ~ LENG fl~4

Hi

~722 nm
H WHI TE LI~~ T 

470 450 4 ‘,() 4 0 rim
WAVE~ ENG T H

FIG. 11. Cont inuous spectra are obtained with white light excitation (lower spectrum) and with 514.5 nm Ar’ laser excitation
(u~~er spectrum) of RI2 at a pressure of 0.1 tor? and temperature of 1090 K in the heat pipe .

J. Ch.m. Phys., Vol . 64, No. 8, 15 April 1976
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570 nm reflects the population N,,. 1 the upper vibra- ft should be mentioned that white tight photolumines—
iii nal levels. Sinc e this portion of the spectrum mainly cence spectroscopy is very  useful for measur ing band
cons ists of only three i” progression the ,\‘,~. popula— heads and determining different possible transitions.
tions can be inverted to N,.. populations , thus obtaining White light photoluminescence spectroscopy gives the
an approximate vibrationa l ti’ itiperatur ’ if the Ill 2 nioli’- same wave length information that can be obtained from
cutes. -\ sim ilai’ prucedut’e has been used by Sinha ci absorption measurements but often it is much easier t I

ol. ~ for the determination ii the vibrational tempera — observe.
ture of Na2 molecules in a noaz le beam.
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served. Forbidden lines of different configurations ~~. P. Red’Iv an’t M. K . Alt , J. Mol. Spectrosc. 35, ~is~472.2 nm (4 P 112 — D )  and 652 . 3 nm (4 P~,~ — 2 P 3 ,2 ) are (1970) 
-

obsers’ ’d : three unidentified lines at 450. 4, 453.2 and 5 W , 1)emtrüdcr , M. McClintoc k, and R. N. Zare , J. Chem.
474.0 nm also are seen. The very weak continuum be- Phys . 51, 5.195 (1969); N. Sakura) , S . E, Johnson. and

gins gradually near 420 cm but shows a sharp onset at II. P. Broida, J. Chem. Ptis’s. 52, 1625 (1970).

430 cm and extends to li nger wavelengths where it is ~~~~. Gerber and H. P. Broida . J. Chem. Phys . 64 , 3423 (1976)
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Electroni c states and molecular constants of Bi2 *

G, Gerbert and H. P. Broida
Qua ntum I n s t : a u ’  and Dt’p ar,meio If Physics. ( nio’rsIti’ o f (o l i fo r n i a ,  Santa Barbara , (

~a1ifornia 93 106
k,- eised I December t~~75

Potential energ~ curse’, of several electronic stales of Hi have been calculated by the Rydb erg-Kl e iri— Rees
method iisi,, g ni ic’.ular ~onstaiits obtained from iii,ser .eicited phoiolumines&’ence of B12 . These potential
(urse’, are used ii (‘inpuic franck- ( ‘od in facto rs Franck Condon factors for the .1— X sSste m are
compared with measured intensities if phololuminescence series estending over 50 vibrational levels (s - - 

- -

0- 4~i) and incliidi’ig both Frzinck -Condon masima Ii is shoaii that more accurate molecular constanis
can be derived t-i~ usin~ Ihe information contained in these intensity data. Another important result is
,ichiesed by denying previously unknow n vibrational and rotalinna i constants ,if the upper electronic state
of the E H doublet , hotolumiriew-en.c series using only line intensity measurements Relative energy
p isiiions of the eicctr,inic states have been obtained li’, pert urbation ccmsiderations and by measuring the
temperature dependent changes if relative intensities of photolumincacence hnes belonging to differen t
electronic tra iis itl,ins t hese esperiments suggest t hat there is an electronic state X . whic h is lower in
energy than ihe state A potential energy diagram for Ri~ is derived including the re’esaluated published
spm troscopic data if Hi

INTRODUCTION a.ssignments are correct or not. Considerations based
on laser phot oluniinesc’ence data and Franck—Condon

Laser-excited phototurninescence of B12
t revealed the factors lead to a change of the electronic term value

existence of se’.’er,il prevt usiv unknown electronic sys- T, of the earller 3
~

5 observed states ( , (,, and D.
tents . In some cases the photoluminescence consists
of long ‘- “ progressions extending over the Franck— From comparison of Franck—Condon factors with
Condon distribution including both maxinta . I)oublet measured l ine inten.sities of photoluminescence series ,
photolu rninescence series are observed when using dif- extending over long - “ progressions including both
(erect Ar ’ laser lines for excitation. Strong photo- Franck—Condon maxima, an additional measure for
luminescence is due to different vibrational—rotational the accuracy of molecular constants and more Infor-
transitions of the I— V system . Transitions involving mation about the upper electronic states is obtained,
the lower part of the -i state ( r - ’ 22) exhibit strong vi- This has been done for the t” = 19— t” = 4 t ransition of
brationa l and rotational retaxation whereas higher vi- the A—K system excited by the 514.5 om Ar laser
brational levels show no relaxation within the Bi2 vapor (Fig. 1), giving a more accurate value for the rota-
pressure range 0.1—10 torr . Relative populations of tional constant a, of the .V s tate. From the unique
vibrat ional levels t ” of the 4 state , obtained from whtte Intensity distribution of the F—B photoluminescence ex-
light photoluntinescerice , are equal from low p. ’ to near cited by the 488 .0 nm Ar’ laser , vibrational and re.

20 but between “ 20 and t - ’ 23 the populations de- tational constants for the upper electronic state are
creas e by .i factor of 10. derIved.

In addition to discrete line-photolumlnescence , con- The homonuclear diatomic molecules of the Group V
tinuum spectra w hich arise from an unbound upper elements are summarized in Sec. V with respect to
state are observed with Ar ’ laser excitation and ~vith their lowest excited states Ic. an electronic term value
white light excitation. T, diagram, Owing to Increasing spin—orbit interac-

In mos t laser-excited photoluminescence studies, ~ tlon of the heavier elements, the electronic states of
the laser excites one or more different vibrational— Bla are best described In Hund’s case (c). Because of

lack of sufficient rotational structure In most observedrotational transitions within one electronic system . 
electronic states of B15 there has been made no attemptHowever , in the experiments with B15 several Ar’ laser to systematically classify or to relabel the electronictines simu ltaneously excite transitions of more than states,ooe electronic system. This simultaneous excitatIon

makes pos’.ible a determination of the relative energy 
~ INTENSITIES IN ELECTRONIC TRANSITIONS OFposition, V(r) , of the involved lower electronic states Bi2with respect to the ~‘ state by measuring the tempera-

ture dependence of the Photoluminescence spectrum ex- The emission Intensity for a vibrational—rotational
cited by the laser line, line in an electronic transition is given by’

From the results of both Laser-excited photolumines-
cence and the data of previous studies3’’ (both given in ~~~~ v”J ” ) =  ~~~.!_ cv ’[s,,.~~.~(N,.,./(2..1’+ 1)J
Table I) we have derived a set of suggested potential
curves of B12 (Sec. IV). The potential curves for the ~~~~~~~~~~~~~~~~~ (1)
different ilectronic states have been constructed by the where S,.,.. is the rotational line strength, N,.,,. is the
Rydberg—Klein—Rees method. Calculated Franck— population of the inItIal state, p Is the frequency of the
Condon factors based on these AKH potential curves emitted line in wavenumbers, and 4’,, is the vibrational
are used to decIde whether some of the spectroscopic wavefunction including r’ —J coupling characterizing the
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1’Alt1~I’ I. F; lectronic states and molecular constants of Bl~.

State T,’ .~,,v, .c,v, B, B, Tr ansition ReferencesI

X ’(O ) 0 154 29 0.42 0.0218’ li .5= 1 0~~’ K —X ’ d, 1, 20
0 *0 ,45 * 0 . 05

1 500 t72 . 9~ 0.385 — 6 . 3 ’  ~~~ 0,022806 5,5 ’  10~ 1,50 W 10 ’X U) ?  - 00 0 ‘ 0 005 * 1 10•~ 4 io~ io-~ 
A —X  d, 3, 4, 5 . 20

6 500 127 . 05 0.29 — i s i o~ 0.01790’ 4. 6 ’ i 0~BK)) F — B  d , 1
* 1000 * 0 ,1 *0 .01 i2~~IO’~

9 500 14 1.23 0.37 — 1 . 9 ’  iO~ 0.0199’ 5. 6 ’  10~ ’.4 (01 L — A ’  d, I
*2000  0.35 *0,04 i 2 ‘ 10’~
19239. 3 132 . 56 0. 319 0. 01968 5, 3. h r 5 1.71* 10 ’

A (01 A —X d, 1, 3. 4 , 5
* 0 ,13 ~0.o05 ± 2~~l0~ j 2 x 10~ 5~~~ j Ø~~

t t

21 500 105.68 0.63 0.01490’ 1.4a 10 ’ . \ — ;  d, IG(o;)
* 200 * 0 ,25 *0 ,03 a 5~~1O”~ G — X  5

0 23500 Con ti nuou s absorption and emission , repulsive state 0 — X  d, 1, 3

K 24 000 Upper state of laser t ransi t ion K — X ’  d, I

J x 103.2 2.45 P ---J 22

F 27 936.6 63.5 8.5 0.014250 1.5 = 1 O ~ F— B  d
* 1. 2 * 0 ,8 * l * L 0~ * l ’ lO >

D 28000 129 9.7 D — X ’ 3

.%? :13500 ContInuous absorption, repulsive state M — X  3

L 31 500 Upper state of laser transition L —A’  4, 1

H 34091 Only one r ’ progression observed H —A 5

1 34716. 9 156.4 6.1 I — A  S

C 37957 157 4.6 C —X ’  3
42200 Upper state of laser tranaltion K —G d , 1

P x t 15746 .3 94. 7 5.2 P ’~ J 22

F 46 000 Only partially analyzed F ’- X  3

‘All constants are given in cm t . For a definition of T,, w•, o,x,, ... eee Eqs. (1)—(5) in Ref . 1.
‘These B. values are estimated using the r, obtained from ,2 

~~~ 
conat.

‘These a~ values are calculated using the Pekeris relation. A

‘Fhia paper.

(v, J) state. R,(r) is the electronic transitIon moment r 5(U) = (f/g+ f) 111j f ,  (2)
(4i I M 6 l4 i~’) , In which 4i and 4~~’ are electronic wave-
functions and M, is the part of the dipole moment de- where! and g are given by

pending only on the electrons . Owing to the difficulty h
of obtaining values of R~fr) for a many-electron mole- f ( t .1~~ (2 p) I~ l Jo 

[ u —E( I , .c) ] 1 ” 2 d1, (3)
cule, the usual approximation is to replace R,(r) by

~~,, which is an average electronic transition moment and
in a small range of r assuming that R.(r) will be a h “ BE
slowly varying function in this range. The square of g(V) = 2r(2p)11’ J — fU — E(I, ic)J~~”d!. (4)

b.c
the remaini ng overlap Integral Q(v ’J’ , v ”J”)
= I (41,,, 

~
. 4i,.. ,..)I ~ Is known as the Franck -.Condon fac- The energy function E(I, .c) of the molecule depends

tor. For the evaluation of these overlap integrals the upon the radial and angular momentum action variables
wavefunct ions ~ti,.,. and 4,.,.,. . must be known. The l=h(v÷ ~~

) and ‘c=J(J+ l)h’/8e’j t , where p Is the re-
duced mass of the molecule. In order to construct thefirst step Is to construct potential curves for the upper

and lower electronic s tates , potential function Vfr)  for the nonrotating (J= 0) mole-
cule , Eqs. (3) and (4) have to be evaluated for ic =0.

Potential curves for the X and A states of Bi~ have Potential energies and turning points for the K and A
been constructed from the spectroecoptc constants states are tabulated in Tables II and Ill , The calcula-
given In Table I using the Rydberg—Klein—Rees (B~It~~ tions based on the constants given in Table I are car -
method.6 ThIs method does not assume any analytic ned out up to the highest observed vibrational levels ,
form for the potential. The turning points r~ and r, of 

~, = 30 and v” 50,
the classical motion of the molecule are determined
for a vibratIonal level of energy U from the expression The potentIal function V(r) used in our calculations is

J. Chern. Pitys., Vol. 64. No. 8, 15 April 1976
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o 20 —4/ 1 .
° 9—4I / • 7 - I

61X1 ~X~nm
WAV ELENGTH

514.5

_ _ _  _ _ _  _ _ _ _-- I
800 7(3(3 600 500 nm

WAVELENGTH
FT c;. 1. The lower part shows the photoluminescence spectrum of Bi2 excited by the 514 .5 nm Ar° laser line. This spectrum
extends over the whole Franck—Condon distribution including bot h 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 photoluminescence series with intensities calculated
curve . To estimate the potential outside the region according to Eq. (1) one has to use Franck—Condon
covered by spectroscopic data, repulsive and attractive factors calculated from (

~(v , J) potentials with correct
segments are smoothly connected with the turning point J values . ~ if vibration—rotation interaction is ne-
data and assumed to have the form Vr,p = o/r ’2 ~ c and glected, calculated intensities a~e in orror by about

• = a’/v ° + d. The constants a, a’, S are determined ± l0~ for J= 30, ± 20% for J= 100, and * 50% for J = 300.
from the last two pairs of RKR turning points and c and Moreover, the error does not show a systematic trend
d are given by the experiment, but varies irregularly from line to line and depends up-

on the vibrational level. Relative intensity measure-The centrifugal distortion of the potential V(r) owing ments for the A— K system of Bi2 (not corrected for in-to rotation Is taken into account by adding the rotational strumental response and p
4 dependency) are given incontribution to give the effective radial potential U(r , ,J) the lower part of Fig. 1, Photoluminescence excited

U(r , J) - V(r)+ ~J(J+ 1)h2/8 r~pr 1I (5) by the 514.5 nm Ar’ laser consists’ of four doublet
series 21—5 (J= 120), 20—4 (J= 170), 19—4 (.1 = 10 andOnce the potential U(r , J) is constructed, wavefunctions 20) and 17— 1 (J = 270). Vibrational progressIons from41,,, appropriate to this potential are obtained by nu- 

= 0 to ~~
?? =49 cover the whole Franck—Condon dis-merically solving the radial Schrödlnger equation6 for

tributlon including both maxima , Calculated Franck—each vibration—rotation level. The eigenfunctlons ~o Condon distributions for three transitions are shown inobtained will then be used to evaluate the overlap in- the upper part of Fig. 1. The Franck—Condon factorstegrals . are calculated from U(r , J) potentials using the J values
and molecular constants obtained from laser photo-

Photoluminisosnes of the A-X system luminescence data’ (Table 0.

Franck—Condon factors for the A— .V system of BI3 From Eq. (1) it Is seen that the photoluminescence
have been calculated0 from rotatlonless (J= 0) poten- Intensity mainly depends upon the frequency v and the
tlals. However, comparing measured intensities of Franck—Condon factor . While the frequency v varies

.3, Chem Piwo. Vol. 84. No. S 1~~ Ant ’ 1075
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T AB L E  II. Potential (‘nl’rgi1’~ of t h e  X However , a slight disagreement at higher , “ results
state of Hi, IJ U rotational level), in a shj ff ol the second Franck—Condon maximum to

higher vibrational levels by about two vj bra t~ nal(‘ U’m~ ) r _ ( .\ )
— . ..——-~~~~~~-.—-.—-~ 

quan ta. In order to reproduce the t:~ ,tsu, -d non-
o 0 . 2 . 1597 regu lar in tensity pattern b~ Franck—Cundon f ;.ctors ,
0.5 ~ 3 . 394 2. 6179 2 . 7 4 4  constants of both states cou ld be var ied . ll wever , he—
1.5 255 . 6 ( 2  2 . 559(1 2 .7390 cause of the good agreement between experiment and
2 .5  430. 034 2 . 5~;9s 2 .7639

calculation at lower vibrational levels (, “ 10), we3.3 600. 657 2.5547 2 . 784 k
assume that upper state constants are approximately4 . 5 77t). 5s ; 2 . 5419 2. sI :;:;

5,5 939.639 2.5’JOk 2.8203 correct and that only lower state constants have to be
6 . 5 1107 . 931 2.5207 2.8361 changed.
7 . 5 1275 .42 2.5116 2.4510

The dependence of the RKR potential curve and: 1442 .127 2 ,5032 2.8653
9. 5 1 6 . 0 2 4  2 . 4954 2 .~~7~~9 Franck—Condon factors on vibrational and rotational

10 .5 1773.114 2 . 4~ ’~ 2 .8921 constants was extensively studied by Zare.’° Since
11.3 1 937 .396 2 . 4 s 1 3  2 .9049 the w idth (r , — r _ )= 2 1CM of an RKR-potential curve
12 .5 2100. 863 2 .474 s 2.9173 only depends upon vibrational constants , and since
13.5 2263 . 514 2 . 46 56 2 .9295 the lower part of the curve is quite symmetric , errors
14 . 5 2425 .343 2 . 4627 2 .9413 introduced into RKR turning points by inaccurate ro-
15 .5 23s6.34” 2,4570 2.9529

tational constants are rather small for the lower vi-16 . 5 2746. 524 2 .4516 2 .9644
17.5 2905. sO? 2. 4464 2.9756 brational levels. However, they build up rapidly, and
Is 5 :3064, 375 2 . 4414 2.9567 for higher vibrational levels , the potential energy func-
19. 5 3222 . 042 2.4366 2 .9976 tion is quite sensitive to the rotational constants be-
20 .5 3378. 566 2 .4319 3. 00s4 cause the asymmetry of the curve is mainly determined
21 . 5 3534. 843 2. 4274 :1 . 0191 by rotational constants . The deviation of measured
22.5 3659 . 96s 2.4229 :3 . 0296 intensities and calculated Franck—Condon factors in the
23 .5 3844 . 23k 2 . 4187 3.040 1 514.5 nm photoluminescence of Hi2 starts only at higher24. 5 3997 .649 2 .4146 3.050 5
25. 5 4150. 195 2 .4105 3.0608
26. 5 4301 .879 2 .4066 3.0710
27 .5 4452 .692 2.402 k 3.0812
.t° .5 4602 .629 2.3989 3.0913

TABLE ill. Potential energies of the A29 . 5 4751 .690 2 .3953 3.1013 state of Hi2 (J 0 rotational level).30.5 4 .99 . 869 2.3917 3.1112 
__________________________________

31.5 5047.163 2 .3882 3. 1212
~ T r(cm 1) , _ ( .A(

:12 .5 s193 .567 2. 3547 3, 1311 
__________________________________

33.5 5339 .079 2.3813 3.1410 0 0. 0 2 .8632
34.5 54 83 . 694 2,3779 3,1508 0.5 66.200 2 . 5155 2 .9143
35 .3 562 7 . 405 2 . 374 7 3. 1606 1.5 l9.k 122 2 . 7s26 2 . 934 1
36. 5 5770.219 2,3715 3.1704 2.5 :29 .40e ’2.7609 2.9~27
37 . 5 5912 . 121 2 .3683 3. 1802 3 5  ~~~~~~~ 2 . 74 :35 3 .0067
35 , 5 6053. 112 2 .3652 3.1899 4 ,5 590 .060 2 . 7294 3, 02s1
39 .5 6193 .187 2 .3621 3.1997 5.5 719. 430 2 7167 3.0477
40.5 6332 .34 3 2 . 3591 3. 2094 6.5 •54s , 162 2.705. ‘3,01159
41 . 5 6470.576 2 .3561 3. 2 192 7 . 5 976.256 2 ,6952 3, u533
42 ,5 6607.881 2 .3531 3.2289 4 ,5 1103. 712 2 .685 s 3,0997
43.5 6744 .257 2.3502 3.2386 9, 5 1230.530 2 ,6770 3. 1156
44 ,5 1579 .697 2 .3473 3.2483 10 .5 1356. 710 2 .668 k 3 .1309
45 ,5 7014.200 2. 3445 3.2580 11,5 1482 ,252 2 .6611 3.1457
46 .5 7147 .761 2 .3416 3.2677 12 .5  1607 , 156 2 .6539 3.1601
47 ,5 7280 ,375 2 ,3388 3.2775 13. 5 1731 . 422 2 .6470 :3 , 1742
48.5 7412.040 2.3361 3.2873 14.5 1855.050 2.6404 3.1880
49, 5 7542.753 2,3333 3 .2970 15,5 1978 ,040 2 . 6342 3. 2015
50.5 7672 . 508 2 . 3306 3. 3068 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. 2660slowly and monotonically in the range of the observed 21 .5 2702. 582 2.6014 3.2784

photoluniinescence, Franck—Condon factors vary Ir- 22 .5 2821 .106 2.5966 3,2907
regularly from line to line of the progression (Fig. 1). 23 .5 2938. 992 2 . 5919 3.3028
Because the Franck—Condon factors predominantly con- 24.5 3056 . 240 2.5874 3 .3149
trol the Intensity distribution of a photolumlnescence 25. 5 3172. 850 2 .5830 3.3268
series, comparison with measured intensities (Fig. 1) 26 .5 3288 . 822 2 .5787 3. 3387

27 .5 3404.156 2.5745 3.3505provides an additional check on the assignment and ac- 234 .5 3518 .852 2. 5705 3.3622curacy of molecular constants. Comparison of cal— 29. 5 3632 . 910 2 .5665 3,3739
culated Franck—Condon factors and measured intensi- 30. 5 3746. 330 2. 5626 3.3855
ties shows agreement up to i” 10 in each series .

.3. Chem. Phys. , Vol. 64, No. 8, 15 April 1976
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vIiu.ih ional lev* ’ls (,- “ -~ 10) Therefore it is reasonable series are calculated according to Eq. ( 1) and nor-
to assume that in .i first approximation only rotational malized to the observed intensity of the i’ . - 19 — “ 27
const.mts have to be changed . According to the rela- transition . Observed line intensities are accurate to
lion for 8r (B, - B,, — s , (i’ ~

) . ~,(r. ~)2~ . . . ),  the B,, 10~ . when corrected for instrumental response and v’
va lue mainly depends In ~ ,, and y~. A change of B, dependency. Agreement is good and seems to confirm
seems unreasonable ,L~ long is the lower part (u” 10) the assignment as well as the set of spectroscop ic
of t he progression is well reproduced by the calculation, constants used . Following the procedure described
T he i nstant i~~, - 55 10~ cm~ is derived from laser above, one achieves more accurate molecular con-
photoluiuinescence data and ~

-, can be est imated either stants (in this case ~,
) by using the information con-

.tccorciing to Dunham t f r o m  the B, and -~~ values as tam ed in observed intensities~ However , it should
10~ cm~ or from the curve 

~~~~~~~ 
f (v ”) of photo- be kept in mind that the ability to give the correct

luminescence data , both methods give the same order vibrational overlap matrix is a necessary but no~ suf-
of magnitude, From the .~~ ,, and ~, values , it can be ficient condition on a set of spectroscopic constants . 12

seen that even at i - ”~~ 5O the corrective inf luence of ~~~ Intensity measurements of transitions from a givenor, B~ is less than 0. 1~~, whereas the required change
r’ level to several ,- “ levels allow a determination ofof ~ u 2 (Franck—Condon maximum shifted by about 2
relative Franck—Condon factors [Eq . (1)1. But, if in-v ibrational quanta) lc.uls to a change of 8,,,~ of ap—

proximal ~lv 4~~, Thus , keep ing in mind t~ j :U the vi tens ity measurements are available for transitions to
all i- ” levels of the lower state , absolute Franck—Con-bration.i1 c’’nst.Ints ~ ,, and ~~‘, v, are .1ccurate to - 1; 
don factors may be obtained instead of relative ones .only a cl;.~nge of ~,, w ill accomplish the necessary shift
With the 514. 5 nni photoluminescence (Fig. 1) we oh-‘if the second r ranck—Condon maximum without chang- served transitions from , ‘ to all possible ,“ levels.m i t  the. Igreement of experiment and calculation for
That means the sum of the related Franck—Condon fac-i ” 10 Therefore , the value of s, was varied UI in- 
tors ~~,,, Q~

,,,. should be unity For the example of theC l ( ’ , O’flIs of 5 10~ from 3 ~ 1O~ cm ’1 to 6 . 5 x 1O~
cn m ’4 without changing other parameters . The value of 19—4 excitation, this sum over the observed tr ansi-

- 5, 5s  10~ cm” produced the bestagreementbet ween tions (i ” =0—49 ) is 0.986 ; there’foreabsolute rather than
relative Franck—Condon factors have been obtained.the calculated intensity distribution and observed pho-

toluminescence and is believed to be the most accurate‘~. va lue for the X state of Hi2 . Comparison of ob-
Photolumin.scence of the E-6 systemserved and calcu lated relative intensity distributions

if the ,‘ .19—i ” 4 transition of the A — V  system is The E—B doublet photoluminescence series with ‘.~~~
‘

shown in Fig. 2. Intensities of the photoluminescence = 127.05 cm~ excited by the 488.0 nni Ar ’ laser con-

2.O~

-~ ~~~~~ OBSERVED (THIS W(Bc)
— CALCI..LATED

~
;; I1’-

,‘
~

I i  I ii: II— I (L i

~ 
I liii

~ 
-i i

~~~ __________________________________I~
i
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1
l!Ii~a I~ 1

0 20 30 40

I l1 . 2. ( ‘ ninpa riSo n of 1 servt’ii and calculated relative intansitIe~ (normalized to 19— 27 transItion) of the doublet photolumlnes-
cen i-e ~e r I t ’ s  resulting from the 19—4 transition of the A—X system excited by the 514.5 nm Ar laser. The measured intensities
ire ,i-reeted for nisIrurnent~ml response. The calculated Inten~itiea reflec t a specific o~ which is obtained by the best overall
agreement 1 exper iment and calculation.
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sists of 39 v ibrationat—rotatimoj al transitions which forni corrected intensity of the photolumineseence line he—
.t unique intensity pattern. Figure 3 shows the measured longing to the highest energy is correlated with the
intens ity distribution (not corrected for instrumental i” 0 level . A line which reflects the intensity is
response and t’

4 dependency) of the photolumine.seencc placed at the internuclear separation of the z” = 0
cover ing the complete Franck—Condon distr i.~mition turning point v, . The corrected intensity of the photo-
w here the line positions, extending from 465 to ~85 nm luminescence line of the second highest energy is cor-
are indicated by dots . Additional lines belong to dif- related with the i” 1 level and the corresponding line
ferent electronic transitions excited by the 488.0 nm is placed at v, of i” - 1. In the same way all mea-
laser , In this case both Franck—Cond,in niaxima ire’ sured photoluminescence lines are connected with the
close together in energ and not as wel l  sel)a.-ated as v, turning points of corresponding vibrational levels
in the 514 .5 nm photolunlinescence (Fig. 1). The , “ The envelope of all these lines gives in a f i r s t
tower electronic state B is well characterized by the approximation the upper state vibrational wavefunc-
position and ntimber of the observed photoluniinescence tion. The assumption that the heights of the last maxi-
lines which result in molecular constants ’ given in mum at large r of the lower state vibrational wavefunc-
Tab le I. If there were several photoluminescence tions are the same is , of course, not correct , but
ser ies with the s.tnie ~~~ exc ited by the laser line, the wou ld only sli).h t ly  change the shape and maxima of the
upper electronic state constants could be derived from upper vibrat ional state wavefunction. Actual calcula-
s l)ectr )scopic analysis by standar d procedures. But tions of the vibrational wavefunction show a 1O’~ mono-
the accuracy of these constant s would depend strongly tonic variation of heights between r” - 7 and 30. There-
upon the number of excited transitions , However , the fore , the wavefunction of the lower state can be taken
ph( to luminescence indicated by dots in Fig. 3 consists out of the overlap integral (~ , , l ,0,,,)l 2 with the enve-
only of one i” progression. Although there is only lope now representing the probability density distri-
one transition excited, we have succeeded in deriving bution of the upper wavefunction I ~,,. 1 2, The upper
the upper state constants by a method (to be described) vibrational wavefunction of the s’~’ = 127 .05 cm~ photo-
ut ilizing only the intensity data. Information contained lunminescence constructed as described above is shown
in intensity data is usually overlooked or used only in in Fig, 4. The envelope suggests that i” = 1 is the up-
cont~~ction with Franck—Condon factors to confirm an per vibrational level. In principle the i- ’ = 2 level also
assignment , could be a solution with the third maximum of the wave-

function not being measured , However, the intensity
Fmission intensities of vibrational—rotational lines at the low energy sid e of the second peak , correspond-

are given by Eq. (1) and after correction for the v’ ing to large internuclear separations, decreases more
term and for instrumental response, intensities are slowly than on the high energy side before approaching
proport ional to the square of the overlap integral of zero, Even with sensitivity increased by a factor of
the lower and upper state wavefunctions. Corrected 100 we did not detect any photoluminescence of the f~—B
measured intensiti’-’s therefore reflect these wave- system at longer wavelengths where transitions due to
functions. Knowing the lower state wavefunctions (as the third maximum of the i” = 2 vibrational wavefunc-
determined by photoluminescence) upper state wave- tion should occur . If there would be a third maximum
functions are derived in the following way using in- with overlap of low vibrational levels of the B state,
tens ity data. Turning points of the lower state vibra- the measured line intensities would be dramatically
tional levels are plotted in a graph to give the shape different because of favorable Franck—Condon over-
of the tower electronic potential curve. Taking into lapping. Therefor e, we believe i ’ = I is the correct
account the measured number of anti-Stokes lines, the numbering. Once the vibrational numbering is de-

488.9 nm

488.0
I 

FlU. 3. Fast scan of a por-
tion of the photolurnineacence
spectrum excited by the
488,0 nm and 488 .9 ani 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 ~—B photolumines-
cence doublets are Indicated
by dots.

580 540 SOOnm
WAVELENGTH
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Fit;. ‘i. Turning points ~ and r of an RKR potential curve of the 8 state are used In connection with intensity data of the E—B
doublet photoluminescencc series to construct the uppe r wavefunctiont.,,1. of the transition. The position of the lines are given by
(lie turniii,~ point r, of the lower vibrational level involved and the length of the lines reflects the Franek—Condon factors as ob-
tained by correct ing the experimenta l data for instrumenta l response and for the c’4 dependency.

term ined, the values of ~ r(z ” = 1)=r ,— r and eventual- mainly upon - ‘ ~~~. Knowing the constants ‘~~~ and B~, one
ly r~.,1, may be derived. The amplitude of the clan- may find from a Morse potential a value for ‘~x~ which

~~ /sical vibrational motion tlr v, — r is obtained from satisfies the given ~r05 ,,, using the relation LI, =
the intersection of the potential energy curve with the 4’L ,X,. From the Perkeris relation’3
corresponding energy level, since the turning points 6’f~,,x ~ B3 68 2

• • ...____ Lare the positions at which the total energy is entirely
potential energy. However , the quantum - mechanical
probability density i~~ i 3 still has a large value at these an approximate value for o is obtained and with this

value a more accurate B follows (the approximationturning points . This value I ~ ,, I can be estimated for
the t ’ = 1 vibrational level using ‘, obL~ ned from ’3 ~~~~ 

— r, rio longer being used) and consequently more
accurate 

~ 
and ‘~x are derived. The iy~ value alsor , ‘,,‘~const and v,,.,1 in a harmonic oscillator approxi-

mation. The ratio between the n~axinium of 1,., ’~ 
may be improved by using the more accurate values for

and the value for a’., ~ at the turning point r, is thtii B~ ~i and ‘ ‘ ~ x~. Comi arison of calculated and mea-
sured overlap integrals, provides an additional test forused to determine the location of the turning points r, the constants. For instance, if the separation of theand v of the derived probability density distribution for calculated maxima Is too large, vibrational constants,the ,- ‘ = I level given in FIg. 4. The turning points ob-

tained in this way are r, = 3. 530 A and r = 3.235 A and especially ~~~, do riot have correct values; if the sepa-

in good agreement with calculated turning points (Table ration agrees but the maxima do not occur at the cor-
rect vibrational levels, the constant B~ has to beVI) from the best fit of experiment and calculation, In

the first step of an iteration procedure r,,., may be changed; and if the calculated and measured distribu-
tions disagree only in shape, a simultaneous change oftaken as of the upper electronic state. Using the

empirical relation’3 r~x~,,= const, an approximate ,~,
, es~ and 8~ is necessary.

may be obtained. On the other hand, an approximate In cases of transitions with 1*0, the additional
value of ~~ also may be obtained from a graph of 2f energy F,. = B,xJ ’(J’+ 1) has to be taken Into account

i~(t ’ ) ,  where! Is given by Fq. (2) and U Is the energy as well as the rotational distortion Eq. (5). For the
of the vibrational level, using the fact that the di!- F—B photoluminescence, the rotational number J’
ference ~r — r of the RKR turning points only = 105 is known from the measured doublet separation
depend upon the vibrational constants and for r” = 1 of the series and the B~ value Is approximately the

J. Chain. Phy~, Vol. 64. No. 8, 15 AprIl 1976
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TAB1,F IV .  Molecular constants of the F—h system of 1312 .  TAIILf. V. Potential energies of the H
state of ‘~~2 (.1 0 rotational level) .

State =‘, ., ,~, - =v~ B, ci , —

63.3 s ,5 0.014230 1. 5’ 
, (11cm”1) r ( . ’\)

F5
1, 2 0. 1 1 ~~‘5 ‘ 1 ‘ I ((~ (1 0. (3 3,11022

0 .5 63. 452 2.9534 3,0543
127 , 05 0. 29 1 ‘ 10~ 0. 0 1794 4. 6 ’  IV ”

B 1.5 1449. 91 9 2.91 9s :t . 094 9
* 0 .1 t O O l  2~~ lO ’~ t 1 ’ l0~ 2.5 :113 .7 97 2.~~97~ :3. 124( 1

3.5 441 .079 2 .44799 ( 14 * 3
‘All molecular constantS are’ given In cm~

constant= of this state are derived tr I ll Inten sity data. 
3 .5 305 . 761 2 . 4405 2 3 . 1 7(12
5 ,5 0 = 9  il: 2. 4 4 5 2 2  3, 1
6,5 13 29* 2. 44 4 00 1 . 2 0 7
7.5 9 3 ; , 141 2 . ~ 0)(( 3 . 226:3

same ,~s In the J - 0 ‘.isv . The turning lxiints r~ .triil ‘, 
~ . ~ ~~~~~~ :45* 2 , * 2(13 3 ,2431

of the vibratiii,tal — r l l t , I I I I  rial level depend .1144 U~~~I 9 5 1179 .94 5 2. *113 3. 2592
the rotational number ,,F’ is well is .

~~~ ,.,~ 
- , , — . 11 1 . 3 1:300 . *93 2. 440 2 44 3,2747

The comparison of me .Lsured and ca lculated intensitii’s 11 .5 1421 . 2) 12 2 .7949 3 . 2 44 )4 ’
again provides the final adjustm ent ‘ 3  the dert~ i ?  con- 12 .5 1540. =39 2 .7=74 : . 3045

stants f l ’  the u j i i ’  eh ct ionic state. H w i’ve r , it 13 .5 I )4 , 440 2 .1.744 02  3.31

should be kept in mind tha t now t t i t ’  wavefuncil u. , 
1 1 ,5 l77 . 2 4 .1. 77 14 :1 :1:129
15 ,5 1*14: , . =79 2 , 7 ;l; :1 . (407

are obtained using the ‘ f f t c t  v i’ r,i IIai I t,’nti ,Il (‘Ic , .1) 0 .5 24 ) 12 *4411 2 . 7606 3,3602
given by Fq. (5) which Includes th t l a ~, nal L’’)ntri— 17 .3 2 1 2 9 , 213  2 . 7 . 4 ,  3. 3730
bution , Given in Table IV a r t ’  vil,r.it iun.t l and rotation— 1= . ... .1244 . =4 1 2 .74s * :1. 3=67
al c instants of the upper ele’c tr ’ inic st.II’ F of 1’ e !~—B 3 9 . 3 ~~~ 7”” 2.74.11 3 . 19)4 7

doublet serie s as derived front inteics,tv tata f ili M’lflg 20 .5 .1474 , (4 : 37 2 . 7:177 3.4126
the method described .ih)ve. The constants u the 21 ,5 25 * 7 . :,54 2.7324 3.4253

lower state B also are given in Table IV , b~cause the 22 . 5 274 )0 . 4 22 2. 727:1 3. 4. 179

derived constants 1 the F st.t l i ’ , especially B, and 23. 5 .14412. 345 2 . 72.13 3. 4504
24 . 5 2)423 , 9441 2 . 7175 3. 462-

are strongly correlated with thos e of the B s ta te .  In 25 ,5 3034.621 2 . 7 127 3.4751
Table V and VI we present potential energies and turn- 26 . 5 :1144 Se,:) 2 , 7u = 1 3.4~ 74
ing points for the E and B st a te ’~.. The measured inten- 27 . 5 3253.765 2,70 :36 3, 4996
sity data (closed lines ) and line intensities ca lcu lated 244.5 3362 . 223 2 .6992 :3 .5117
according to Eq. (1) (open lines) are show n In Fig. 5, 29.5 3469. 93) 2 ), 144~ 3 .523k
Agreement is good and the deviation is less than 5~ ~30. 5 3576. s79 2.69(46 3. 5359

(except for ,“ = 29, 30 and 31) , which is the exper i- 31. 5 3683 , 067 2 , 0 = 4  3,5479
32.5 ( 7 4444 , 4 * 4  2 .6 2 3  :3 .5599

mentally determined uncertainty in line intensities of 33 5 3=93 127 2.67 83 j ,571s
the F—B photoluminescence . Uncertainties in derived 34. 5 .3996.989 2 .4174 :3 3. 544 : 3=
constants are established by the variation of these con- 35. 5 4100.064 2 .6703 3. 5957
stants not leading to changes of more than 5~ of 36.5 4202 .345 2. 6665 3.6077
line intensities. Deviations of measured line intensi- 37,5 4303,44244 2,6627 3,6196

ties for p ‘
~ 29 , 30, and 31 are due to a perturbation of 38 .5 4404 . 506 2 .115449 3.6315

the lower electronic state B. The most strongly per- 39. 5 4504 .3 73 2.6551 3 .6435
40.5 4603.422 2 .41314 3 0554turbed level is r ” = 29, whIch is in agreement with per-

turbations observed in the position of photolumlnescence
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 cm”, 

the set of constants given for the F state in Table IV
best describes the upper state of the E—Bp hotolumines-

The procedure used In deriving the upper state vi- cence .
brational wavefunction by connecting line intensities
with lower state vibrational turning points r is some- III. TEMPERATURE DEPENDENCE
what arbitrary. We could also have connected the in- The excitation of two electronic states by one lasertensltles with the r turning points . Doing this and
following the procedure described above we obtained a line provides a possibility for determining the relative

completely different set of vibrational and rotational energy positions of the lower electronic states in-
volved. The measured intensity of the K— i  emissionconstants . However, the calculated Intensities do not

match the measured line Intensities better than * 30%
for any set of constants . Also, we could not reproduce TABLt VI. Potential energies of the E
experimental measurements by connecting one maxi- state of 

~~~ 
1.1 0 rotatIonal level).

mum with r~ turning points and the other one with r,
~ + ~ U(c m ’) r,AA) r.(A)

turning points of the lower state levels . A systematic
variation of the constants found for the E state givIng 0 0.0 3.3648
different calculated intensity distributions was carried 0.5 29. 625 3. 2959 3. 4472

out but showed much less agreement between expert- 1.5 76. 125 3.2346 3.5382
2.5 105.625 3 .1612 3.6492ment and calculation (Fig. 5) than achieved with the set 3.5 118. 125 2.9701 3. 9226

of constants given In Table N. Therefore, we believe

L 5 ~~~~~~~~~~~~
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FIG. 5. Comparts .n ti ,I,scrve,( ,i n 1  (‘alcu latv , I relatIve tntensItie~ (normalized to 1— 11 transition) of the E— B doublet photo—
lumine’s~ t r e e  “t i’ ~•= . The ex per lii it ’ rl1~i ( c obtained Intensity data ~re used (Set’ , II) 1,’ derive the vthrational and rotationa l con-
stants of the upper state E. CalculatIons of intensitit’- are based on in UNit potential curve ,tht :IIne’ I from the derived constants.
~\grecinent 4.~’3 W V I ’I I  e’xpe riment and ca lcul:iti,,n is within 5% texcept fo r perturbedlevels i’ ” 2)4 , 3 4 ) , and 31).

may be represented t )V tensitles of phot oluminescence lines against 1/7’, the

((K i) .VA(l reciprocal of the temperature (measured in the heat
(6) pipe) gives a straight line, which indicates that the1 r = , 1 ~~ * ~aP 51 ( T )+  e’p 51 ( T)  

electronic states are In equilibrium Vibrational levels
where i~ is the spontaneous lifetime of state K, T~~ IS also should be in equilibrium . Therefore , a change of
its nonradiative lifetime, e and o’ are quenching cros s temperature results in a change of relative populations,
sections for Bi,—Bi, and 11i2 —Bi collisions and and Measuring the relative change of photoluminescence in-
i’~~ are temperature dependent pressures of Bi2 and tensities with temperature yields the relative energy
RI respectivel y The number ( 1  Bi2 molecules (l)er positions of the vibrational—rotational levels of lower
second) in the upper state K is given by electronic states .

~~K V 1 (T)~ Q,,1 !3~~•~~ 
(7) An example of such ‘t temperature dependence mea-

surement is illustrated in Fig. 6. This portion of thein the case it exciting the upper level ic by a laser line
from a single lower level i, where .V4 ( T )  is the number photoluminescence spectrum of lii , exc ited by the 488.0

and 488.9 nm Ar laser lines is measured several timesof molecules in state i~ (~)~ is the Finstein coefficient 
In the heat pipe under the same experimental conditions.for the transition, and Is the incident light Intensity. 
The only change is an increase In temperature which is

The nuniber of RI, molecules In .e given state s is monitored by a thermocouple attached to the outside
connected with temperature T according to wall . The experimental set up used for these mea-

surements is described in the preceding paper.’ Figure
.V1(T)~ ~L~~

T1 
~~~~~ ~~~ ~ (8) 6 shows how the Intensities of the doublet photolunilnes-

t~~i 
~ “ '~~~‘ ~r~’ ‘ cence belonging to the A — V  and F — B  systems are

where N 0( T)  is the total number of RI, molecules and changed with increasing temperature. Prom the analy-
g, and g, are degeneracy factors. sis of the white light photoluminescence and of a ther-

mal emission spectrum of the A—X system of Bi5, the
The measured intensity of photoluminescence follow- gas temperature of the system Is known to agree within

Ing laser excitation therefore depends upon the tempera- 10% with the measured wall temperature. Assuming
ture T and reflects the population of the lower level i. that quenching and other collision induced effects do not
Taking Intensity ratios It can be easily seen that ,v0(T) , greatl y change the intensity ratios in a given tempera-
which decreases wIth Increasing temperature when ture Interval, the difference in energy between two
keeping the pressure constant, has no influence on the vibratIonal—rotational levels of different electronic
ratios . Only the part [aP,,5( T)4 0 P 51 ( T )]  1)1 (III) de- states may be represented by
nominator has an influence on the Intensity ratios , be-
cause (1/r b 4 1/i-,,,.) depends onl y on the structure ~ i”J ”) ’l [I,(t ”J ’, “J”) 1”1
the molecule, A semilogartthmic piot of relative In- 4(t ”~ ’, “J”)j r Ii~(”.J ’, ,,4? j~D)j ,,

J. Chen~. Phy,,, Vol . 64. No, 8. 15 ADril 1976
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I ’ ) ~ fl

F’ 10. . I’ rt ion of the pho—
toliin,inesc’ence of 1(1 2 CX—

II , 
‘ L

~~~ ) ~ CiLe(i by the 15~ ,O am and
485 .9 am Ar’ laser lines.
The spectra are taken it
109 9 , 11)4 ” , anti 1350 K ,

“‘ ‘1 ‘l’38.O rwn m ental pa ranieters kept con-
v,’her,’:is all other experl-

stant. Two doublet photo—

ferent elu.~ r ,riii transitions
(.4—X and E—B) are in ’ti , ate I

II ~ B lumiiit’s,’enc c series of clif—

‘ I I Ii I I I I I

of relative intensities ri ith

I ~ 

by lines , so that the chan1~t

temperature can I.e e:isli v
seen. The intensity sc ale of

II I ~~ 
~~ 1 ‘ the spectra is different for

- 
t ‘ I I different teiir; eratures.4’ ~ 

.

T

:e xp [— ~~~~ ~~~ ~~~ ~ \] given in Table I. The earlier work3”5 on Eli2 which has

~
, t~’~~’ — ‘~7,)j ‘ been done in absorption and emission was based on the as -

sumption that ,V is the ground state and .1 the first excited
where If r ’ ,J ’, :“J ”) is the intensity .1 a given line, state of Bi,. Laser photoluniinescence experiments ’
T5 and T 1 are the temperatures in K of the system , clearly show that these assumptions are not valid. We
F,, .t nd F’~ are the energies of the two vibrational— also find that the electronic state X’ is 1500 cm~ ± 800
rot,itj onal levels if the electronic state s a and I,, From cnr 1 lower in energy than the .V state originally con-
a semilogarithmic plot of (1,, 1, 1 

~,, (1, ~~~ 
versus sidered as t u e  ground state of Eli,.

1 r 3 — 1 T ,) the value i~E~ F,— 1~ can be obtained.
Such .t seniilogarithmic plot in a case where the pho- IV. POTENTIAL CURVE DIAGRAM OF Bi 2
t”lu iuznescenee intensity of the .4—X system is con,-

All the known information about the bismuth diatomiePared with that of the (‘ — 8 system is shown in Fig. 7
molecule is summarized in the potential curve dia-where the error bars represent maximum deviations.

The energy d ifference between the r state and the \‘ gram of Fig. 8, based on results of earlier work3
~~ on

st .tte derived from such a plot properly normalized is Eli, as well as on laser photoluminescence.’ The po—
. 5000 cm ’ s  ± 2~~ . The accuracy if the value ~ E

ni~tv b~ Incrt’ ,&sed liv taking different pairs of doublets
into ,i(’(’ount . II ,wi , i’r , the achIevable accuracy is 5
limited by t he assumption that quenching and other col-
lision indee ed , ‘ f f t ’ t ” i’ .trc ‘1 minor imix~rt ancewhile taking

I-
rel.iti v intr’nsi~~ Wit . i  The accuracy nu ,iv be somew hat
improved by knowing the number of Eli, molecules in a
given state V as .t function of pressure. From pres-
sure (iep en df ’n ( ’ .’ measure ments w i know that the F—B
tntensity does net change very much with pressure , but
t he A— X int ,’nsitv does depend strongly ‘n pressure. “- . -

Therefore , we have to correct in a first approxima- ,~II Ition only the 4—X intensity according to the changIng 4

density of Bi,. The temperature T5 Is correlated to
the Bi, vapor pressure maintained in the heat pipe ac-
cording to Ps,, - f ( T ) .  7’, Is a higher temperature,
therefore T0 /T, a Is the correction factor for each
ratio taken at T~ and 7’,.

The values obtained for the energy difference between
the bottom of the X and B state potential curves is given
in Table I. The uncertainty for thIs electronic term 

~~~~~~~~~~~~~~~~~ 
I I I I I

value T5 Is mainly determined by errors Introduced o 0.5 1,0
through temperature measurements and by errors con- l/T0 — iT, tio-4 K~’)
nected with the n,easured intensity ratios. Electronic FW. 7. Semtlogarlthmlc plot of Intensity ratios, obtained by
term values 7’~ obtaIned for the K’ and 4’ state obtained temperature dependenc. measurement., from which the en-
by temperature dependence measurements are also erget ic position of an electronic state can be derived.

J. Ch,m. Phys.. Vol. 64, No. 8. 15 A~ iI 1976
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bismuth molecule. The p0-

F 1G. “ . l’u.tent ia l curve4 4. I,~ uliagram of the di.’itomii

I tential curves for the t~~un ,i
electronic states are cal—

S3,2 + 2D~3f2 culated ItNit l)oU’ntta I cli
(~oIiu l linel based on the mo-
lecular constants (Table ii .

Potential curves uuuIl(’ate I
by t,roken lines are only

I 

+

characterized by an approxi-
mate value for electronic

20H energy T1. Potential C’ UI’S° (’S

for the repulsive ‘.t iites are
- 4

constructed using the a~’ail-
able data . The equilibrium
internuclear distances r,, if
not given by experimental
data , are estimated from

10-

0- -

I I ‘T~
-”-’1

~
’——-r-——r ”- ”e— I

2 3 4
I NTERf’&CLEAR DISTANCE r ($..)

tential curves for the bound electronic states are cal- From rotational analysis of partially resolved bands as
culated RKR potential curves (solid lines in Fig. 8) carrIed out by Aslund ef a!. , rotational constants are
based on the molecular constants given in Table I. known for the A—X system and therefore r, values may
Potential curves indicated by broken lines are char- be estimated for the other electronic states.
acterlzed by an appr~ cimate value for T1. Potential
curves for repulsive states are constructed using Energy levels of the atomic states of Bk are taken
available data.” Energy positions of lower electronic from Ref . 15. Combinations of different Bi states are
states are obtained from temperature dependence mea- used as possible dissociation limits according to their
surements . For the higher electronic states D, G, and energies and are given on the right-hand sIde of Fig. 8.
0, the value of 7’~ had to be changed by reanalyzing The dissociation energy of Bi5 is not very well known.
earlier data’t  in the light of laser photoluminescence Gaydon’ gives a value of D0 = 1.85 eV * 0. 1 for the X
Information, Fquillbrium Internuclear distances r5 state whereas Rosen” gives D, = 16500 ± 500 Cm” (2 . 05
for most electronic states are estimated according to eV) for Eli,. Recent mass-spectrometric work done by
the empirical relation r~’s ‘.e,. const. This relation be- different group&- suggests D5 = 15 500 cm” (1, 92 eV)
tween r, and ~ holds faIrly well for the different elec- as the most likely value for the dissociation energy of
tronic states of the same homonuclear molecule. “‘i Bi,.

J. Chem. Phy.., Vol. 64, No, 8, 15 April 1976
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A grap hical l3irge—Sponer extrapolat ion ui the mea — the lower state seen  in absui ption. Considering the
sured v ibrational SPaCIT1eS of the t state leads to .e vat— theriiial poptilation (if the’ ‘1 s tat e which is only — 10” of
ue of 1 ,. 17500 cm” for the V st , i t4 Beu - ,uuse ’ suet, an the ground state e’von it temperatures ’as hi gh as 1270
extral)uulation usually give’s a high va lue’ for the dis— K, it seems improbab le that their absorption really
sociation ene,-gv , ii is bel ieved hut  the .V stat e ’ dis- originates from the 1 state Observation of thermal
se uci ale ’s into Di ciound st.t te ,4TI31315 l”iu , uu i  tempera— enlissiuun fr uut iu the A sl it o di es not prove that the l)opu—
ture dependence measurenht’Iuts . we f ind that the d ee- latiu,n is high enough fw ’ absorption because emission
tronic state N’ is 1500 cm” a 800 cni~ lower in energy can be observed niuch more readily than absorption.
than the N state which earlier worke rs cons idered to We believe that the absorption into the Li and 0 state as
be t he ground state, Wi’ believe that this .V’ atate is measured by Almy and Sparks originates from higher
more like ly the ground stat e ’  II Eli2 Vibrat ional per- vibrational levels (r” - 20) of the .V ’ state which fits the
turbations seen in the X state and in this lower state measured vibrational spacings . With this assumption
are further support for this conclusion The dissocia- the value T1 of the upper state D is changed drarnatical-
lion energy If the ,V’ state is 1’~ - 14 500 cm”, esti- ly The position of the repulsive state 0 .ss given by
mated accord ing to 1), ~~ /4 ~j,x, indicating that the .V’ photolurninescence resulting from white-light excitation
state also utissu icia tes into Eli ground state atoms , and from 514 .5 nfl, Ar ’ laser excitation is then also in

agreement with the continuous absorption measured by
Within the framework of two v e r y  l w  lying states in Almy and Sparks,

Eli,. an experimental observat,uun of Alouv and Sparks ’
can now be well understood They found that the enei’gv The earlier work~~’ on Bi, was based on the assump-

tion t hat 4 is the first excited state of Bi,. Laserrange of absorption in the A — V  system depends strongly
en temperature, whereas, the absorption into a higher photolumineseence experiments clearly show that this

state C is almos t independent of temperature and much assumpt ion is not valid , We find bes ides the .V’ state

more intense . An explanation for this can he easily two more bound electronic states B and 4’ lower in en-

given by assuming that the absorption into the higher ergy than the 4 state . The T1 values of the B and 4’

state C starts from the tower state V I instead of star t ing states are approximately given by temperature depen-
dence measurements , The dissociation limits b, offrom the .V state. Because the equilibrium distance i’~

of the lower state .V ’ and that of the upper sta te c are these two states, obtained by a graphical Birge—Sponer
almost the same, the Franck—Condon factors for the extrapolation of the measured vibrational spacings, led

C—X ’ system are more favorable than for the to J)~(B) 9900 cm” and I),(.4 ’) 890t) cm”, indicating
that the B state probably dissociates into Bi groundsystem.
state atoms , whereas the dissociation limit of the .4’

Aln,y and Sparks’ did not recognize this lower state state does not match well with possible dissociation
because the diffuse band heads in their absorption products.
measurements did not allow an accurate determination The estimated limit for the A state according toof vibrational spacings . More recently performed ab- 

D1~ 4/4~’,ç is D1 .= 13 500 cm” and seems to indicate
sorption measurements by Topouzkhanlan et al. at that the .4 state dissociates into Bi(4 S,12) and Bi( ’I) ,,,) .
low temperatures (1070 K) contain many unassigned
band heads. Some of them can be assigned to X’ * C The broken lines in Fig. 8 indicate electronic states
absorption. This lower state .V’ has probably been which are observed in absorption’ (F state), in emis-
observed earlier by parys’° in the photoluminescence sion’ (F! state), and in laser photolumlnescence experi-
of Bk vapor excited with the light of a Hg lam p. He ments ’ (K , L, N states). Except for approximate val-
photographed doublet series with i,~ ’ = 309. 1 Cm”, ues for T1, all other molecular constants for these
which is about twice as big as i,, .~’ 154. 29 cm ’ which states are unknown. The potential curves for the .1! and
we obtained from laser excited doublet photolumlnes- C states are based on the constants given by Almy and
cence . Parys obtained this u~~’ probably because weak Sparks’ and that of the I state is based on the data given
Franck—Condon factors prevented the observation of by Reddy and All.’
every second transition. He found a difference In en- The electronic state G was observed by Reddy andergy between the electronic states Involved as 23092 

All’ In emission. They claimed that the lower statecm”, close to the approximate value T~ = 24 000 cm” of this emission is the A state, because of close agree-derived from laser photoluminescence data, It is sig- ment of measured vibrational spacings with those of the
nificant that Parys obøerved the ~~~

‘ 309. 1 cm~ Photo- 
A state. The C state also is observed in laser photo-

luminescence series at temperatures as low as 770 K, luminescence experiments’ as the lower state of awhereas the ~~~~‘ = 173, 2 cm ’ photoluminescence was ob- doublet series with molecular constants given in Table
served by him only at 1010 K and higher temperatures. I. However, the laser photoluminescence data do not

Another part of the absorption measurements by Almy support the conclusion of Reddy and All that the A state
and Sparks’ also must be revised In the light of the Is the lower state observed in emission and the subse-
laser photoluminescence experIments . Almy and Sparks quent value of T, for the 6 state, A Franck—Condon
claIm that they measured discrete absorption from the factor analysis shows that there Is no overlap between
4 state into the D state and continuous absorption from low vibrational levels of the ~4 and 6 state where , ac-
4 into a repulsive state 0. From the close agreement cording to Reddy and All, most of the transitions should
of the vibrational spacings of their lower state with that take place . Moreover , the ~e,x1=0. 6 cm” value for the
of the A state It was concluded that the A state must be A state as given by Reddy and All’ from their analysis

,J Chem. Phy,., Vol. 64, No. 8, 15 April 1978
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of the 6—4 emission does nut .egree wit Ii the value propriate description of the V’ state, since it is prob-
~~~ ~, 0.32 cnr’ obtained liv se vera l other group5~~l ably the ground st . i tO of Bk ,. if, however, the phato—
.ind ,ils,u hr Reddy mit A~i~ analyzing different emission luminescence series with ‘,, ‘ 309 . 1 cm4 observed by
systems . The constants’ given ~~ 132. 3 cm~ and Pai’ vs ’° bel ongs to an electronic state othe r than the
o ~, 0.6 cm ’’ for the lower state of the .— .4 emission X ’ state, it might he poss ible that this would be the
system would rather f it high vibrat ional levels (, “ 50) ground state of Eli2, T herefore , all the symmetry con-
“I the N state , w hich have considerable Franck—Cun- siderations and assignments should be considered pre-
don overlap with low vibrational levels uif the 6 stale . lIn,inary.
The value fu)r T, obtained assuming that high vibra-
tional levels of the .Y state would be the lower part in The rotat iona l analysis 4 and the doublet photolumines-
the C emission systen, is 2106 0 cn~

4 , which  is close to cence of the A — V  system show that there are 0—type
the value T, 21 400 cm” der ived from laser photo- states involved. The fact that there are no’transitions
lum inescence data , observed between the .4 state and the lower X’ state is

believed to be due either to the gerade character of the
The energy position 7’, 21 400 cm ” of the C state is 4 sta te or to the ii — rule, because the selection rule

based on the strong perturbation .uf the .4 state , seen in Af) = 0, ± I and the Franck—Condon factors are favor’white-light photoluminescence ’ and in several .4—X able. If the 4 state has ungerade character , the .V
laser photoluminescence series , ’ The HKR potent ial state must have gerade character , because of the g~~u
curv e for the C state is based cm the photoiuniinescence restriction, The weak interaction between the .V and
data given in Table I. the V states, indicated by the small displacement of

The F state is observed as the upper state of the ~~ ... v ibrational levels in both states , suggest that these tw o
B photoluminescence whose line intensities were used electronic states do not have different character
(Sec. ii) to derive F state molecular constants , The Therefore we believe .V(0 ) is the most appropriate de-
potential curve of this very shallow electronic s tate ser iption in Hund’s case (c), because the interaction
(t ’ =0, 1, 2, and 3 are bound levels) is given only for with the .V’(O ) state would be stronger if .V had o;

0 and 1. symmetry. The symmetry of the A state is very prob-
ably 0 , which could be one of the components of ‘TI,.

V. DISCUSSION OF THE ELECTRONIC STATES OF Bi2 The dissociation energies I) ,(X #)  = 14 500 em” and
D,( V ) r 17500 cm”, obtained from Birge—Sponer ex-

For the determination of the character of the elec- trapolations of the vibrational levels , indicate that thetronic states a rotational analysis of the observed bands V’ and .V state dissociate into Eli atoms in the 4 S,,,has to be carried out. This has been done only for the ground state. The possible molecular states arising.4 —V system of Bi,by Aslund et ci. ’ who identified the f rom two ‘S atomic states are ‘
~~~~

, ‘
~~~

, ‘
~~~ 

and ~~electronic state A as ‘~~~ ~or 0: in the notation of Hund’s which give in Hund’s case (c) description 0 (2) ;  0 (2) ;case (c) ) assuming that the X state is the ground state 1,,(2); 1,; 2,, 2,,; and 3~ . The ‘~~ ( 0 )  state arises
of Bi,. The configuration of the ground state of Bi~ Lfl from the ground state configuration as described above.
analogy with the ground state configuration of N,, ~~~~~ The ‘~~~ becomes 0~ and 1,, probably arises from the
may be w ritten as . . . (a,6s)’(a,,6s)’(~,6p)’ (ll,,6p)’ which configuration . . . (a,6s) ’(c ,,6s ) ’(c,6 p) ’(f l ~ 6p)’ ( tI ,6s) .
can give rise to only one molecular state ‘~~~~, as in N, The 5~ ; state belongs to a configuration of a higher
and P,.” Because of the increasing spin—orbit inter- excited state. However in Hund’s case (c) description,
action for the heavier elements of the Group V (the fine the ‘E splits into 0 , 1,, and 2,, but because of the
structure splitting 2D, 12— 2D, / 2  In atomic bismuth is strong spin—orbit interaction In the heavy Si, the 0~4019 cm ” whereas it Is only 8 cm ’ in atomic nitrogen), state could be located at low energies . The components
a Hund’s case (C) description of the electronic states of the ~~ state are believed to lie at higher energies,
of Bt, becomes more appropriate. The electronIc Assuming that there is in Bk,, even at strong spin—
states in case (a) and case (C) description are readily orbit interaction, still a correlation between the molec-
correlated, ~ The ‘l’ becomes 0’, the ~2~’ becomes ular states and the atomic states of the dissociation
0- and 1 and the regular ‘Il state is split into 0’, 0”, products , the K state best described having 0 sym-
1, and 2. The ground state ‘l~ of B12 therefore be- metry could originate from ‘II, which probably arises fromcomes o;. the configuration . . . (c,6s) ’(a,,6s) ’(a,6 p) (f l ,,6p) ’ (n,6p) .

Rotational analysis of the A—X system 4 shows that This result agrees with the known order of excited
states”~’7 in N, and I’, as the highest elements In the‘E.- ’E Is the transition involved. Because of the X
Group V. The first excited states in N, are A’1~ andstate being the lowest energy state observed by Aslund B’ fl,, while this order Is changed In P, with ‘H, andci ci. , ’ they assumed ‘z; as the X state and consequently 
than ‘1~ being the first excited states . A comparison‘E ( 0)  as that of the 4 state. However , spectroscopic 
of observed electronic term values T,, of the low-lyingdata and temperature dependence measureme nts of excited electronic states of the Group V diatomic mole-laser photoluminescence of 131,’ as well as the experi-

ments carried out by Parys’° show that there is an eules is given In FIg. 9, where straight line segments
connect states believed to have the same symmetry.electronic state K’ lower In energy that the X state.
The energy of the electronic states 7’~ and the symmetry

The doublet series observ ed in laser photolumines - designation are taken from Ref. 13, 17, and 21. This
cence’ and by Parys ’° suggest that the K’ state has an com parison seems to Indicate that the ~EI, molecular
0-type symmetry. Therefore we belIeve o; is the ap- state Is the first excited state of the Group V diatomic

.1. ~Pism. Phys., Vol . 84, No, 8, 16 AprIl 1976
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molecules (except N,). Because of the strong interaction of the G and A
states , observed in white-light pho~olumInescence’ as

The character of the B state is mos t probably of 0 well as in laser ~~~~~~~~~~~~~~~ we believe the
symmetry, because of the doublet series observed in symmetry of the 6 state is the same as for the A state:
laser photoluminescence .’ However , It cannot be ruled 0 .  The interaction between 0 and 0: would be much
out that the B state could have 1 symmetry with the Q smaller ,~ The 6 state is the lower electronic state of
component not being observed due to its weakness . The a doublet series observed in laser photoiurnInescence,~
extrapolated dissociation energy D• - 9900 cm” Indicates This also supports the designation 0: for the G state.
that the B state dissociates Into ground state Bi atoms . A reanalysis of the emission observed by Peddy and
However, there is too little information available to All,’ which Involves the C state as the upper state,
decide upon the configuration from which this B state leads to the conclusion that this emission goes to high
originates, vibratIonal levels (v ” = 50) of the .V ( Q )  state rather

than to the A state, which agrees with the assumed 0:The A ’ state is the lower electronic stat e of a doublet
series observed in laser photoluminescence,’ there- symmetry for the C state. From the estimated dis-

sociation energy (f),= 4500 cm-’) It seems likely thatfore probably having 0-type symmetry. The extrapO- 
the C state dissociates into Bl(’S,,,) and Bi(’D,,,).lated dissociation energy 1.), = 8900 Cm” does not match 
Because the mainfold of molecular states correlatedclosely with possible dissociatIon limits, but It might 
with ‘S,18÷ ‘1),~~ is so large, no attempt has been madebe correlated with Bi(’S,,,)+ Bi(’S,,,). ft Is again not 
to ascribe the 6(0:) state to a specific configuration.clear from whIch configuration this A’ state arises.

The electronic state E is the upper state of the E—BThe 4 state whIch Is the upper electronic state of the doublet photoluminescenc e whose Intensity pattern was
A—X system has been observ ed in absorption,” emis- used to establish the molecular constants of the E state,
sion” and laser photolumlnescence . ’ A rotational (Sec. II). The symmetry of the E state could either be
analysis’ and the arguement s given above identify the o or 1, bec ause a doublet photolum inescence serIes may
A state as state as being of 0: symmetry . The esti - arise from 0—0 and from 1—0 transitions,” the lowermated dIs socIatIon energy D~ = 13500 cm ” closely state B being of 0 symmetry. But the available dataagrees with the Bi(’S, ~,) + Bl(’D,,,) dissociation limit, allow no determination of the character of this state.This dissociation scheme for the A(0 ) state also was
sugg ested by Almy and Sparks . ’ Almy and Sparks’ observed the electronic state D in
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absorption ( 1) ’- 4)  as a strongly predissociated state . *W ork suppo rted iii c i i )  by Office of Nava l Research , (‘on—
How ever , a reanalys is of these data in the light of the tract No . N000 14- -A- 02 0 ( i -50 13 .

photoluminescenci’ data seems to Indicate that Alniy’s ‘l’resent address Fakult’iit f’i~r Ph~ s i k , l.’nlverstiy of F’reihu rg
0 78 l’ reiborg, West C .e r rnanv ,absorption j ut , the I) state originates from higher vi— G, Gerber , K. ~v ikurai . and H. P. ltroola , .J. (‘hem. Phys.

brational (r ” - 20) levels of the .V ’ (0:) state. The re- 64. xxxx (1976i . pre’eding pape r .
pulsive state if , observed by Almy and Sparks in ab— 

~~ 1k’n1tr~der , M. Mc(’llntoc k , :,,i,t U. N. Zare , J. ( hem.
sorption, could be the state causing the predissociation ptiys , 51, 549 i (19691 . K, Sakurai , S. E. Johnson , and II.
of the I) state. The available data do not allow any P. Broida , J. (‘hem Phys. 52 , 1625 (1970).
speculation about the character of the Li state iG. Si. Ahoy, F. 1.1. Sparks , Phys. Rev . 44, 365 0933). G, M.

Almy. J. Phys. (‘he m. 41, 47 ( 1937) .
The electronic states K, L, and .5’ are upper states of 4N. Aslund, 11. F. Bar, ’ow , W . G. Richards , and 0. N.

different electronIc systems excited by the Ar laser Travis , Ark. Phys. 30. 171 (1965) .
where doublet photoluminescence series occur and “S. P. ltedth . M .  K. 511 . .J. Mvii. Spcetr i’sc . 35, 285

therefore having either 0 or 1 symmetry .. Because the 1970).

states C, F and II , I are observed in connection with U. ltvdberg, Ann. PhysiL 73, 376 (1931) . 0. Klein, Z.

states of 0 symmetry in absorption and emission, we Physik 76, 226 09d2 ’ . A. U. G. itees , Proc . Phys. Soc .
A 59. 998 (19411.believe these states have either 0 or 1 symmetry . ~ W . Nicholls and A. I.. Stewart , “A llowed Transitions ” in

Owing to the lack of rotational structure in most elec— Atom ic and .t ioR ’eula r P vocecs .’s , edited by 0. U. Hates
tronic transitions observed in Bi, there has been made (Academic , New York , 1962) , (‘hap. 2.
no attempt to systeniatically classify and relabel the ‘J. W. (‘ooley, Math. Compu. 15, :163 (1961).
electronic states. There has been reported an unknown ‘B. G. Wicke, Universit y of California , Santa Barbara (pri-
electronic system of Bi, by Singh ci t’zl. ~ They in— vate communicat ion). The authors wish to thank H. I;. Wicke

for making these programs available to us.vestigated the spectru m of BICI by dissociating l3iCl3 t t li N. Zare , J. Chem. Phys . 40, 1934 (1964) , R. N. Zare ,in a discharge and observed in addition to the A—X sys- University of California Radiation Laboratory Report UCRL-
tem of B1CI about twenty new bands in the region 620— 10925, 1963.
650 nm . The bands have been fitted into a Deslandre’s “j . L. Dunham , P hys. Rev. 4 7, 721 (1932).
table, the lower and upper state vibrational frequencies ‘2J. I. Steinfeld. U. N. Zare , L. Jones, M. Lesk , and W.

being w ’ a 103.2 cm”, co~, = 94. 7 cm”, u~’x~’ = 2.45 cm” Klemperer , J. (‘hem. Phys . 42, 25 (1965).
and u,x~ 5. 2 cm4 with ii ,, = 15746 .34. Singh el a!, 5’ ‘3 G. Herzberg, Spectra of Dio.tomic Molecules Wan Nostrand ,
believe that the bismuth diatomic molecule is the emit- Princeton, 1950).

~R. T. Birge, Phys. Rev. 25, 240 (1925). R. Mecke. Z.
ter of these bands, because of the absence of axiy 

~~~~ 32, 823 (1925).
chlorine Isotope effect and because of the vibrationa l 1~(~ ~~, Moore, Nati. Bar. Stand. (U.S. ) CI rc. 467 (1949).
fr equencIes for both the states are of the order of 100 ‘CA. G. Gaydon, Dissoci ation Energies and Spectra of Diakimic
cm” whereas bismuth halides and oxide correspond to Molecules (Chapman and Hall, London, 1968) .
much higher frequencies . However, the available data ‘TB. Rosen, Spectro scop ic Data Relativ e to Diatomtc Mole-
do not allow any determination of the energy position cules , Interna tional Tables of Selected Con stants  (Per-

Vf r)  of the lower electronic state and of the symmetry gamon, New York, 1970).
J. Kohl, 0. M. Ury, and K. D. Carlaon, J. Chem. l~ y8.of states involved. 47, 2667 (1967) . A. K. Fischer , ibi d. 45, 375 (1966), R. F.

Porter and C. W . Spencer. ibid. 32, 943 (1960).
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(‘I lt~Ml( ~LL\ RI’ \( I IM~ BISMUTH ANI) NIT ROUS OX ID E IN ..~ HEAT PIPE OVEN*

k .its it ii : “ Ski  R SI t h u  III’ I4ROIDA
/1. ~u i r i i ’ ~. i i i  vi / ‘/ i  i uji i . i  H!,, ,’ f l h l l l l I J i j , f i f j u I ,  , I ICCI ‘?‘i I f i  ii) ( .1,1 ’ ‘vi,,,,. Sio,ta Rau/,,.i ’ , (aI,Ior,,iu ‘I ? !  f / I , , I .5 I

4
1 1  Ltu ;,l,, I f f l , , i I

k t s r s u ’d nf.lI i , iS, n i’1 ‘‘ ,‘ iu, ’ ,l I t  \ ‘ u ,’l’ i)’ ii l’t ’5

l’) ru ’ ht’ir Ii . .1) t..’Ju iii ins t,t ’t iS CC’  fl (115111 Ut Ii .i rid ii s ida ni in a he.r I pi pu i v  U ire desc ribed. Sir ‘ l iv Ii ,‘ni it urn ines~ C [CL

C ‘I i i ‘ S 2 11 i I ~~.is .h~ c ii ,) in tire ,c,i, li ii stit h \ ,()  ,ind rit e uil ’ r , it iuinal remp erat UrL’ ’’ l the 5 2 11 1 state si C’

i’i ’ .isii iu ’uI I, ’ ‘ u . 1 ci i  • ~i ii K.

‘S ti2i.’ i.’Ii t ptcl irr i it ta t % siud~ f t  the’ tc ’act l t i n ot [Ia ,~~~~
. . .

, , I’’ ”

.iiid 
~~ ~~ ~‘ ~~~~ ripe ‘~ c’fl lt,i’ de itit ins itated the

Ut ii Is I it SItS ii C ‘veils liii studie’~ ii c heirrical reactions
etiseeli ii~~taIs and i l \ iu ) , I iC )s . W e have tested two / ‘

dii le rent heat pipe con figurations wit h chemical ~~
‘ - — ‘

reaclii ’ nIs iii lIt and lIt , 5., n i t  iixidaii is.
One heat pipe c r isisled ‘t a simp le cross’sliaped

‘~I .titi tess s t ee l  pipe w ith .i slJIrile’ss st eel  s~ ic k in a ‘ .~u

S c m diarneler II st aot less  tube. The other heal I , ‘
pipe ss Is mitre com plicated. I is shape was a double I.. ~~ , 

‘

c ross . ci ’ i,s rs)  ne i t  ~ cm diameter sta in less steel ‘“. — - -  ‘ . 
,,
‘.--

~~
‘ -

tu hes .e  iglit s e s  of 2 5( 1 W heater elements , and I

additional cooling s~ s tems Te tt i peratu res of the

heat pipe se l l  s tere ii rdi eated h~ .11 1 alunrel ._ ‘ ‘ . .

chrumel thermocoup le at t ach ed dire~ t l~ to thc out-
side st i r )  JcC of t he ‘is en ( fi g. I ). When the heal pipe
is s~ ir king properly. the tem perature inside the heat l ug. 1. Heat pipe -.,sv v .

pipe is in equilibrium at a pressure determined h~
Sr huller gas pressure. Vapor pressures then are /ti nes . About 4 cm outside the sharp boundary.

measure d i s  a pressure gauge, and temperatures are particles of bismuth we re observed, The metallic

i)hLiiied Iron, vapor pressure versus temperature particle re~~on was about 4 cm long when the lIt2

tables. 12 .5 mm diameter quart .’ tu bing was used to vapor region was IS cm. Sca itere d light from t hese

introduce microwave discharge products into the particles was completely plane polarized , indicating

center i f  tire metal vapor repon , and 3 mm stainless particle si/e s much smaller thait the wavelength of

stee l tubing w ,is used to introduce other reactants , light 13 1 . F.ven when the buffe r gas pressure was

Laser induced photuluminescence of Bi 2 mole’ higher than the equilibrium vapor pressure and heat

cules (2 1 was used to  determine the distribution of pipe action s~as nut complete . there was a separation

metal vapor along the pipe . Metal vapor existed only of the metal zone from the buffer gas zone. We believe

in the middle heating zone , and a very sharp bound’ that operation in this steady.state condition, without

ary was observed between the metal and buffe r gas equilibrium heat pipe action hut with a separation of
the m etal rich zone front the but’fer gas zone , will

Stv iu r t  suppuried in pan by Office iii Naval Research , Con- be very useful for chemical reaction studies as well

itat ’i No. Nt)OOl4’69-A~O2t)O-tlOi3 . as for spectroscopic measurements.
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We have tried chemical react tou s between bismuth
and sese t ,tl ,‘x i d j i t s  such is 

~~2’ 
discharge d 01 . \ 2(

and Ni 1- .. l)uiitig the cl ietn i i c il te . ic ti i it t , lase r phitt i— ‘lur itinescerice ii .is used to ulet e s I change s in the co it- i ,o~
ccl i i i  .111 11 1 ‘f lIi, as well as lS ’.I~ l i n t F U ILIII L Is in the °

re,ictI ’i, ‘vi ne. I tx id. , i i is  sce ne t i t r , dii,,~’d into the
ir ri ddle I the heat pipe u s d 1 , Ni v isi b le chen nilum i—
l1L ’ssCti~ C sca s observed in t h e  reaction with () 7 Iii ’ 

~ , 
-
‘ ‘i - ‘

N 0~ , but liii laser i ,rduccd pil lt t lt hiirt)r n e scerice
s l t s ~c,l tha t 13i, was t ,i iall ~ constirtie d. ri th e reac — S

tutu between d i s ch i , i c ’ ’ ul iix~ gcir and bismuth, a fai t i t
scll ’sc gloss v,.is }i’.c rvs ’,l ii. the reaction ,ouie . It is 02b

so t .u t t t  that spec tra It.is mlvi i  beeir obtained hi.’ ua usc
t ine ha5 ’k gruuiid radiation f r o t h  the hint walls is so
l i t  cc . The’ shape ‘‘I tir e f l.imnie was conf u ted in a snrall 0’ L_ - ‘ — — 

, 
— ‘ ,_j~~ 

_ j ,,_,,,~~ ,j
0 5~~~ cr,

‘li e . tr i d icat it ig that the reaction Is f a s t . t i

,\hi ’se 130(1 K , the therma lly exc i ted u’s N tra i r- t ig. 3. S’ il’ r ,,r i ’n,it p,iputaiiori d ist rrhut iotr in th u “~ 2

s itil it i ot i3i~ a lso was ‘hscr~v’ il . l’he vibrationa l ihstr r .  s l.,t v vii RiO produced trorn Iti c reacti on vii bist nut t r ~nd

button of t he t herntahlv c x 5 r t e d  5 s t a t e  w a s ~ 2~~’ Vib rational populations C i t  acre obtain ed lvi our-,‘ i1l rig over the observed r’ prof ressnin. I’ ranck I u’ iidon
is I t s  us u is ’ ca lcuta ted vi the K KR nrc thod Li ‘l iC nrii~lec- u Ian

S 2,0 , ‘ ‘ t i ’ l , iT l t s  obta ined h’. Barrost ci i i .  14 1 . The l i i i  pressur e
was  7 t ,trr  and tire tempera ture  t~adin~u ,it the the nrni icuiuptc
,iut’i~.ie rhe ICC en sias 135 11 K.

determined (‘is tire measure d in te t t s i iv dis t ribu Oon
and ca lculated Franck ( otidon factors 14 1. The vi-
brational temperature was found to he 1050 ± 150K.
This te it ipti rature , as expected. ss as somew lrat I wi’r

- 
than that measured h~ the outside thermocoup le

-. ‘ ( 1320 K .  lotal pressure was 7 torr.
Re latively strong chenuluininescetice also has been

observed in t he reaction with N,0 at a butle r pres-
sure if 7 torr. T ile shape of the flame wa s round ,
an d the flame spread wr t In ii the oven tud icat ing a
slow reaction. During the reaction , ,lu v. pumping
was needed to nr ait i fain a constant pressure. Flow
rates of N () and hul ler Ar gas were est it irated to he

18 i~
)It) Ii) rtto lc ’c t i k’s s. The N, 0 flow wjs les.s than

..~~~~~~
‘ ‘ ‘ ‘

~~~~;. ‘ —~‘ — ‘~-—~~ one t hird i t  the total flow .
In the reaction with N 2 0 the c Ite rniil urn inescence

2 2 ‘ produced the ~ 2 11~ ‘~ t 
2~~ 2 sv st e r tn (if RiO

I ig. 2. RiO (A r r 1 2 X It 1 ‘2 f cti t ’ nt n itumt nescence spectra — I,
fr om the neal t i In ut bismuth and N2 () in a heat pipe ,iVe ri 

( 0g. ~ cc oh the v = () progression observable from

ai .i temperatur e near 1(150 K estimated from the vibrational U 2 to 10 and the U I progression from i’

distribution it lti 2 in the A sta le (see text ) ,  and a pressure to 5 . The vibrational tn t e nst t ~ distribution is slightly
ii 7 tort , thermal radiatt iin from the w ilts is very siTt ing at di f fC rent f rom spectra obtained previousl~’ by micro-
ringer wave lengths . The liiaer spectrum was taken at (1.2 . ‘ -wave discharges 14 .5 1. A rotati onal temperature if

nm resotritirr n , w hile the upper tine was  11.075 nm. Nit ciii- -

rection has been made for tire wavelength respirnsc iii the I 00 * ISO K was estimated from tire rota tiritr,d
As phouiimultipiier. i ru cii si i~ dist rihu ti otis when tire tenipe ra litre of the
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outsi de’ c. t l l  it t ine m eat pipe t t t cas ured 1320 K . in By putr ipin g. a steath’.’,iare 5 ot i duiu r i us i ’st ,,hl u s li ect
good ag reenia ’nl l  ss i i l r  t h e  vibrational ter nu per ature iii Iii this puttr p itug mode , q uatt ti t al lve studi es it 5Ire ’ m t —
Rn,. I’hue ’ vi h r_ i t t t rmnal  piipulati in dis trihuti ittn ‘ i f

’ the cal reaction ra te ’ ,  and phot ti ir s I L l S 1  sc i l l  he d ut t i cu l t .
‘s II~ 2 s t a te  of It iC) I fi g.3) gase .1 v ihia i it t nal tern— N l ,tr eu ,ver . in the prese tnt s~ s Te u iC . birth t ix idai r t  and

peralutre of 315 ( 1  ‘ 300 K. Itu addilioit t , i  1310 c’t iuis- the irnet al inlet tt t he a rc heutt ed lii t ite liver te’ itnpcra-
sivin , strong s’ rr l i\s i ’r u I  t h e  2 ,)~ • 4 s 1 t r a il st - lure. Thus , a large f ’ract iotn it rc.is h u g  ‘xi ,L ii t
t iuri l u t  the Br at ut i r i  it X 75 . 5 t i t ut  sca s observed. molecules were vi h rat i u itn a l lv ess ut ed.  sir ’,5e ~ 1 is

I)uriiug tire react i t n mr if ’ discharge d ~~, - t ite stait i-  trea r l~ 1000 cm , ain d sortie t i x i da i t t  rrna~ be de-
le ss steel niesin and gas i t i lets s i d l e  itxtdti ed. l ’ ve t r  t lte cut t ntposed hef ’ltre ente r itig tine re a5 t i in lone, \n ’ th ie r
quart ! tubing for the in let w as ‘‘eaiet l ’’ I ~‘tn 0f dif f i cul ty of (lie presetit s\ st er n is the sIn g hack’
quarti tuhing disa ppeared in eac h 5 hu , i u ts  i u ter i- grt uutnd therrnral ellti’ ,’ ,ilit l trom the walls. .‘ ind f r i n u r  the
ti t i t n l h~’ chet ritca l reaction in t h e  pts ’set lLe  if ’ hist itut in . tnre t al vapor Itself.
A t exces s pressures ( I S  Itt  30 1, ‘ rr I ot N 2 0, ‘viii it-luke
sirta l l pat tide’, sc ene observed i t t  t h e  chet ii ihutnnines- References
5’e tn t region. p i i sstIl ~ c& nt ln itig f ront tine i ix tda t i it in u t
sma ll m eta l l i c  particles. III ‘1 St. Ites s el , R.f . l) ruttin ier and lt.P, ttn ii ida. J . Appl.

Ph~~. 41’ / t 975 t  2 3 1 7 ,Itt the re act i i ’ t t  tn Ba md N ~O Ii i ,  metal is sup— ‘
— I), ,  l’ u’Ksr ri urr u , S. ‘s. I det steun and S W  Itens, n. Sr.rti-

plied h~ es ’a pi ‘i ,ut ii ni . wint le oxidant us supplied t 1(utln lord Reseur rct n Inc it t ut e Rep irt .
outsi de tine metal vapor re~1on. Metal rnxides and 12 1 ; . Gerber . K. S ,t k ir rai md lIP. l(r,iida , J. ( (rem. Pu ss.
other reactant  products c ittndet nse or are tra pped itt i 1 7 5 ) , st.hiiiui ted Iii puhltc .itii ’n.
t ire pipe and pressure remains constant, Urrfortunate l y, 13 1 i . \i. ~u1ann and 11.1’ . ttuu ’idui , J. App t. t’tr~.s . 44 t I’i~/ i

the bismuth and oxidant rea5 ’t i i i lu doe s not fit t h is l~ l R I .  
‘
,tarri’a . I ‘it (,rssuine and I). RusIu . i r u f i . P~~~ R i ,  -

m m d c  u t  operation it is tnece s sar,’ l i t renntnvc excess Soc . ~,3n i i i  ‘t67 i $1,’).
un x idarnt and products lii nnaitntaiir a stable pressure. 15 1 ~~ . S~,it i , 5 i. Pttys , Aoid . Sn. Ilung. 6 I IY ~ 5 i 73 ,
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OBSERVATION OF HOMOGENEOUSLY NUCLEATED FINE PARTICLES OF PbI2 BY

ELECTRON MICROSCOPY AND LIGHT SCATTERING *

J.D. EVERSO LI . K. SAKIJRA I and III’. BROIDA
I) ejia r nrn e ’nt of P/i i’i,u ’.c and Quantum 1, r s!,tnatu , I t i i ii ’rslt of (‘a!iJ inr ni a at San ta Ba r/ ta re ,

.~~,rta Bar/ tore. (‘a/ij ur,r ia 931 Oh, ISA

Receive d IS ()ct ,,her 1975

ltomtu gefleouS nucleation of l’h12 p.ir ticl es with diameters less IRan 1(1 nir ur t ray been observed in ~~ gas by white lig h t

su . rt te rnng. TIne relative inlensity of ’ the scattered (girt has been measu red as a tunuct iofl of w.rs et er n gt li Parti cle si/es and

shapes h ive been determined by electron microscopy.

S u e  effects u t f ’ elementary excitations in solids are
expec led when crystalline sizes become extremely

S 
, ‘snra ll. i.e. . less than a few nm. Some earlier experi- ~~:

‘ “t .  ~~~~~~ e - • , ‘ •.nients have been made with homogeneously nucleated ,~~ • •
metallic particles El - 41. This report describes pre- r ‘ •‘ ‘ •
liminary studies on very fine crystals of Pb12 . ‘ ~~

~~~-p , 
~~~~~

• •
~~~•

~~~ 0~~~Homogeneous nucleation of Pb12 cr ystals was oh- 
~~~ ~~, 

.

tam ed in flowing N2 at pressures from 0] 2 kPa . S I •• • 
•, • - S

• ‘ 2 ‘ -(0.75-  IS tori). Vapor from reagent grade Pb12 in an V1.. ,
•
I~ ‘~~~a •

alumitta crucible heated to about 600 K was entrained
~ J 

‘
nIl ’’ 

S

by the N2 flow. Since the N2 gas was in contaci wit h
room temperature walls , the vapor was cooled and 

5 
• .

‘ — ‘ 
,1

I 5

PhI2 particle nucleation occurred when the super- — ‘

t ‘ 
-

saturat ion ratio was sufficiently large. This method • ~ • • • ~~ 
.

.5of particle nucleation and the apparatus have been de~ ~ •
scribed for the work with pure meta ls (3 5 1 • - 

~~~~~~ f -.
Samples of “floating” particles were collected on .4. .

standard microscope grids exposed to the gas flow - 

— ‘ 
‘ ‘

-‘.‘ —a. — ‘. ‘ •~ .‘ .
downstrea m from Ihe region where particles were - . 5 ‘ • 4

formed. Electron microscope pictures of these par- • 
•~

‘ 
: ~.

~~~~~~ 
S

tid es show individual particles with diameters less -~ 
‘
~~ ~ • ~~ 

‘ ‘ 
~~. •

than S nm. Fig. I shows examp les of individual par- -. b 4 ‘. • J

tides. Shapes are not well defined but the sizes are - • 
- ‘

~ 
- a’ 

• a ~
a.

quite uniform, between hO and 30 nm. Occasionally, 
I

-
I. ‘~~~~‘ . ~ .. S ‘

~~~ 
‘
~~~

• 
~~~ ‘ ~

.
_ 4•under conditions of low pressure , partic le samples ~“ • 

• j  - . •,  
,
2

reveal a faint hexagonal outline on which smaller par- • 
~~
‘. ‘-  .

Work supported in part by National Science Foundation 1 mg. 1. Example of individual “floating” Phi 2 particles with
Grant NSI- -MPS74 -22 174 and Office i t t  Naval Research Con- irregular shapes but a sharp size distribution centered around
t a ct Ni, N00014-69-$0t3. 211 nm diameter (20,000 X plus photographic enlargement).

353

--

— 
“



7
354 J J) . 1’ i i  ‘ riuu/i ’ i ‘~ a! / 1/u viii ii’, ‘ t r i u ’ u u i  ,i uu ’I i ’ali otn uiJ Ph! 2 p ari i eh ’s

t i des can he sc ent ,  It is ptnsst hle t l uat tIre Inexagonal / ~\shape us an a r t i t a c t  i t t  the du i l leL ’ iuu i ru  ptiteess rai lner S

t inati an itrdicatron it t  a tl rahttt g~ particle. It is germ-
erahI~ difficult Itt detertt nir re tin slu t es. te rn l  gr owt hn
and movetmient take  place urn the grid surface rather ‘~_ 

- 

I
,

t itan iii tine ta pi r phase.
I t rl ikc pure metals I4~. Phi, particles tend to clunrp

or cisagula Ic tn tin long clia ins  amid lace networks as ‘ -

shown in fig. 2. I lighter nnagnitlcation than f i g. 2 in-
duci t~ s t iua t t iuese chains c i u tn su s t  it small particles - /
lituke ti t uigell i er. l’res unnna hly t ine ch naii rs are formed on /
h u e  dep os ut u~it n gui ds . t icctr t nn d i t f ra c l t u nnn phnot ungrap its ;.— —  — .~~— r- — — — —

~
— — — — ‘r “‘ i’

of t hese san t t ~u les s lu i isi a rin g pattern which hrave the “~ 
~~~~~ ‘~~~

‘..
sa nte dia meter .ts d it t r ac t  torn pa tterns obtained front . . . . - —I ig. 3. t ig ht scattering at 9(1 to the incident tight trorur fine
hulk nrateria h . irn d ica titng that the small particles have particles at a pressure near 1 13 kPa (2. 5 Iorr) compared to
t Ine same crystal  structure ,  scattering from hulk mater ial collected on the chamber waIls.

ligh t  sc ,u t te r r u iu i  f r unr nn “float ing” pat tu c les was oh. The relative ittten snt ~ has been cutrrect ed for instrument re~
serve d at rig h t  ang les to tine flow direction and to a sponse and ligh t soufte ttara cter isti cs .

sen r i rn- a rc w hn it c lighnt sltur cc’. Tine scattered light I ronn
fu me partic les appeared blue or bluish grey; larger par’

- 

.

l ug 2 Z e ~ n t  ssiirk ~ and tong chains arc formed by smaller 1-ig . 4. An example of hexagonal platelets collected from the
particles is st-en at tow magnification (5000 X plus photograp hic chamber wails. These hexagons are approximately 130 nm on
enlargement ), a side t40 .000 X plus photographic enlargement).

— - 
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t id es t ra pped  outside tIn t ’ t litwi iug g~ts L.i i ist ’tl a s t i lt ’ s ude na hk less . ap pea nu in g t in  he a f i t te lv divided piuwder.
s , i unet ~ i t t  cun It sr~d ;i.i t t e t t n s ~ 11w hluie lig hu l s,is total l y ‘flue t h ut c knn es s itt the wall  t t ra te r i ah decreased inn a
p latte-p o la r /ed utu d ica t i nig I lna t the rtn . ix i nnnt u r t t  particle period it ‘ ‘v c n a l liv’. a f te r  t’ \pu i s uru g to atnninsphere
s r/ c  ss .is Icy’. that i tine sa vc l enr g t h r  if ligh t W i t h  in— v t t r u d i t t t t nn s .  I its t t ta g tni t icat ion pitotttgrap hus obtained
creasi n g \~ g u s pt i’ss iu r  e t in e l t i t c u i s r t ~ i t  s~.i t ie re t f lig h t  w t t l n  a s c a r i r i u u i g  e lecl r itn nt n lc rosco pe  suggest t lnat
un u c r i ’asi ’il html ml us i t  k tn t t s r n  uf t h e  m tnc te ase is ~.iui se tf tuuacu o s c i t puc . i ll~ t he wall nnia te i ia l  us spongy. h i gher
r’~ gte. i i’ .- r t iu t nn hcts i n  g re a t e r  s u e  i t  the part ic le s . u tn aiz t t i fn c i i t i t tnu pin i t t t t g rap hns of t lte wall material oh—

4 ntt itnint ’I i i itit t a iinn wit h I m int t e s i t l n i t t i r t i  ‘ .y , i s  t ,u uned wit h t , . i t i s r t u u s ’ .u o uu electron ruuu c ro s co pv shows
used Iii measure t h e  re la i i se  spectra l  s~ . u t t e n r r g at ‘ i t t  clearl y detu ted Itex agut nal platelets witin dia m eters .us
ti n the inici d e tnt ltg itt - \ c i t lt cr pliits p tu o res c e n r cc ’ nnti r snnna l l a’. 41) nrnn ( b I g .  4 ) . I’ le c tro nt d r t f r a c t i t n pat i c ’ n ru s
rhiu t l , t l rt r u t ic ’scetnce w e re  detected. it iiI ~ et .t ’ .ti~ ‘.cai teu i tu g i t t  t i t u s  material are ~u ’ t u s u s t C t r t  wit h \ — T J ~ difi’racti i nrn
at the t i~ ile t i r  sav ek ’tugt lt  ssas u t h i s e n s e i l . F ig .~ sho’.’.s p a tt e n nr s of s i t u ch i  shnttwed peaks cinrres poitding lit the
t h e  r e l a t i ve  sc , t l i t ’ tn n tg  t u i tm  ‘‘t l i ta lu tng ’’ part i c les and. (00 1 I arud ( 110 )  platte’ . itt hulk Phi, cr y s ta ls .
f u r  u i r ip . i i  s i t u .  h u m  t tua ier ra l  co l lected t in tine walls .

~r ria Il shills ru pe.ik lteig hr t s arid pu isu tnu i nu s  s crc totted Referencest m nde t i i ?  b c r e n i t  c , i t uu t i t  lt tn ’ .  hut m u  c ,u nus i s t e t u t  pa ltert i
s~ .is t iutud Y ,c sser e tOil able nit  as s ociate anny (nf oh’

II K S  Ki nn iot u , anti I. \is li n,I. i , Japan. J .\~up l. l’tus’s. (i t 196 7 u
si’t ’.t’ut s t r t u v t t i r c  to k t i u i s t t t  a hsorptiutn m r  phot it lu mm rn— t t i 47
Cs~ t - tt~ ~‘ i t t  PhI 2 12 1 K. Kotti utto , . K,tntun ~ a . SI . \ , ‘ riu ii .ur ii .i and R. [‘ yeda.

I k ’p ’  ‘ s i t s  it Phi.,. I 4 nn r rtt th ick , cov ered most of Japan. J. ,‘t~’pI. t~t ’ . s . 2 1 1  963i  7 i i2
the t nn t- rt.’r i n  t ite v .i~uuim cinait rher in I to -4 h of 13 1 l) .% t . Shanri ari d tt . P. Hrunida, I AppI. l it ) s 44 197 3 t

‘pt-u .i t unifl. flits “ .s .t I b i i . i t e r i .u l ’  sa s  r ut t us t likel y for m ed 4’)’.tt
- .  . 14 1 1.1) , I s e r s u i t ,  and 11.1’ . tt riij d.i , I 

~t o t .  Phi’. s . 45 119 74 1I into t i uan i it g pat t t c ie s  butt nn img lt t huave Sistine corn’ 596 
-

pntnent i t  sing le t nnt ’ t ecule i v .  re t uu itu Its color was 15 1 J R . West . K S .  Rr,idtru rd Jr . J It t s e rs ,ite and ( .R. tones
‘ i r i u u h , iu to t h a t  itt bi lk Phi., . hut nt s derts ity was curt- Res Ncr.  tns ur. 4(~ I i9~ 5i 64.

H - H~’ -~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~
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CI-IEMILUMINESCENCE OF CaH AND AIH IN THE REACTION OF THE
METAL ATOMS AM) FORMALDEHYDE *

K. SAKURAI, A ~ DA\tS ,utid H.P. BROh1)~
Quaritrunn !nstinuu’ and Ph y s i cs  Oe~iar tvirt ’nt . I nit u’rsuti 0/ (a!ijor,nua. Santa Barbara .
Sat-ta Barbara . Gj I, torn,.i / 3) 06 , tSA

Received 17 t)ecc mber I 9 ’~ S

(‘tre nn ilurnniuiesce rio’ friarn t Ime reaction u t  calcium and alumiriunti with varit tus try drogen containing compour.as in a
flowing g as  5)51cm and in a heat pipe oven are described. Red ctnemil umtncscence of CaH was obscrsc d in the reaction
of calcium, and seak ctremnilumin escence at AtM was seen in the reaction ii aluminum wit in formatdeh~ de ((12 (0). It
is propurst-d ihat a react iuu nu between metal atoms and formaldc-tnyde may be used as a suturce of diatonric metallic hydrides.

l)iatoniic metallic oxides and halides lrave been uce a well-deflned region of metallic vapor in the
we ll studied itt various types of reactions (I ,2 I - Al- heated part of the cross. Reactive gases were intro-
through rr net~illic hydrides are ver~ importat it in the duced into the metal vapor region via either stainless
stu ds of stellar atrnos lnhit’res , v cry t ’ew sources of steel . quart? or ahunrina (A1,03) tubing. Usual oper-
meta llic l~ dr ides with higln spectral purity hnave becrr ati nug pressures were between I and 10 torr and tern-
stud ied in detail in t Ire laboratory - Both flow syster rns pera lures between 1080 and 1300 K. Back ground
131 and h eat ptpe ovetns (4j  lnave proved i t t  be u se - thiern nah radiation from tire h eat pipe was rehat ive l~
t’ul for t h e  studs of rcact icn ris of some metal vapors large.
wit h a va ricl \  itt gaseous chemicals. This report de- Table I lists several nnietallic-hydride binding crier-
scr ibes the pruiductiont t uf diatumic mnreta lh ic h ydrides gies and sornn e dissociatio n reactio mns of lt~ drogenr co lt-
in thut �sc sources. tainting compounds which we tried . Formaldehyde is

The flow system 13 1 ctin ts isled oh 10 cnnr ‘J iatnueter t h e  sinnplest , weakly bonded lrvdrogen compound
stai mr lcss steel tubi mtg in t h e  shape of a double cross. that we used. Paraft )rmaldel vde . l ic ateul ~o 110°C
A hieatab le alumina crucible t un r the calcium , along was p yrut l~ ,cd as the source i t t  formaIdehvd~’ .
with ant argon (carr ier gash inlet w a s  place d in tire bot-
tom sect ion of the tubing. TI irougl onre tnt t h e  hun — 1 hi ‘
,.onrtah arms of t h e  double cross , a stainless steel , heat- n

’
ssu~,cna niuin eflcrg) of hy dringen bond

ab le reactant gas inlet was positioned over the center
nt thic’ crucible . The renraining four arms were used Keacti uu n I- nduthernrie

b r  pumping arid ubservatiomu. Carrier gas pressures energy t e S )

were belween 0.4 and IS to rr. The inlet mioizhe of’ , . — •._ - - _

Call - ( a + I l  240
H2 CO gas was heated to 1300 K by a tungsten heater. All! Al + (1 2:90

The Iteat pipe oven 141 was a simple , honiiontalIy 
Ih a C O  — II  + lICO 3.25

oriented , cross-s lraped stainless steel pipe of 5 cm IICO II + CO t .2l
diameter contairning a wick u t  stainhess steeh wire 112 II + II 4.47
mesh . Argon was introduced as a buffe r gas to prod- NIt3 NH + Il 4.59

N Ih 2 NIl + II 3.85
N I I — N + t l  3.67

Work tuppnnrted in part by Oh lice iii Naval Research , Con- 11202 —. H + HO2 3.83
tract No. N00014-69-A-02(tui.8013. -
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I l- n .  dis~liaigt’d Ii, (‘‘ a ct m ’ .c  ti~ dnu igc tu ” ) amid fit r m nn a l-
‘it ’ ll’. de s crc used ,is rcactan ut gases in t h e  h eat pipe - ~~~~~~~~~~~~

A s  e icc lit1 - ~t ahh e I - inn chic mnr ih I itiriflesce nice ap-

‘car ~ ’.t w it h eit her II, t nr d ischuang ed 112 . 1 lie additiom i ~~
l
i..

tn t liii imia ldeti ) dii to t h e  cal c iuu imn s .ipu in i m u the iteat
a iri1uc 1n rind liv cii red ch u rn mlii mit t n est. ciice Wi i Ii e t rn issi i iii 

~~_ 1
u
’. ,_,,_

,~ 
-

nrta inn ly lronn (‘all arid (‘aO (S .o~ - Wea k CaUl I etinmsslo n
s as uihse r ved. The uuhserved (‘a ll emt nmss iu in systenirs / - 

-s e r c  ,~~ 
2 11 \ 2 v  (692 iritr l. B 2 11 X ~� (639 rim)

. iud I — II X 2~_ ( 40(J nun b wi t h it t tem tsi t ~ ratios i t t  .tp— 5

p ri ux innatehy 1000.1(10 5 .
(aU e mnni ss iott was tnbsc rved fr trnn the A I 

~ \ l~ ‘ ‘  

~~~~
,

sys mennn itt t h e  n ear i n f r a red  hetwee it 700 amid 920 m u t t .  1-ig . I. (alt vtnen nmiumninesce nce in a flow syste m . Ttnc top
In addition strong hand sv s lcmni s were scem i in tine spectrum v- as  taken at relani ve l low noiile ternperaiu rc i t

or.iiugc ( 580 650 mnitr ) amud green (54 (1 580 m nu n), 1t 2 (O. S i re tine lack ot ( aO A ~ ~_ enussiiun and the

‘Ihtese hands hrav e bee mi attributed to (aU . hut it ap relative v-e.akiness if the (a l l  s ste m tnt retalnin it t  t Ire turn-

pears that t lte emirit ter is a putlyaton nic oxide , such as tt tc ’ .  oram nfe band s)stcnns . Ttie middle and bot luim st )cvt t.t
we re ta ken at hig tn tutu ,, lc temperature and hmg tter densmt~ i t

(‘a,02 amud partl~ (‘aOII j
~1 - We caiuflo t positively Ca atu u nnn s . Ke la t nie stroing (‘a1) A X ~, v-as uibscrsed.identit~ all oh tIre orange baird sv ste mn rs , but relative Tine band shape mu orange band is quine ditter emi t f rom that

str emrgt lus of various parts it t t h e  hands are depenrdent a t  l’s Icntnperature. M ist part of continuum is due to t iter’

ott t ire comicentrations of ’ Ca amid 112 (0 amnd on the mal backgrtt unid emission from treater.

tem perature.
in the flow ss ste iin NIh 3 . 11202 amid 112 CO were is ab-~ut 0.85 eV emidotherirric. Wh en s tretch ni m rg vibra-

tr ied. There was n it  cltenrrilunmtinesccnce I r u nmi r time re— tiomis of ’ (‘II bomrd are excited thermally to have emier-

act i t i tu of ’ Nil 3 wit h Ca. Omily CaO amid (‘aOlI were gy greater th an 0.85 e~’ (u~~ 6), t he rcact iotn beconres

observed in the reaction i t t  112 02 w ith (‘a. With Ireated exotlrermic. 112 (0 irrolecules Ireated to 1300 K have
tornialdehnyde (1200 1300 K 1. Call amid (‘a() again an average energy trear 0.1 eV. At thnis te m perature .

were observed. Only t hte A 2 11 X 2 
~ amid B 2 11 X 2 air order of 10 ~ oh tine ll2 CO molecules hnave enougin

syste mtrs u t  (‘aH were observed . The spectrum was sim- emrergy (0.85 eV) for t h e  reaction wit h Ca. 112(’O niol-

ilar ttu t h at obtflined itt the heat pipe oven , except ecules excited vibrationally it s hig h CII stretch modes
t h at thu e re s as air imtterest ir rg temperature eFfe ct (se e possibly initiate tire react ron. T h e  reactiot i betweenr

fig . I) . At l iv. tem nipe r ittur es u I  t h e  crucible and reac- metal amid IICO produced from the reactio mr between

tann t gas im nlc t , nor (‘aO A ~ X ~ enit ission was ob- tire metal and h1,CO , or possibly produced. fromr n titer-

setscv t amid t h e  stre irgt hi of the niaimi Call svs tcntn , mal dccompositimnmt , nray be respomnsibie for visible

A 2 11 X 2 
~~, itear 692 mini , was weak in relation to chemiluminescence since tire reaction is more ener-

flue cumt np lex orange svste ii i i t t  cahciuun oxide around get mcalhy favorable (about 1.2 eV).
625 iumt r At h ig h temperatures , red amid infrared ban ds
tnt time A X s~ s t c r nu i t t  (‘aO became prominent amid We wartt to thiantk Dr. G. Taieb for his coirthirued
t irt- stre n gth ot CaH A 2 11 x 2~ system increased inn interest unud early assistance in obtaining spectra .
re lation to t h e  utrange system.

Ti) test time gc mner a ltt ~ of the reaction , aluminum References
w ith h eated formaldehyde was tried in t h e  flow sys-
tern. T h e A ~~ X ~~ system of Alil , but no emissiomi (II C.J . Ilsu , W .D. Krugh , FI B. PaRtner , K it . Obenhauf and
fr t tm t i  AlO , was observed, CI- . Amen . 1. Mul. Spectry. 43 ( 1974 1 273 ;

We would like to propose a possible meciranism Ri.  Dagdtgian , (1W . (‘ruse and K. Za re , J . (‘henn. Phys.
62 (1975) M4;

i)f c iiemii iiumiiinescence between metal atoms and J. West and Il l’. Brmnida , J. (‘hem. Phys. 62 11974 1 2566 ;
112 (0. As slu iwli in table I ,react ion between Ca and D.J. h;c kstr t nnn , S.A. t-dctslc n and S.W . Benson. 3. (‘hem.
ground state l12 (’O does not occur sirrce the reaction Ptrys. 60(1974) 2930 .
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Laser photo luminescence of calcium molecules *
Katsumi Sakural’ and H. P. Broida
1) .-pu r retu ni of I’)tu iii u~nd Quantum Ins :i iui e. I ‘nnmn ’r’ .uit of Cali fornia. .Sianta Barba ra . C’al i f inrn ia 93 106
iK evr ’usesl 12 March lO”tt t

( akiuuin dnamomuc unolccules acre pron.Jucen.I in a heat-pipe oven at temperatures from 10(5) to t 200 K
Phau iuu l umtnc’.u.’eniie if (a has been studied with ‘.ariou’. laser sources and with white light. t)iscrete, sharp
tune spectra are attributed to knits ii bound states of (‘a A broad continuum emission writ an oscillatory
inteiisni. dns mru huttu nt u is associated with ennnsuuion tin t he r-epuut’ .us ’c part tnf nine lower state. A wea k continuum
emiss u , u r ,  t in  .uu i unher repulsive s t a t e  at’.at has been ohser’.esl, The observed strong emission frinm the atomic
resu niniu lvi tunics at 42 2 7 and 657 3 nm probably ts caused by ttnssincuation of euucuied Ca~ molecules . The

ta se r-cvvnte d phmniotuminescence experinnernis suggest thai the ground state of Ca is repulsive and that the
linwesi nnbserved bound state it Ca. cuirrelaics with the ‘P atomic state

I. INTRODUCTION tional estimate of the difference between thinrrnocouple

Recent ly, homonuclear diatonuic molecules of group readings and gas temperatures inside the oven was ob-

h a  in the periodic table of elements , Be2, Mg3, 2.3 and 
tam ed fronr measurements of vibrational temperatures

of CaC I, a trace impurity. Thermally excited CaCI
Ca2, ”’ have been observed by absorption spectroscopy emission of the A 2 Il 113 —X 2

~ ’ and B 2Z ’—X 22 ’ systenis
itr the gas phase2 ’ 4 ;tmnd in solid matrices at low teinnper- gave vibrational population temperatures agreeing with
aturt’ . t~ 3 .5  Froirr simp le orbital theory , these molecules the thermocoup le tenrperatures to ± 30 K.
,mrn’ c (t mi sidered to be vami der Waa ls molecules in the
izround electronic state since the molecular elect ron It should be rioted that when the oven was operated in
configuration has an equal nunrber of bonding and anti- the not-ma! mode for a heat-pipe oven with buffer gas

bonding electrons. ” No regular chemical bond would pressure equal to the calcium pressure ,8 solid calcium
be expected and, ex cept for the van der Waals interac- crystals grew rapidly from the walls at the hot-cold
[ion, the ground state would be ri-pulsive. transition region. This crystalline deposit fornred a

We have studied photolunrinescence of Ca2 excited by solid , thin (“ 1 mnr) diaphragm completely closing the
optical paths in less than an hour.

several laser l imes between 458 arid 660 nmn u at tempera-
tures front 1000 to 1200 K. PhotolunrinesCenCe spectra Various lines of an Ar’ laser (Table I) were used to
show discrete emission Identified as the previously re- excite photoluminescence. In addition, sonrie explora-
ported A t 2~~_ X m

~~ transition,’ overlapping oscillatory tory experiments used a cw tunable rhodamine B dye

cutnt inuunr ennission identified as transitions to the re- laser pumped by all lines of a 4 W Ar’ laser; the width
pulsive part of the lower stat e, the atonric calcium
resonance lines at 422. 7 and 657~ 3 nun, and other Ca
atomic lines. These observations strongly support the TABLE I. Photolunulneu’i’u’nce ml nrioieculai’ ca lc ium t(’ 07 ) ex-

cIted by Ar’ I~isor tlne .~ _________view that ground state atoms do not form stable diatonric — - ______________

molecules and t hat bound molecules are formed only tn Mu,i r t r u a f l ~ i t i u , rua bttrm u. u z ” u t  inie 11r uuti’ .i iflt,’tnu.uu uu t’ ti ‘ fltllu.t”fl

electronically excited states. 1. .u~ u r
w u tv . - i. ’ ,v -th u ‘ tm’S M” tei- uia r ’ A t ,t mlc ’

‘f l f l i t  ,.‘ u -’ (‘n i n t i f lun u m m tu,u.c retr 422 7 am 1157..t arn

II. EXPERIMENTAL 
. 

~~~~~~~~~~~~~~~~ 

_____ -

528 . 7 1, 4 ,~ a ,i 6Sut 200 0. 4

5t4. 5 4 ,3 2 ,t u ii(i 200 iris 0. 3

Calc iu mii vapor was produced In a heat-p ipe oven 8 us- Soi .7 7 ass LOt 400 i . 0

irig a horizontally oriented, cross-shaped stainless 490 . 5 i i . iO .1 .’. n,iuii 300 500 i 2

488 , 0 i2 I 650 Si tu stilt t . 3
steel pipe of 5 cnn diameter containing a stainless steel 476 . 5 tS ,i7 0 , 2 ~~ii 400 1900 t . tl

w ick. 9,10 Argon, or at times helium, was introduced 472 . 7 iS I 4~,ui Oui 3 3450 i t S
465.’ 22 a iSIS tt .~.O0

at pressures from 1 to 10 torr as a buffer gas. A welt- 457.9 29 1 toO iriS i l t t u t t u  3 2

defined region of metal vapor was obse rved by laser 4S4 . 5 Vt ’ rv a-n’:uk 
- - 

11000

photra lumnninescence In the heated section of the cross. ‘A blank Indicates that the emission was so weak ttn~t mea-
Most expert nrents were carried out with the buffer gas aurements of quantitative data were not made.
pressure exceeding the Ca vapor pressure at the given 

8lntegrated intensity was estimated from the spectral area
ove n temperature . Under these conditions there was a without correcting for Ina t rumental reapofise. The lack o(r-s-

nnlxture of Ca vapor and buffer gas In the observation olutlon caused some uncertainty in separattntt continuum

region. Partial pressures of Ca were determined by 
f rom discrete apectra. Data were taken with lock-In detec-
tion. Intensities are normalized to unit power excitation.

measured oven temperatures. The accuracy of measurement is u 50’t .

Tempe rature was mon itored by a chronuel—alumet ‘Integrated intensities of the self-reversed line at 422, 7 nm
were estimated as (oltowe . Peak height Intensity was deter-

the rmocouple attached to the outside wa ll of the heated nninod by measuring the intensity distribution at the tail of the
cross. The the rniocoupte reading was calibrat ed at the Lorent alan line shape, ler (Au.v’) 2 . and by extrapolating to the
melting poInt of calcium Inside the cross; agreement assumed tinewidth of 0, 1 cnr~ ; integration was over the entire
was within the experintental error of a 3 K. An a.ddt- observed emission.

1138 The Journal of Chemical Physics . Vol. 85, No. 3, 1 August 1976 Copyright C) 1976 American tnsiitule of Physics
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4 3
spectra end abrupt ly at w avelengths longer than the ex-
citations line arid cu lver approxinniatelr 500 cmii ’ tm . Con —
pk’te rotational assignments of I hi se Ii ties was mu tt 

~
)()S—

sible because of the complexity, the tack of resolution,

‘.t~
j
~

I

~
i
~ 

_ _ _ _ _ _

and the very small rotational comnstants of ( L a .  T emn t a—
live vibratiotnal assigtntniennts are inne luded in ‘I’able I.

I’ - .‘

The oscillatory, continnuutnn spectra show a regular~1 ~
- change of patterns with decrease of the excitation wave -

- 
creas ing energy, of the laser t ’xcitati uui i , the last ob-
served cotntinuuini maxinna shift t o  longer wavelength,

- and Use number of oscillatory peaks inucreases. Also ,

~~~~~~~~~~~~~~ length. With decreasing excitation wa vt In’ngth , or in-

- 
‘ the contlnuuini em ission at wavelengths shorter hatu the

excitation wavelengt h extends to 420 mis amid gets ret-
- 

- atively w & ’ .iker with decrt’.e’~iiig oxcitattiun wavelength
- (Figs. 2 and 4). The line to conttnuutnu intensity ratios

- 
— -~~

- -  -‘—-—-----— and the gen e ral appearance of the spectra were un-
changed with pressure variations of Ar buffer gas froni
1 to 10 torr and with oven tempe ratures front 1000 to
1200 K (I.e., partial pressures of Ca from 0. i t o  5
torr). Integrated intensities of the discrete line ensis-
sion are comparable with the total Intensities of the
contitiuunu etuuission (Table I). Intensities of bot h dis-

- _ _ _  _ _
550 450nr”

WAVELENG~~ I
F t ( ; . 1. I4us u’ r  photoluminescence spectra of (‘ rn, wit h 0 .1 rim
rn’si i l u itii u n . Laser power was 0.52 , 3,3 , and 1. 2 W at 528 .7 .
51-1 , 5 , and 49ti . 3 rim, respectively. In addition to the dis-
crete anti continuum emission from Ca2, Ca atomic emission
can he scon n t  560 , 445, 430. and 423 rim. Above 540 nm,
there is some small background radiation from the heat pipe.
The live n temperature was at)OtL t 1070 K, corresponding to an
equllllur ’iunn Ca vapor pressure of 0.67 torr; the Ar pressure
w as  3 torr , 

~~~~~~
at had-maximum intensity of this laser was 0. 05 rim.
Photoluminescence also was obtained with continuuns
emission between 250—1000 oft from a 150 W xenon arc
lamp. A tungster. lamp was used for absorption rnea-
surenuent . Emission and absorption spectra from 400
to 800 nm were recorded using a m grating mono-
chromator with photoelectric detection. Phase -senst- -

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.

III. OBSERVATIONS

A. Molecular emission
_ _  I , . ,

Photolum inescence spectra of Ca (FIgs. 1—3) excited 550 4SO rvn
WAVEL ENX3TH

by laser lines are not like the usually observed photo-
luminescence spectra of diatonnic molecules. ~~~~~~ FK;. 2. Laser photolum mnescence spectra of (‘a2 with 0.1 nnn
In addition to the usual discrete, sharp line emission, resolution for 488 .0 rim excitation and 0.2 rim for 472 .7 m d
there is broad cmnnt inuunu emission with an oscillatory 457 .9 nm. Laser power was 2.2, 0.15, and 0.57 W at 488. 0 ,
Intensity distributloti (Table II). No small scale struc- 472 .7 , and 457 .9 nm, respectively. The resonance line of Ca

at 422.7 ruin Is self—reversed and its normalized intensitiesture was observed in the continuum emission even with rapidly increased wiLls excitation laser ener~ ’. I)ottod linesa resolution of 0. 02 rim. Near the laser excitation ..how the approximate intensities of the background thermal
lines, the discrete spectra are very complicated but radiation for the heat pipe. The temperature of oven was
become progressively simp ler in appearance at both about 1080 K, corresponding to an equilibrium Ca vapor pres-
longer arid shorter wave b’ngths (FIg. 3). Discrete sure of 0.79 10cr; the Ar pressure was 3 tore.

J. Osem. Phvs., Vol . 65, No. 3, 1 AuguSt 1976
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: 1 I Fig. :i . ilig h resolution
spectra (0 . 036 rim) if the
photolu minescenci’ of Ca2 ex-
cited by the 496 .5 nm i-u.s i r

~ . ~~~~~~. 
~~~~~~~~ ~~ ~~ ~~~~ 

tinuum begins near - 17 1u m i .
I ~ line. The underlying con-

~ !

~~~~~~~ \~~~~‘ I .‘~~. ~1 ~, I
~ ~~~~~~~~~~~~~~~~~~~~~~~~

• ‘ 1

• I- - .
“ 4~Jrw~

crete and continuum emission Increase linearly with
increasing laser power front 0 to 3 W.

With white light excitations only the impurity CaCI
gave molecular emission. No absorption or photo-
luminescence of Ca2 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 spectru nu
with peak separations similar to Ca2 vibrational spac-
ings was observed. Similar discrete spectra also were 

Iobserved about 1 nm on either side of 657. 3 nm.
I —

Other methods for producing Ca2 emission were tried. -~~‘ ~~~

In one case a low current discharge (20 mA) was pro- I .
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  arid E—X systems of Call, but no Ca2 radiation.
In another experiment in a flow system15 and using laser
exc itation, no Ca2 photoluminescence was observed even
though a high density of Ca vapor was entrained In
relatively low temperature Ar gas.

B. Atomic emission Mi TE LIGHT

In addition to discrete and continuum emission from
m olecular Ca2, several atomic transitions were ob-
served (Table III). The allowed resonance 4.’i21S—4p’P
atomic Ca transition at 422. 7 nm was very strong and
usually appeared with a large amount of sell -reversal
(Figs. 1, 2, and 4). Whi Le light excitation also showed -n - i
strong 422. 7 rum emission. The self-reversed line was uu~I. I
asymnuetrtc17 with the long wavelength maximum of FIG. 4. Photoluminescence spectra near the resonance tine of
greater Intensity than the short wavelength one. In ~~~~ Ca it 422 . 7 rim. (a) 488. 0 nm laser excitation, (b) 457 .9 rim
dillon, the long wavelength Lat h fro m the resonance line laser excitation , and Ic) excitation by white light from a
spreads into the molecular continuum emission as xenon arc tamp.

J. Cheers . Phy~., Vol. 65, No, 3, 1 August 1976
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TA li i . I Ill. I lserveui atomic (~a tran slt uu ns

— .-~t ,, l ,, l FX eI ia tKm i a m ~’r t.s.e r
i’,,Il1,NI~O m u l l Asn hn! n mml , - n t  (nmt 

- 
power intensity ’

:444 ‘l~ ‘i 4u4 1’. (l 14 5
42.? 7 u. “ —4 f ’  P A l t  lines i.mneur t O’

42 11. 9
430 . 2 4p ’P’—4 p 7 ‘ F’ 4lm l~. 0 , 5 ( 4 .5 Square i
430 . 7
43i .

442 . 5
4 4 . 1 . 5  4p  1’ — 4 4 1) 44414 ,0, .5i4 , : 491 . ’ Square i
445 _ fl

—
535 . 0 id D—4/” F 411u. 0 C 10

1 4p ’P °—f i . ’S 4 1 1 1 . 0  c iO

- :  ‘1’ ‘-‘
I -  05 - -

5511. 11
(‘4 559 . 11 34 5D_4 P.iDn 41111.0 ,51 4.5 cH -

560.2
C~~~i’ nfi

N 585 . 7 4p J~l~ 4p ? 1) 4’lmI .O , 5i4. 5 ,496.5 c 50
657 .3 4 112 ’

~ _4p 1’ All lIne, c t O

732 . 6 4p P’ —4d 1, i2l~~, (1 , 5 (4 . 5 i. — — - - - - _________________

I - 5Approximate intensities excited by I . W 41111, 0 rim laser tine,
“I 5j  A. Anderson , Astrophys. .1. 59, 76 (1 924) .

(‘Appears only with high power; no measurement of power

~ 

dependence ,

readily seen in the 457. 9 rim excitation (Figs. 2 and 4).
The part ly forbidden resonance transition 4s21S—4p 3P
of Ca at 657.3 rim also was observed with thermal ex-
citation as well as with laser and with white light excita-

,~ tion. With changing pressures of Ar or Ca, the intensi-
ties of the atomic resonance transitions relative to the
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 rim increased
.
~~ linearly with increasing laser power for all laser lines,

H - ~ 
.
~ indicating that both upper levels are produced by single

photon processes. However, the intensities of the two
18 lines had a very different dependence on the excitation

0 .u~~0 0 0  0 a-r uI, I’~~~~~C4~~e ib
~~~~~~~~~~~ (“1; ;;:;;; : i: lO~~ ::::::

I —

!;!:~j 
_______________________

LASER P(~ ,tER

~~ 

‘
~~ I ~ .s e~ u~ i’. FIG. 5 . Intensity dependence on laser power of the resonance
~~ 16 e 4 . . .Q i~~~~5- t- mO ui u A,

- atomic lines.

J. Ch.m. Phys., Vol. 65, No, 3, 1 August 1976
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40 trutn, and since the observed vibrational spacing of the
anti-Stokes components IS the same, we have assumed

0 4227 rim that the bound statcs in emission are the same as those
A 65 73 0 observed in absorption. Howeve r, t here are several

I observations that are incompatible with the lower state
30 of these transitions being the ground electronic state—

>‘ there Is extensive continuum emission to the short
I— 0

I wavelength side of the excitation line; the re is strong
Z “ ‘ ‘ f the resonance Ca lines at 422. 7 and 657. 3iA emisSion 0

run, and the temperature dependence of the photo-?2 O
luminescence Indicates t hat the lower state is at least

—>
/ 12000 cnt ’ above the ground state.

“2 /
-J Discrete spectra observed in the laser photolurnines-

/to - / cence occur as a result of absorption from the A state
/ to the upper B state with re-emission to various vibra-

0
/ tional levels of the bound part of the A state. Laser

excited photolurtilnescence front closely spaced rota-

0 I ~~~~~~~~~~~~ 
tional and vibrational levels of molecules such as Ca2,

19 20 2 1 22 Rb2, 9 and Bi,t° is very complicated. Vibrational as-
LASER WAVE NUMBER (xl03 cr~”) signment s of Ca2 excited by the various laser lines

(Table I) were made using known rotational and vibra-
F R ; . 6, Intensity dependence on l:ewi- n nergv i f  the resonance tional constant s4 and calculated Franck—Condon factors.
atomic Iini’y . - rhe m1 i u i t ed line f u r  422 ,7 rim is calcmuta ted from The calculated Franck—Condon factors are strongly

est p — I ( i~~ — 1 Cl ’ . dependent on the assumed rotational levels of the
molecules. Obviously, the exact assignment is difficult

wavelength, suggesting that different mechanisms because of the overlapping of many lines due to the

populate the ‘P and ‘P atomic states. The 657. 3 nns c lose molecular spacing and the lack of sufficient spec-
tral resolu ti on.l ine showed a linear increase w ith decreasing excitation

wave length (Fig. 6) , while the 422. 7 nm line increases The binding ene rgy of 1000 cm ” is the same magni-
exponentially with decreasing wavelength. tude as the thermal energy in the heat-pipe oven with a

Several othe r atomic Ca lines were observed (Table temperature of 1100— 1200 K. Therefore , thermal

III ), usually at high laser power. Some lines, but ~~ 
energy is sufficient to excite all vtbration—rotation
levels of the lower st ate with .J r BO as the most popu-all , showed a square dependence on laser power. At

460.7 nm, the Sr resonance line was observed and Its lated rotational level. Since the binding ene rgy is so
intensity increased with decreasing excitation wave-
length.

cm ’
~Both 422. 7 and 657. 3 rim photoluminescence were oh- 4~~(JC)O -

served when the dye laser was tuned to 657.3 rim. An -

excitation spectrum near 657. 3 rim, while using 422. 7
rini 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 30000 -

was about 0. 1 rim. In contrast , a symmetric shape was
observed for 657. 3 rim detection.

In the white light photoluminescence spectra, weak CONT1NUIJ4

20000 ’emission also was seen from the 612. 2 and 616.2 rim 

~ 
-

lines ~3P 2, 1 —’S,)  of Ca and from lines of Impurities of
Sr , Ba, Na, and Li.

IV. ANALYSIS

A. Radiation to bound states 0000 ’
N

Figure 7 is a proposed set of simplified potential ~~~ cu

curves of Ca2 to fit the observed photolumlnescence.
Curves A and B are drawn using constants given by
Balfour and Whit lock 4 but assumi ng that their lower a • ~k_ 

-0.2 0.4 0.6 rim
state correlates to ‘S and ‘P atoms rather than to two
‘S atoms. FIG. 7. i~iggested potential curves of the Ca1 molecule. Solid

curves for the ground states are cab ulated from Balfour arid
Since the laser induced photolumtnescence falls In the Whltlock’.4 constants. The repulsive curve Is drawn from

same spectral region as the observed absorption spec- estimates derived from the continuum emission.

J. Chern . Phys., Vol. 65, No. 3, 1 August 1976
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-II 7
Most of the intensity of the cottt inuum is due to the

possible bound vibrational states in the lower electronic35~ 
~~~~~~~~~~~~~~~~~~~~~ 

~u(r) I 2 
transition from high .1’ levt- ls because there are fewer

\\ // state.

We suggest that the oscillatory intensity distribution

~ 
\\~~/ B STAl l of the continuum is the reflection of the square of the

wavefunction ~~~, f t ) I 2 of the upper state B. The m ien-
sity of emission of a t ransztlon front a vibrational level

2’ r ’ of the bound state to the repu lsive state is propor-
tional to the Franck—Condon factor , f~,.(r)~5 (r)dr( ’,
where ~5(r) is the wavefunction of the lower unbound
state. ‘~ Since the wavefunct ion of the unbound state has

8 Franck—Condon integral is only at the turning point and
~I 

\\1 \
A s T A T E  a re latively large amplitude at the turning point , we

assume for simplicity that the contribution to the

thus the intensity depends primarily on ~~‘(rH
2, i.e.,

~ c only vertical transitions are possible owing to the
~

tinuuni occur at those frequencies for which Franck—(~~> —
I Condon factors g ive ma iota. The emission frequency,

e, is given by

- 
Franck—Condon principle . Intensity peaks in the con-

hv = E (r ’) — l ’ ( r ,) ,  (1)
4 I

where E ( i - ’)  is the energy of the upper state vibrationalL

L I _
_______ level and I/li,) is the energy of the turning point r, ofL - -I N T t NS I TY  ~ 3 (14 0.5 0.6 rim the repulsive lower state.

~~~~~~~~~~ DISTANCE
Figure 8 shows calculated potential curves, calculated

FIG . ~ . ( ‘:u lc l u la t u ’d potent Ia l curves for the A and B sta tes for
sc.veral rotational le~a’li. The square uu I the wavef unction for intensity distributions of continuum and discrete emis-

10, ./‘ 100 is  shown for the B state . On the left is the sions and observed turning points of the potential curve .
( :ull lIlatu’ II intensity dj ’.tr j I , iutj n I the lower A state from u ’ The bound potential curves of the upper and lower states

t O , 1’ 100 of the B state . Turning points esti uuuaU’d from were calculated by the RKR method22 using constant s4
mc:usuru”d phuaoluminescence emission u- sc i t ~d by the 496 .5 of the ~~~ and ~~ states. For the lower A state , the
Urn l ii.u r ire indicated by circles and triangles. Circles are repulsive section was oitalned by smoot hly connect ing
u,ht:jtnt’d from the osc il latory continuum peaks , w hile triangles the left side of the RKR potential curve to Ar ”2 s C. The
a ru -  detu ’’nu ined f rom the discrete emission . effective potential curves for different J values were

obtained by the addition of the rotational energy to the

small , predissociation by rotation °’ will easily occur. rotationless potential. 15

rlt ’ re are no bound levels above rotational levels of The intensity distribution of the continuum emission
.1 200, and t h e  highest bound level for .1 150 19 I’ 2. front the r- ’ = 10, J’ 100 level is illustrated on the left
It is this pr -diss iciation which account s ft)r t he rela- side of Fig. 8. This distribution was u.alculated froir
live sinip~~city of the discrete spectra observed at the product 

~
‘l 4r •(”)l~, 

using Eq. (1) and ~~ .(r) l 2 ob-
larger wavelength intervals from the exciting line. 11 tam ed front numerical Integration of the Schrodinger
a high .1’ level i. exc ited , only a few x - ” p rogressions equation. Intensities of discrete lines due to transitions
are possible and most of the emission will be to the to the bound A state were calculated from v ’Q . ,’. ,
unbound part of the lower state. Emission from low 1’ where Q~

.,.. is the Franck—Condon factor. The scale
leve ls will have long ‘ “ progressions as well as more factor between the continuum and discrete emission is
anti-Siokes components. The relative positions and arbitrarily set. Above , “ = 16, predissociation by rota-
shapes of the potential curves are very important for tion takes place for ~J” = 100 and there are no discrete
quantit ative understanding of the discrete Intensity spectra.
patterns.

The lower state potential curve obtained from ob-
served intensity maxima of the continuum emission ex-

8. Radiation to unbound states cited by the 496 . 5 nm is shown by black circles . The
Since there was no observed pressure dependence of small difference between the slope of the measured po-

the relative Intensities of the continuum and discrete tentlal and the calculated potential probably is due to
emissions, It - is reasonable to assume that both transi- the simplifying assumptions that only a single r” 10,
lions come f rom the same direct ly excited st ates and J’ = 85 level was excited and the only contribution to the
not from an energy transfer process. The oscillatory Franek—Condon factor was at the turning point. More-
continuum spectra are assumed to be caused by emis- over, we can not exclude the possibility that an r 1

~ poten-
sion to the unbound portion of the lower potential tial is too steep in this region and that the measured
curves, ““ while the discrete spectra are due to transi- potential Is more nearly the correct one. It will be
lions to the bound portion of t he lower state (Fig. 7). possible to obtain true poteiitials from the Intensity dis-

J. Chem. Phys,, Vol . 65. No. 3, 1 August 1976 
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trihution of a sini~Ii’ r ’ excitati on and the self-consistent C. Atomic emiss ion
Pu ut ettti~ij  S with (‘()tiII)li’t I-  nuniei’ic.tl integration u t

Franc k—Coitdofl l:o’t uirs iittwee,t the bound and unbound The linear excitation power dependence of the inten-
sities of atomic Ca front the ~~ and ‘P states indicates

51 a Ii’s . t hat the excitation process is due to a single photon .
Fxt ’ i ta t iuu it s  to high ,“ levels ,tre expected to show t However , the different dependencies on excitation (fl-

5111,1)10 ~k 1 h l .ltuIi’ V continuum bec: iust- the positions of ergy (Fig. 61 sli w that there are at least two separate

• the .tniplitude niaxi iii 1 the wavefunct ioits front neigh— mechanisnts for populating the upper electronic states .

bor ing v ilur ,it i nal l i - v e t s  are ve ry close to ea(’h other. ‘rhe tx)tential curves (Fig. 7) suggest that 3 P atoms are

In I ont r,Nt . ti utw u ’vei , CX ( ’ i t . it iu t l l  Ii) .st vex ’aI low ,, ‘ levels formed as a r~-st1lt of the dissociation of Ca2 front

would produce i more uilnl) l(’X Stro(’tUI’(’ u -aused by t he transitions to the repulsive part of curve A. Excited
l i re - displacements of int e t t s i t v  f i tax i lt t a  f rom various state ‘ P atoms could be formed as a result of Ca2 in the

levels . The continuum emisSion excited by 514 ,5 fltti B state tunneling through the potential hump at large
Fig. l~ s hows the ‘~ttju i’~iosit ion of emission fro itt at internuclear distances.

least r’ - 3 and 4 . ~iniiI,tr . but less clearly , observed
cuutitinuuit i emiss ion li.i= l,ci n observed in the transition Since higher energy laser lines can reach higher en-

from the Il ‘
~~ s t .t t ’ -  1 t l  ~ and a fluctuating continuont ergy states in curve B, the tunneling probability will

h i — . been u) bsu-rved in the lIi’s spectrunt near 60 nm. 24 increase rap idly as the potential maximum is reached.
An approximation to the intensities of the 422 .7 rim line

Another i’epulsivu ’ s t - i t t  is net-dod to account for the with various excitation wavelengths can be calculated
continuum emission observed Fins . 1, 2) at shorter by assuming that the transmission probability T through

wavelengths than the ex ’itation line and under lying the the potential hump l’t’v) is27

discrete c~ itssion . The e~te rt~,- of photons in the anti— 2,~,
stokes continuunt is as much as twice the depth of the T exp— 2 —111’(v) — F’ ‘2dt , (3)

potential well of the - l state. Moreover , the intensity
distributions ui t hese ant i-~~t ukes continua have little where v 1 and v2 are the entrance and exi t points to the

structure and decrease monotonically with decreasing potential barrier and F is the energy to which a mole-

-
, wavelength; t he very weak u -u,nt inuunt extu’nds to at least cule is excited by the laser . If an inverted parabolic

420 nnt . These observations fit a potential curv e V barrier is chosen for simplicity T can be integrated.

(Fig. 7) correlating with two ground state ‘S Ca atoms. The probability for dissociation of Ca2 in the B state by

Since there is no preference on J’ for transitions from tunneling is approximately
the B state to the repulsive curv e \ , the continuum in-
tensity is a sum of transit ions f rom al l t ’, J’ levels and T-t exp— (E~

_ 
~). (4)

the oscillations are smoothed. This smoothing is a

similar to the intensity distr ibution observed in the H2 a is a parameter related to the curvature of the parab-
continuunt .2’ The continuum emission to the .V state ola and the normalization factors. € 5 is the bar rier

extends to both sides of the laser ex citation , and there- height measured from bottom of the potential B, and t~,•

fore , part of the continuum underlying the oscillatory is the vibrational energy of the laser excited level.
structure at long wavelengths can be due to this con- Although we do not know whether the repulsive potential
tinuunt. curve to the right of the barrier correlates directly to

Another method was used to estimate the energy of the ‘P state or to some other atomic state (Fig. 7), the

the lower state of the molecular emission by studying relative intensi ty of 422. 7 nm is assumed to be propor-

the photoluniinescence intensity as a funct ion of oven tional to the number of dissociated molecules . In this

temperature T. t~I.1l lf quenchingis neglected, thelumi- case, then, the dependence of intensity on the laser

nes ’ence intensity of laser induced photoluminescence frequency i’~ is derived as

is proportional to the nuntls’r of molecules in the lower 
— 
(~~~J~\ (5)

state . The population of molecules V a t  any energy i~ 
1- ~‘ exP a’ )‘

is deterntined by the Iloltzmann distribution .V
in terms of the numls’ r of (‘a items 

~~
- I where ,-‘~ 

is barrier height from the i- ” lower state, and

where the constants A .tnd I? .irt’ obtained from temper- ,3’ Is a proportionality constant. The calculated laser

.iture and pressure curves . N it Is .,‘,-.unui d that the Ca frequency dependence of 422 .7 nm line intensity shown

vapor pri’ssttif is 11w i’qt iilibriunt va ls ur pressure . The as the dotted curve (Fig. 6) used the constants v~= 22.5
intensity iii iumin,’scen I is iO~ cm ’, a’ = 494, and 3’ = 104. Since the barrier

height measured front the lower state is 22.5~~10~ en~~,
,~ i_ _ 15.51 

~~“ (2) 
~ 

the barrier height nteasured from bottont of the po-
tential B is about 3. 5x 10~ cm~ . An estimate of the

The tent perature di juendc,,rt iii thi- Ii lecuiar iuntines- position of the potential maximum was found to be 0.55
renre has 1st -n t,ii - .e~iired it n’,t.tnt buffer gas pres- rim by extrapolation of the right side of potential B.
sure and .~t ‘ - ‘ . u u  -~ . gas pressitri- . j’hi’ t ’ rt t -r gv F of the
lower A st il t - W~~s found ~ ts~ 12000 2000 r~~

•’ . ~~~ 
This calculated transmission fits reasonably well with
the excitation dependence of the resonance line (Fig. 6,

number is a lower u ntil II t h-  ene rgy iii the A state Table I) .
since quenchini’ in the It sti lt  has been u’gli’rted ,
Nevertheless , this n,easurt’d value f i ts  well with the The linear dependence of the 657.3 rim line on excita-
energy of (‘a( ’P) at 15200 cm~ . tion energy can be qualitatively understood because

J Chem Phyt. , Vol. 65. No. 3, 1 August 
1976~
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w ith increasing las t-r energy a large r fraction of the Ca, support the ,tssigtiitii rtt tif a bound ground st a te . Further
I ,- .tio-itions go to the repulsive iart of the lower -i state . studies by sens itive j liotoluiitines -t t t - - and absorpt ion
Thus the intensity of the 657 . 3 nnt line wil l  depend upon spectroscopy will he necessary to resolve these uncer—
the over lap u’ f the bound B state will, the repulsive part tai nt ie-c ,
of the .1 state . Shorter J.iscr wavelengths excite higher 

ACKNOWLEDGMENTvibrational levels of the B state , resulttng in a greater
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3 P°—4d 3 j (442 . 5— 445 .6 nni) ‘ \V ,rk Si l t ) ) ) ( i I t1~ t lit part luy I ifficu of N u v ul l tu-se a ic h , C u in —

and ntanv lines m u  .it -d f rt tn (‘omple~ terms w ith IWo tract No . N m ) 1  -1 — 7 5—1 _()~~ “i i i )  Nat i n , )  Sc-j e nc u- Foundation

excited electrons tt ,ive ls’~-n observed . Most observed ~~‘;uuut No . N S F — 5 l t ~~ - 7 1 - 4 2 1 7 - I ,

emiss ion st :trt.s front levels with energy 4 .6 5. 15 cv , li r tuu. u ni nt A H i u s s . Puu I-t i n  I A pp l i u - l Sciences , t nivers ity
- - - 1 I 4~v , F ’ ’ k s - u ’ , lap in .whic h is very close to twice the lase r energy. ,~ ~ ~~~~~ Jr. , ‘V . H. t ! u - c s , - t t  Jr - m d  W . \V el tne r , J r .

J, (‘hem , ‘hy 62 , 1122 It ¶1 7 5 ) ,
V. DISCUSSION ~~ J. tI :ultot i r unit -‘i. I- . tk,ugl;is , (‘ an . ‘1. I’hvs . 48 , 901

Potential curves A and B (Fig. 7) , derived front ali— t t
u i s

~~ :.s.er in ,) -1 , 1 \Van~ -I M~ l Si , , - t i -  - c  - 40 , ‘45 ( 1 9 7 1) .
sorption no t- ~urement”, are ci ‘y consistent with the 

~ it’iiiou, nil It I’ ~~ hi ti k ( in I Phya 53 4’J
discrete molecu lar spectra and the oscillatory contin- (1975) ,
uunt spectra that were  observed in laser photo lont ines- J. F . I- t’ ;tni- is . Jr . ,- mnd S . F. V.’ebber , J. Chem, Pttys . 58 ,
cence . However , there  is an unresolved discrepancy - 

5s79 U9744.

because the absorpt ion studie~
4 concluded by assigning C . 4 . t i i l lh;i i i i,u tu and II. H. ( ray , . l !o/ccula ( ‘ u h i I , u ’ TI, , om

the lower state as a van der Waals bound ~~ ground ~~~~~~~~~~~ New York , 1964) .
- . C. F. Bender and F. H. Davidson , J. (‘hem , ph ’, ~~. 47 4972

s ta te , correlating wit h the two Ca( S) atonts . This as- ( l’)I~7( 
-

s ignntent of the ground electronic state is supported by c . H. Vid al m u ]  J, (‘u u p cr , J. App I. l’hv= . 40 . 3370 (19115) .
t ’ ,e possible observation of Ca2 at low temperature in a ‘j , M, I3rom, -it , and It. P. Broida , J, (‘hu m , Phys , 61 ,
Kr matrix ,5 ( 1974) , 

-

‘ tm C . t~~- l-l ,u- r , K. S u L m i r t i , and H, P. Broida , .1 . (‘hi-rn, Phys ,While much of t he molecular photoluminescence does 
~~ 3410 ( 197(u).

not contradict the previous assignment , there are t j . ~, 
; - rsten , l’ht’ s . 11ev , Lett . 31. 7:) 1197:)).

sever~kl obser’.-ations of the present experiments which °w Ixirntroder , fiT . ~‘itcCjjntok , and II. N. Zare , J. (‘hem.
cannot he exp lained by the assumptiom that the lowest Phys, 51, 54 95 (1 969) ,
hound state is the ground electronic state: (1) the con— K. Sak urai , S. I - - , I im hns,,n . and II . I’. H r i l a , .1. ( ‘hem,
tinuum emiss ion on the short wavelengt h side of the Phys . 52 , 1625 (1970) ,

excitation laser wavelength, (2) the strong emission ~~ 1 / ire m d  
Ph 

D’m~,di ,t in sc i t  m i  185 ~~~4 (1974)

front both the 422 7 and 657 3 nni atomic lines, (3) the 
~ 

~~~~~ 

I S tIc ill ‘rd I) I’ iii ul ,ind c
pressure independence of the relative intensities of the H. Jones, Rev . Sc- i , Instruni . 46 , i64 (1975) .
atomic and molecular emissions , (4) the temperature ‘

~~t , i-:s~~ nt~ain , 11, .1 . Km u su -h , and W . 1.~~’i u t u - -tt”1tc-greven ,
dependence of all emission intensities indicating that l i t . Phys. 61 , 77 (19l;5l .

the lowest state is at least 12000 cm~ above t he ‘S il. I tc-rzI ~u-rg ,  l1u !u -rujar spm - c lra  mitt ,! 1:,uf. - u ’ ,,au ~fru,’o,,- - I.
atomic state , and (5 ) no Ca2 was observed in the room Sf ’u eltiu it D iau, u o ’~c \1&ecui!ec iV an N’’stt m in I lt -inhi’~ci , Nev
temperature flow systems at Ca densities comparable 

~~~~~~~~~ 

194 14) Chap. VII.
- , . 

- - 
- F. I. Condon, Am . 1 . 1’ hys . 15 , h I S  (1947) ; t igi nalty ,to those obtained in the higher temperature heat-pipe 1’?ty~~. , -~~. 32 , s ’ ~ 192 ) . Cr’n lon u’ rulphJSt/ l ’  that the

oven. ‘‘rippling t h uu - t & im u t i , u n  ri ne  n - i t ’ ,  In the m.’’ ntinuotis spectrunl

- ‘ accompanying dj ss ’ n-cs t ln n ’’ ire .tmtf rac ’ tl ’r ’ h - oi ls . This ‘ in—We are forced to conc lude that the calcium dimer - .. - ,t&’rna l diffract ion is .me ,,-‘  ranu ,m l t -u - uu l ;m r n,anifei’taiion - .1 the
molecule Ca, is an exin,er molecule like the rare gas wave nature ut matte r -

diatont ic nto lecules rather than a van der Waals mole— 71II, I, . Rousseau and 1’ , I- , W i L I t , , u , s , i’hv,.. Rev, lA - It . 33,
cute . The simple set of potential curves suggested in I:t s 19 7-I l .

Fig. 7 best fit the main observations on Ca,. There ~lJ~ Telllnghu l uien , l’tn- s t1.~~. I~ ’tt . 34 , 1137 1975)

are, however , two major unresolved difficulties with It . N, t u t u , J. Cht in, i’hys 40 . 19 :14 (1964) .
this conclusion . First of all, the assig,inwnt front ro— A. lc i lgan ,u . ( , llerihe rg , mind T. I., Step hens , -\=t r ’p)iv. J.

tational analysis’ of the lower -1 state as a ‘~~ state is 24,~, F it  iL and . Yo~ ,ino, J. (‘lti.’ilt . I’ tmv s 39, Inst 11963).
incompatible with the P atomic state . Second, while 

~~~~ M. J u l i us  inut A. S ( ‘cuu .l iit gu’, I’hye. Rev , 55, 1s4 (1939).
the observation of Ca2 In a low temperature matrIx IS 26 A. N. Nu’smt -vmi nu’v , l’p rti~ I, ,  ~‘.urr Pate b r  the FIen~ ’nt~not a clear cut assignment, 13e,’ and Mg,’ also have 

- 
(Elsevier , Ni’s Y umrk , 1963),

been ident ified in matr ix isolation s t u d I e s  and tend to F; , Mcrzhacher Quantue, .~1, ’ehanies ~W ilev. Ni’s York , 1961) .
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LIFE1IME ME.-~StJREMl-N1’ OF A SINGLE ROTATIONAL TRANSITION OF THE

I~~II~ 
-. X~~~ TRANSITIO N OF IOUINE*

K. SAKI RAI . C. TAllI i3~ and III’. I3ROIDA
1’!it in-i 1>u -p i m t h m u ’t ul  all,! (hiutummttt J , i i t Ihmmtu ’, ( / nm,’ u - r s t t t ’  of (‘aI:Ju’ru:Ia.

-Sat in .  Hurl ‘i r a ,  ( ‘ij l i J u mri iw Y .l IO~u .

Re,,eived It \I,odt 1976

I tteh jfltt’S, sm-Il-quenchin g, and vitirationat and rot ;mtiu urma t enerry t r mmt t ’ , lu,’r cross scctton s of tndtvidual rotationa l levels in

the t t ’ ~i I~ sha lt’ of I were ttte;isured t~ , tus e rs ing t h e  c ,, rr el ati mun between llu urescetice photons and the pulsed eSm it atll lf l

tr i m 514 .5 ,mnd 5) 11 .7 nfl) arguu n lint lasers. l ifetimes were measured with both sibrationally resolved (1.0 net) and rotation’

ally resm u imed ,I~- te t tmu n  ( 0.015 nttB. The cruuss sect ions fnm ,tt t Stern Voltn~r p lots were respect ively. 76 and ~9 ~~~ sith S’

;mccu rac ’% fu r single (43 - 2) hand emission and the Pt 16) line eflhiss iulfl in tite sante hand . The difference in c ros s sections is

interpreted a s ’. ibrational and rotational energy transfer froni the origmnall~ e~ctte d level, Measured radiati ve Itfet imes ire on-

— 
stste fl t s ’t tIm prev iu ct me,msu reme nls c’sce pt that a 111 - sltuti t er lifetime was observed si tt i single rotational line detect iiufl.

1 . Introduction ser e xcitat iot i . Usitig built narrow hand excitation anJ
narrow band detection , it is possible to measure the co-

in recettl years , rtta ny nteasureiilentS of lifetimes atio ttal and vibrational energy tr ansfe r cross sect iOtts

arid self .quenching cross sections of levels in the B 3 ll~ as well as quenching cross sections. Vibrational and ro-

stat e of ioditte have been made by seve ral different tational energy transfer cross sections and quenching

teclttt iques (1 4 j  - Recentl y lifetimes have been meas~ cross sections for iodine have been extensivel y invest’

ured 15 .61 by observing the fluorescence decay follow. igated by stea dy-state methods I~ 
10] .

ing exci lat ion by a narrow hand tunable dye laser. These There has been litt le discussion of the influence of

are the first measurements in which the excitation laser the spectral band widths of the detector on the meas-

wa s sufficiently narrow to excite single vibrational and ured lt fet t ntes and quenching cross sections. The pur-

rittatici rtal trans itions hut the resolution of detection pose of this pa per is to call attention lit the possible

was nut suitable for detailed analysis of complicated need of reanalysis of such measurements.

energy transfer processes.

~ l(iIofl count ing and photon corr elation tecliniques
have been used to measure the photon statistic s of 2. Experimental

light and to study fluctuation phenomena at critica l

points (7j .  Since a photoit corre lahtr can measure the A schemat ic diagram of the experimental set~Up is

correlation between isolated photons, this device makes shown in fig. I. An excitat ion pulse was obtained by

possible ~ery sensitive measurements of intensity decay mechanically switching a laser beam with a fast total-

fr om single rotational vibrational transitions after Ia- ing mirror (500 r.p.s.) driven by an air motor. A 0.5

nun hole was placed in the light path 4 rn from the ro-

W ,urk supported in part by National Science t uuundaliu’fl tating mirror , giving rise and fall tintes of the light in’
(
~rant No. MPS-74.22 174. tensity of less titan 50 ns. Output powers from an Ar~
Permanent addres s’ t)epartment of Pure and Applied
Sciences , University itt Tokyo , Toky cu , Japan laser were 1 Wat  514.5 nm and 0.~ W at 501 .7 urn.

* Permanent addres s I ahoratt ire dii Phuttophysique MoI~cu’ The photoluminescetice from iodine was measured

lain , L niversité de l’ar ms Sud . Paris , Irance . with a 3/4 m grating monochromator. For steady-state
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— ~~1ATIs ~~/ STt~~ M R ~~~ pulses due to photons are amplified, shaped and then
- a-a~~~~~~~ fed to the count input of the correlator. The signal

— —  frotn the exci tat ion pulse is delayed by t he shift reg-
~~ m F i

r ~“i 
c~~~~La’ .~ isier and the coincidence between the delayed excita-

- ~~‘ I tiott pulse and fluorescence photon pulses is counted .
- 

- I 
The basic unit delay time. r is determined by a syn-

— - _ L _~_. _.._.J chron ized clock (50 its 5 ttis . ~ channels for delay 
1 

— 
t imes are available by an ~ hits shift register. ~ toto ns

L_~
_
~i,.i—) T R u ~~~~ R / emitted in time delay r are counted by the counter I.

[ I those in 2r are counted by the counter 2 and so on.

- - -  

- CaL Since t here are dark counls due lo thermal electrons
rr - ~~~ - ~~~~ ~ 

-~ ~~~~~~~ from the photocathode and steady-stale stray back-
[,
~ ~* ,J’ - -v ground photons , t he actual counting distribution over

every channel is an exponential decay plus a constant
h g 1 1 ~permmenia l arrangement. background due to accidenta l coincidences of back-

ground photoelectrons. Because measurements are
spec t ra l observations , bot h ordinary picoammeter and taken only in brief time periods (~~lO ps) after excita-
pliu tm irt c uunting methods were used. tion of 12, dark counts in this time are so small that

A 5 d l i  diatiteter pyrex cell with a flat window was they have little effect on the measurements. There was
connected to a high t-acut lm pumping station to control no need to correct for the piling-up of photons since
iodine pressure. The control and measurement of iodine the number of photons in a single excitation was less
press ute are important for successfu l lifetime measure- than I in usual experiniental conditions. The major
ments. In initial experiments , iodine pressure was con- noise source is due to statistical fluctuations of the
tro lled by inairt laining the side arm of the cell at con- counted photons in each channel and thus the signal-
st ant tempera lure by cooling with ice and various h’reez- to-noise ratio in each channel is proportional to the
ing m ixtures. In later experiments , iodine pressure meas- square-root of the number of photons in the channel.
ured by a Pirani gauge which had been exposed to io-
dine for long periods and was calibrated at ice (0 °C)
and (‘afl2 - -ice mixture temperatures ( - - 19 .2°C). The 3. Results and discussion
most consistent data were obtained by the latter nteth-

Two detection schemes were used to measure fluo-
A very high detection sensitivity is required to meas- rescence intensity decay. First , a single vibrational tran-

ure t he luminescence decay of a single rotational (ran- sition (43 - 2 )a t  526 nm, which consisted of lransitions
sition. Such sensitivity can be achieved by using a pito- from rotationally relaxed levels as well as the origina ll y
ton correlation or delayed coincidence method. A pho. excited rotational level, was detecte d with a spectrom-
tori correlator is a device which can measure the correla- eter slit width of I nm. Then, t he single rotational tran-
lion of photons at two different times. The correlation sition u’ = 43, u” = I, / = 15 line from the level original-
between a s-function excitation pulse and the emitted ly populated by the laser was detected with a spectrom.
photons , (! V(!)mS (t + r) ) , is the time variation of the in- eter slit width of 0.015 nm. Typical decays observed in
tensity of fluorescence, where NO) is the number of the correlator are shown in fig. 2 and are exponential
photoelectrons detected by photomultip lier. The cir- for 3 orders of magnitude. At higher pressure. system-
cuitry of the photon correlator is similar to that first atic deviations from the exponential were observed at
proposed by Jakeman and Pike ( I I  

~~
. The differences later times; this non-exponential decay is due to back

are t hat ii uses fast Schottk y shift registers as delay ele- energy transfer from the levels populated by collisions.
ments , has synchronizing circuits between the start and Decay times of 12 at various pressures from 2 to 30
fluorescence photon pulses, and has a clock suitable for mtorr were measured and depopulation cross sections
lifetime nteasurements. Laser pulses trigger the corre- and radiative lifetimes were obtained by means of Stern—
lab , iii start counting photon pulses. Photomultiplier Volmer plots. Major errors are due to lack of accuracy

40
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cites a single vibrational - - - rotat ional level (u i ,  .J~~) in an
tipper electronic state, molecules can collisionally relax

o 15.o m tou~ to ot her rotational levels (t .t~ , /) and to other vibration-
• 3.3 al rotational levels (v ’, /) before emitting radiation.
A ‘6. 7 Also spontaneous prcdissociation can take place ft)r 12
£ i even at zero pressure ~I 2] - When all emission is detected

with a filter , t he cross section from the Stern Volmer
plot is due to the average electronic quenching of the
upper state. If emission front the originally excited 1ev-
el and the rotationally relaxed levels is detected , the
measured cross section is due to electronic quenching

a and to depopulation by the vibrationa l relaxat ion~ mol-
ecules wh ich have undergone vibrational remaxation do

0 not citt it radiation into this detection hand w idt h . Final~
922 ~s ly when uu rt k emission from the originally excited level

- - - - — is detected with high resolution as a single rotational
C’~AN~L ~ J~~ER line, t he combined electronic, vibrationa l, and rotationa l

1- 1g. 2. Observed decay itt fluorescence intensity. Circles ne- depopula’ ion cross section is measured.

present single hand detection (I nm) and triangles represent With 514.5 nnt excitation , the value t S I  of o4 A -
single rotationa l line detection (0.015 nm). The delay time is due to electronic quenching, 76 -~s~ to the electronic
per channel is 1 .922 tat . quenching plus depopulation by vibrational Iransfe r .

and 89 ~iu 2 due to the combined effects oh electronic
in pressure measurements. The results are shown in quenching. vibrational relaxation and depopulation ht~
table 1. For comparison with these measurements , table rotational energy transfer. Front the iliU m’, L t t c C s  he-
I also lists some measurements obtained wIth filtered twccc i these measured va lues, the total e tiechive i r u  155

detection of total emission at the same excitation wave- sections for the vibrational and r o t - ”:..rta l depopula’
lengths [5) and at nearby wavelengths [4 1. tion are determined to he 12 and 13 .-‘~~ te s pect ts e l y .

The differences in measured cross sections (table I) It is important to note that these cross sections are
can be interpreted in terms of the several mechanisms for net depopulations which include both forward and
u~ depopulation of an excited level. When a laser cx- backward processes by multiple collisions, Kurzel et

Table I
Measured lifetimes and self-quenching cross sect ions of 12

Fxcitaiion l)etect ion lifetime ( r u ss ‘iii I - ru

m m )  (~ts)

514.5 tA r~) all emission (filter)a) 2.28 • 0.08
43 — 2 bandIt nm)t~ 2. 13 ‘ 0.15 ~~ .4
part of42 - 2 band (0.2 nm)~ 2 . 1) • 1) 05 81 4
R(16) line in 42 - 2  band (0.015 nm)t

~ 1.82 • 0.10 89 . 4
501.7 (Ar ”) all emission (filter)~ 8.8 • o.~ 75 1 ‘ 0.9

62 - 5 band(t nm~~ 7 5  • 1.0 83 ‘ S
part of 62-5  band (0.2 nm)t~ 5.4 u 1)3 , 1.0 110 ‘ 10

513.4 (dye) all emission (filter)’~ 2 24 t 0 .21 60 ‘ I
50 1.6 (dye) all emission~ 5.~ 5 ‘ 1.41 68 • 2

a) Ref. 15 1. b) Present measurements. c) Ref. (4 J .

4 1
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al - t have measured the single pruic -es s retitova l c r u msS ha itt t r ite Iii et t itt es . i t t u l dept mpsil at to it enu iss sections.
sec t ions h i t  vi bration and hot rotation to he ISA alto

31.3 ~1 respectivel y. The large difference 13 1 .3 I 3
= IS -\~ ) in the rotational depopulation cross ‘um.’d I m I t t s  .-~cknowIedgement
between thte 2 sets of measurements indicates that mu!-
t i ple collisions are iniportant in rotational rehaxa hion - e v.uu t t l d  hike tu t  ex press our thanks h u t  Dr - Robert
The somewhat smaller difference (18 .4 12 = ti •.\ 2 ) S. Bradford Jr. for h i s  hel p in co t t s t  ruching ihe photon.
in the vibrati onal cross sections indicates that the hack- correlator.
w a i l pru ucess is !css likely.

A lthough a simple model predicts the same radial ive
l t t ’ ;ttii~ wit h any detection scheme, small deviations References
arc mm hserved which are larger than the experimental er-
nor in each measurement as shown in table I - The nan- Ill -S (itutijan , iK .  l ink and I - Brewer, J. Chem. Phtys . 46

row hand detection lends io show slightly shorter life - ( 1967 )  2666.
times. A sn-tall deviat ion from linearity in the Stern - 1 2 1 K. Sakurai , (;.A . (apelle and lI P. Itroida , J. (‘hem. Phys.

5 4 ( 19 7 1)  1220.
Volmer plot is observed at lower pressure (<5 mtorr) 13 ! K.C . St motton and ( ,t) . ( ‘htaprnan , I. (‘hem. Pttys . c(~ t 197 11
in hand detection whereas a linear plot was obtained 1012.
from the single line rotational detection. These small 14 1 ( .A.  (‘apehle and lIP. Broida. J. Chem. Plmys. 58 11973 1
discrepancies possibly are due to different lifetimes and 42 12.

cross seCl Iuuns of various rotational and vibrational 1ev- 5 1 its. Paisner and K. Wa llenstein. I. ( hem. Phys. 6 11 1974 )
42 12 .

els cause d h~ predissociation 112 1. 16 1 51. Broyer. J. Vigué and J.C. Lehmann , I. (‘hem. Phys. 63
( 1975 1 5428.

17! K. Gtauhcr, ed , Quantum optics (Academ ic Press , Ness
4. Conc lusion York , 1970>.

(81 RB. Kuriel and ii. Steinfeld , J. (‘hem. Phys. 53 ( 1970)
3293.

It has been demonstrated that the spectral hand 191 1.1. Steinfeld and A N .  Schweid . J. (‘hem. Phys. 53 ( 1970 )
width of the detector for fluorescence decay affects the 3304.
nteasure d depopulation cross sections and radiative life- ( 10 ? R I). Kurzel, J. I. Steinfeld , D.A. Ilatzenhuhler and G.t- .
times. Both single rotational line excitation and detec- Leroi , J. (item. Phys. 55 ) 1971 )4822.

1 1 1 1 1 - . Jakeman and b R .  Pike, Nature 22 711 970 ) 242.
lion by a single rotational transition are essential to oh- 1 12 1 J. Tellinghuisen, I. (‘hem. Phys. 57 11 972 )  2397
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