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optically 

The decay of the 485 and 335 nm molecular fluorescence bands in optically excited mercury vapor is 
studied. A 10 nsec laser pulse at 256 nm is used to excite the vapor and the subsequent fluorescence 

both bands decay at the same exponential rate. This exponential decay coefficient was measured as a 
function of gas density from IO" to IOl9 C I I - ~  and as a function of temperature from 473 to 1048°K. 
These decay data, as well as data on the relative intensities of the two bands, are analyzed in terms of a 
simple kinetic model for the mercury vapor system and various kinetic rates are determined. Some decay 
rates for the 63P atomic manifold are also obtained and compared with previous measurements. 

intensity between 1 and 2000 psec was recorded for each band. At late times following the laser pulse, 

INTRODUCTION 

In previous papers'.' an analysis was made of the po- 
tential energy curves and transition A values for the ex- 
cited molecular states of mercury which give rise to the 
335 and 485 nm fluorescence bands. Calculations of 
other excited molecular states were d i s c ~ s s e d ' ~ ~  and 
experimental evidence for theoretically predicted low 
lying metastable molecular states (gerade states) was  
obtained by absorption of infrared laser r a d i a t i ~ n . ~  

In the present paper we report measurements of the 
decay of the 335 and 485 nm molecular fluorescence 
bands following optical excitation of mercury vapor by 
a 10 nsec pulse pulse of 256 nm laser  radiation. Some 
transient behavior is observed immediately following 
the laser pulse but at sufficiently late times both fluo- 
rescence bands decay exponentially in time with the 
same decay coefficient. This exponential decay coeffi- 
cient w a s  measured for  gas densities from lo'' to 10'' 
cm-3 at temperatures from 473 to 1048'K. 

A simple kinetic model is developed for  the excited 
s ta tes  which can explain the temperature and density 
dependence of this decay coefficient as well as previous 
 measurement^'^'^^ of the ratio of fluorescence band in- 
tensities. Various kinetic ra tes  are obtained for this 
model, including some atomic decay rates which a r e  
compared with previous measurements.' 

II. EXPERIMENTAL PROCEDURE AND RESULTS 

The molecular fluorescence was  excited by tuning a 
pump laser  off resonance on the red side of the 253.7 
nm atomic resonance line 6'S0-63P1. This excites Hg, 
molecules in high vibrational levels of the 1, state (Fig. 
1). Some of this excitation is vibrationally stabilized 
directly to low lying states, some is reradiated at the 
pump laser  wavelength, and, since our pump wavelength 
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256 nm lies within kT of the 253.7 nm resonance line, 
some excitation produces 6 3P, atoms. However, for  
mercury atom densities above 10'' cm-3 more than 90% 
of this excitation is converted into metastable 6 3P0 
atoms' due to rotational mixing of the 1, and 0; states at 
small  internuclear separations (see Fig. 1). The decay 
of these metastable atoms has been studied6 and it is 
known that they form mercury molecules by three body 
recombination with a rate  coefficient of 1.6 x 
cm" sec-'. This recombination is the source for the 
molecular fluorescence at late times following the ex- 
citing laser  pulse. 

The measurement system shown in Fig. 2 consisted 
of a pump laser  system, a heated sample cell containing 
pure mercury, and a fast detection system fo r  averaging 
and storing the fluorescence signal. 

The pump laser is the same as that used in Ref. 6 .  
A commercial nitrogen laser  (180 kW, 10 nsec pulse) 

46000 I 1 

I \  i 

Internuclear Separation 

FIG. 1. Theoretical estimates of several low lying Hgz po- 
tential curves based on a b  initio calculations3 for Mgz and ex- 
perimental observations',' on €I&. 
is shown as well as the center of the 335 nm molecular fluo- 
rescence band. The 485 nm fluorescence band arises from 
Hg3 and is thus not shown in this figure. 

The pump laser absorption 
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FIG. 2. Schematic diagram of the apparatus. 

was used to pump a dye laser  built in the H k s c h  con- 
figuration employing a dye cell, beam expanding tele- 
scope, grating for tuning wavelength, Glan-Thompson 
polarizer, and end mir ror  with 40% transmission. With 
a coumarin dye the dye laser produced a 50 kW, 10 nsec 
pulse at 512 nm with a spectral width of 0.03 nm. This 
laser  beam was  frequency doubled in a temperature 
tuned ADP crystal and the uv output was separated from 
the visible beam with a quartz prism. The resulting 15 
kW, 10 nsec, 256 nm laser  pulse was then used to excite 
the 6 3Po atoms as discussed above. 

The sample cell was also the same as that discussed 
in Ref. 6; a quartz tube 5 cm long by 3 cm in diameter 
heated in a brick oven with the temperature controlled 
to within a few hundredths of a degree. A small tube 
extending vertically downward into a lower oven served 
as the mercury reservoir. The lower oven w a s  sepa- 
rately heated and maintained at a temperature below 
that of the upper oven, thus permitting independent con- 
t ro l  of both temperature and density within the sample 
cell. Purity of the mercury vapor is critical for decay 
measurements; the distilling and cell filling procedures 
employed a re  discussed in Ref. 8. 

The detection system consisted of a fast 0. 1 m mono- 

n= 6x1Ol7 cm-3 
T.773 K 

t 
0 80 160 240 3 2 0  400 

Time ( p  s e c )  

FIG. 3. Fluorescence intensity versus time illustrating the 
general behavior for densities above 3 X 10" omm3 and tempera- 
tures above 600 "K. Note that both bands decay together at 
late times. 

0 400 800 1200 1600 2000 
Time ( p  s e c )  

FIG. 4. Fluorescence intensity versus time for a low density 
E = 10" and a high temperature T = 773 "K, illustrating 
transient behavior at  early times. Both bands decay together 
at  late time 1 > 800 p sec but the 485 nm intensity becomes very 
weak and unreliable for t > 1400 fi sec. 

chromator (2.0 nm resolution) coupled to a transient 
digitizer (8 bit, 2000 channel) which recorded the time 
history of the fluorescence following each pump laser 
pulse and a minicomputer to average subsequent shots. 
The averaged signals were stored on a magnetic tape 
as a function of fluorescence wavelength for later anal- 
ysis  on a larger computer. 

Decay measurements were made at various wave- 
lengths within the two prominent mercury fluorescence 
bands centered near 335 and 485 nm. At late times fol- 
lowing the laser pulse all wavelengths in both bands ex- 
hibited the same decay rate. Typical high density t races  
a r e  shown in Fig. 3. Both bands rise very quickly fol- 
lowing the laser  pulse and decay together exponentially; 
this general behavior is observed for all temperatures 
a t  the higher densities. At low densities, Figs. 4 and 
5, the bands decay together only a t  very late times. 
At ear l ier  times the 485 nm band shows an initial fast 
decay followed by a slower decay component or,  at low 
enough temperatures, an increase in intensity which then 
goes over, at late times, to the same exponential decay 
rate  as the 335 nm band. 

In this paper we have analyzed only the final exponen- 
tial decay component when both 335 and 485 nm bands 
decay together. The exponential decay coefficient y is 
plotted as a function of temperature and density in Fig. 
6 and a comparison with the data of Matland and Mc- 
Coubrey' is given in Fig. 7. The solid curves in Figs. 
6 and 7 show our f i t  to the data using the model dis- 
cussed in the following section. The estimated uncer- 
tainty of the data for  densities above lo'' cmm3 are * 10% 
(e r ro r  bars  not shown), whereas the e r ro r  ba r s  are 
i 20% for  n = loi7 cm-3 since the signal w a s  much weaker 
resulting in  a lower signal to noise ratio. 

111. DISCUSSION OF MODEL 

The data given in Fig. 6 were analyzed in te rms  of 
a simple model for the low lying atomic and molecular 
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FIG. 5. Fluorescence intensity for a low density and low tem- 
perature illustrating transient behavior in which the 485 nm 
band undergoes an initial r ise  and decay ( t  > 150 I.( sec) followed 
by a second r ise  (150 < t < 400 I.( sec) and subsequent decay a t  
late times (t > 800 p sec). Both bands decay together in the fi-  
nal decay mode at late times. 

states and various rate  coefficients were determined 
based on this model. Actually several other models 
were tried and rejected since they were unable to explain 
one o r  more aspects of the observed data; these will be 
discussed when they bear on the data. 

The model finally used had four states as shown in 
Fig. 8. An atomic state labeled 0 was included to 
represent the 63P0 state which is excited by the pump 
laser. The state 1 represents the doubly degenerate 1, 
state of Hg, which radiates the 335 nm band.'" It is ex- 
pected that one o r  more of the 0: metastable states lie 
below the 1, state (see Fig. 1) since Mosburg and 
Wilke4 were able to pump such a transition using the 
2 . 8 - 3 . 0  pm output of an HF laser; the state 2 repre- 
sents the metastable state with the lowest energy (the 
others cannot be detected by the present analysis). Fi  - 
nally, the state 3 represents a stable Hg3 state which 
emits the 485 nm band. This t r imer  state may disso- 
ciate to either of the dimer states 1 and 2. 

The differential equations describing the time develop- 
ment of the population densities ni may be expressed 
by the matrix equation 

d 
dt 
- i:!= 

e 

0 

- 

T 

15 2 0  2 5  30 
(103/kT) 

( 3 . 1 )  

FIG. 6. Exponential decay 
coefficient for decay at  late 
times as a function of temper- 
ature (W is in cm-') for a few 
representative densities. 
Estimated e r r o r s  of % 10% for 
n 2 2 x loi7 are not shown 
for the sake of clarity. The 
* 20% e r r o r  in the n = I O ' '  cm-3 
data a r e  due to a lower signal 
to noise ratio at  low densities. 
Solid lines represent cdcula- 
tions with our theoretical model. 
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where R i ,  and yij denote two body and three body inelas- 
tic collision rates from state j to state i. 
represent the loss rates 

The t e rms  y i  

y1 + R O l  + R21 + y31 9 (3.2) 

(3.3) 

(3.4) 

where A335 and A,, represent the A values for emission 
of the 335 and 485 nm bands, respectively. Actually, 
the A values for these bands depend on the vibrational 
quantum number but the inclusion of vibrational states 
is beyond the scope of our simple kinetic model; these 
A values should therefore be regarded as vibrationally 
averaged effective A values. At late times most of the 
vibrational population resides in lower vibrational lev - 
els;  hence, these effective A values will be strongly 
weighted toward lower quantum numbers which corre- 
spond to the centers of the emission bands. The decay 
rate  yo for the atomic state is known from previous 
work' but i t  w a s  nontheless treated as unknown in order 
to provide a check on the values obtained in Ref. 6. Dif- 
fusion losses were evaluated theoretically using known 
diffusion  coefficient^^"^ and diffusion terms were also 
included in early versions of our kinetic model, but 
they were found to be negligible for the densities con- 
sidered in this paper. Quenching of the dimer and tri-  
mer  by collision induced transitions to the electronic 
ground state was  also ignored because the collision part- 
ner  (i. e.,  atomic mercury) is not expected to produce 
any low lying potential energy curve crossings which 
might enhance such cross  sections. Collisional dissoc- 
iation of the dimer and t r imer  a r e  thus expected to be 
several orders  of magnitude faster  than quenching to the 
ground state. 

The exponential decay coefficient for the decay of the 
fluorescence at late times is the smallest eigenvalue of 
the 4 x 4  matrix in Eq. (3. 1). In general, the eigenval- 
ues of this matrix a r e  the solutions of a quartic equation 
for the roots y .  This may be reduced to an analytically 
soluble problem by noting that A,,, is expected to be2 
about, lo6 sec-l which is much greater than all observed 
values of the decay coefficient (Fig. 6). We may there- 
fore neglect y whenever i t  is added to A335, thereby re- 
ducing the eigenvalue problem to a cubic equation of the 
form 

0 = y 3  - a, y2+ a,y - a, . (3.5) 

Since the energy separation E,, between the 0 and 1 
states is about 6900 cm-' (see Table I1 of Ref. 2) and the 
separation E,, between 1 and 2 is expected to be4 about 
2000 to 3000 cm-', we may assume that R,, >> R,,, R,, 
>> R,,, and R,, >> Roz. With these assumptions the coef- 
ficients in Eq. (3.5) reduce to 

a , = ~ o + ~ 4 8 5 + ~ 2 3 + ? r 3 2 + d i [ ~ ~ ( A 3 3 5  +~31)+~13(A335 +Rzi)I 

=yo + e2 , (3.6) 

ai = y o ~ z  + diA335~iJAm + ~ 2 3  + d i ~ i , ( A m  + R21)I 

+ y32 + d1y31R12)@485 ' d1A335R13) 

=yea,+ e1 2 (3.7) 

"0 =Yo&, 9 (3.8) 

(3.9) 

where 

d, E 1/(A335 + R21+ ysy31) . 
Recall that yo is the decay rate for the atomic manifold, 
state 0 in our model, which will be discussed in more 
detail in Sec. IV. E. 

dard method" and the smallest of the three real  roots 
is given by 

The cubic equation (3. 5) is easily solved by the stan- 

e =-sin-' 1 .  
3 

(3.11) 

FIG. 8. Schematic diagram of the four states included in our 
kinetic model. 
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( IO3/ kT) 

FIG. 9. 
a function of temperature for several different densities. The 
high density, high temperature asymptote (solid lines) is given 
by the function 1486/1335 =2.2X 10-247Zexp(6500/kT), where k T  is 
in cm-'. This Boltzmann factor shows that the two electronic 
states responsible for the 485 and 335 nm bands a r e  in ther- 
mal equilibrium for 72 2 3 x l o i 7  cme3 and T 2 575 "K (or l / k T  
5 2 . 5  x cm). The dashed curve represents our fit to the 
low temperature low density data discussed in Sec. IV. B. 

Ratio of 485 to 335 nm integrated band intensities as 

Substituting Eqs. (3 .6) - (3 .8)  into Eqs. (3.  10) and (3.  11) 
gives an expression for y in terms of the parameters 
Yo,  A3359 A4859 ~ Z I ,  k 2 3 ,  K 3 2 ,  K 3 1 7  k13, E l , ,  E Z 3 ,  andg, 
(the degeneracy of the state 2), where 

y 3 1  = n2 K31 3 
(3 .12)  

r32 = n2 K32 3 

R21 'RZ n kz1 9 

R,, = ( 2 / g 2 )  n h,, em(- E l , / k T )  , 
R23 =gZ n k23 em(-  E d k T )  , 
R13 = 2n k13 exp[- (E l z  + Ez3) /kT l  . 

(3. 13) 

(3. 14) 

(3.  15) 

(3. 16) 

(3.  17) 

In addition to the decay data reported in the present 
paper, we  also required that our model fit the steady 
state measurements of the fluorescence intensity. In 
Eq. (4. 10) of Ref. 2 it w a s  noted that, for densities 
above 3 x l O I 7  cm-3 and temperatures above 575 OK, the 
ratio of intensities in the 485 and 335 nm bands may be 
described by the equation 

1 A&= 2 . 2 ~  10-24nexp(6500/kT) , 
1335 

(3.  18) 

where kT i s  in cm-' and n is the gas density in ~ m - ~ .  
Measurements for  lower temperatures and densities 
were also reported in Fig. 4 of Ref. 2. 

( 3 . 2 0 )  - n 1  = R12(A4& + Rz3 + R13) + y3gR13 + @T32A4, 

'3 ( R ~ l y 3 2 + Y 3 1 R 1 2 f Y 3 Y 3 1 Y 3 ~ ) +  ( l  -$)y3y3zA335 ' 
where 

@ = YlO/(~lO + YZO) (3 .21)  

The four state model discussed above was  used to 
numerically fit the measurements of both the long time 
decay constant [using Eqs. (3 .6)-(3.  l l )]  and the ratio 
of integrated band intensities [using Eq. (3.20)].  The 
fi ts  are represented by the solid and dashed curves in 
Figs. 6, 7, 9, and 10. The parameters determined by 
these fits a r e  listed in Table I and their accuracy is dis- 
cussed in Secs. IV. D and W .  E. 

An alternate model was  tested which included an addi- 
tional t r imer  state energetically degenerate with state 2 
of the dimer. This t r imer  state w a s  regarded as an un- 
bound collision complex (lifetime of the order of lo-'' 
sec)  which could radiate at 485 nm. This state was used 
to test the hypothesis that the 485 nm band is emitted 
by "collision induced" radiation from a metastable dimer 
rather than a stable tr imer.  
induced 485 nm radiation w a s  unable to explain the n2 
density dependence of the ratio of integrated band inten- 
si t ies i485/i335 at low densities [see Fig. lo ] .  

The model with collision 

IV. ANALYSIS OF DATA 

A. Decay rate at high densities 

state model, namely, the S3P0 atomic state and the 
metastable 0; molecular states (represented by the 
states 0 and 2 in our model). A model with a fifth state 
representing a low lying metastable t r imer  level was 
also tried but no experimental evidence (i. e . ,  tempera- 
ture dependence a t  high density, low temperature) could 
be found to confirm the presence of such a state. 

The decay of the molecular fluorescence is thus deter- 
mined by the decay of these two energy reservoirs. For 
high densities (n > 3 x l O I 7  ~ m - ~ )  the decay rate yo of the 
atomic state is known6 to be much faster than the ob- 
served decay rates for the molecular fluorescence. 
'Thus, at these higher densities the observed decay rate 
must be determined by the rate at which the molecular 
energy reservoir is emptied. 

There a r e  basically two energy reservoirs in our four 

TABLE I. Atomic and molecular parameters determined by 
fitting fluorescence decay data and steady state intensity ratios 
as discussed in Sec. IV. The molecular rate coefficients a re  
indicated pictorially in  Fig. 10. 

Atomic parameters 
Molecular paraiiietc ss 'This work Ref. 6 

In terms of our present model this intensity ratio is . A , ~ ~ ~  

E12 2x00 em-1 /i:'' 1.5x10- I3 2 . 8 ~ 1 0 - ' 3  cm3sec-l 

1.0 ' j  l o b  sec-' 

given by x'48.1 3 .  x y 10' sec-' , <  2.5 Y 10' 104 sec-' 

y . ~ : v l o - ? '  c n i ' x c - 1  /, <5r111"' 4 x 1 0 4 4  cin3sec-' 

~ . ' i x ~ ~ - ' c m  K C  ' 
/ r  

j Z J  

K ~ ~ / ( A ~ ~ - K ~ ~ )  0 . 3  

i'i 

The steady state population ratio (n l /n3)  may be obtained 
from Eq. (3. 1) by setting (dn,/dt)=O and inverting the 
4 x 4  matrix to yield an equation for the set  df n, .  In this 
manner one obtains 

1.1 
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It is possible to obtain a simplified expression for 
this purely molecular decay component by expanding Eq. 
(3 .  10) in powers of l /yo (subsequent to the analysis it 
can be verified that yo >> a1 and yo >> az). This expansion 
gives 

( 4 . 1 )  

Next, using the definitions of a1 and cyz in Eqs. ( 3 . 6 )  and 
( 3 . 7 )  and noting that a i > 4 a 1  we have 

Y" .l/% 

= Y335 + Y485 ( 4 . 2 )  

t e rms  y3,, and y4&. Furthermore, the ratio of these two 
te rms  equals the integrated 335 and 485 nm band intensi- 
ties. These two decay components a re  thus interpreted 
as the rates  at which the metastable dimer state (state 
2 in our model) decays via the 335 and 485 nm emis-  
sion channels respectively. 

It is possible to extract these two decay components 
from the experimental data by expressing each observed 
value of y a s  the sum of two terms whose ratio is I,,,/ 
14&. This ratio is very well known from previous mea- 
surements of integrated band intensities and is given by 
Eq. (3 .18) .  The 335 and 485 nm decay components a re  
plotted separately in Figs. 11 and 12. 

where 

7'335 ~ A 3 x i ( d i / ~ z ) [ R i z ( A 4 ~  + & ~ + R I ~ ) + Y ~ z R I ~  + # T ~ z A ~ , ~ I  9 

For  high densities (n > 3 x 10'' cm-,) we  may use the 
approximations RZ1 >>A,,, and R,, >>AJas. The approxi- 
mations Rzl >> R1, and R,, >> R13 are also well satisfied 
for  all temperatures of interest due to the exponential 
factors in Eqs. (3. 15)-(3. 17). In addition we find that, 
even at our highest densities, Rzl >> Y,~; thus, the theo- 
retical expressions defined in Eq. (4 .2)  reduce to 

(4' 3, 

Y 4 6  -A4ffi(di/az)[Y3iRiz + Y3z(Rzi + y3i) + (1 - 4)y&335I  

(4* 4, 
Comparing with Eq. (3 .20)  we see that these terms have 
the property Y335 A335R12/R21 

Y t B  A4857-32AR23 + 7-32) 
that is, a t  high densities, where the decay of the atomic 
energy reservoir has no influence on the decay of the = &4Bk32/&3) e x p ( ~ ~ , / k ~ ) / [  1 + n ( ~ 3 2 / k 2 3 )  e x p ( - M k ~ ) I  . 
system, the observed decay reduces to a sum of two (4 .7)  
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Q 2x10'8 
5xI0l8 

0 6 ~ 1 0 ' ~  
A 4 ~ 1 0 ' ~  

15 20 25  
(IO3/ kT) 

FIG. 12. Rate coefficient ydB5 for decay via 485 nm radiation 
as a function of temperature, kT is i n  cm", for several rep- 
resentative densities. The solid curves represent our fit to 
the data using the kinetic model discussed in Sec. 1V.A. 

These two expressions fit all the data in F&s: (11) and 
(12) a id  thus determine the values of E,,, &,, A4&, K3,/ 
'2.3, and A 3 3 5 / x 2 *  

B. Dewy rate at low densities 

At a density of 1017 cm-3 the known6 decay rate for the 
atomic state yo is slower than the decay of the molecular 
energy reservoir,  state 2. The decay of the molecular 
fluorescence is therefore controlled by the atomic de- 
cay. The transition from the molecular decay com- 
ponent Y , , ~  + y4& at high densities ( n  > 3 x 1017 ~ m - ~ )  to the 
atomic decay component yo at n = 1017 cmm3 is clearly 
distinguishable in Fig. 6. At the higher densities the 
observed decay r ises  sharply with increasing tenipera- 
ture  for  T >  723 "K and with decreasing temperature for 
T<623"K. This is due to the exponential factors i n  
Eqs. (4.6) and (4 .7 )  and i t  gives the molecular decay 
component a bowl shaped character which i s  seen quite 
clearly at the higher densities. By contrast, the atomic 
decay, seen most clearly for n = lOI7  ~ 1 1 1 ~ ~ ~  has a much 
flatter temperature dependence. For  densities in the 
range 2 x 10'?-4 x lOI7  cm-3 the molecular decay domi- 
nates around 673 OK with the influence of the atomic de- 
cay  being seen only at the extremes of high and low 
temperatures. In general, the observed decay is domi- 
nated by the smaller of the two decay components. In 
the density region 2 x 10"-4 x 1017 em-, i t  is thus neces- 
sary to use the complete solution of the cubic equation 
(3. 10) in order  to fit the measured values of the decay 
coefficient . 

C. Intensity ratio data 

Measurements of the decay rate at high densities 
could be used for a direct determination of several  pa- 
rameters in our kinetic model. However, at low densi- 
t ies the influence of the atomic decay produces more 
complicated theoretical expressions resulting in a great- 
er  uncertainty in the molecular parameters determined 
by fitting the decay data. 
some parameters become important only at low densi- 
ties where their determination is thus obscured. 

This is unfortunate since 

Steady state measurements' of the ratio of integrated 
485 and 335 nm band intensities a r e  only weakly affected 
by the atomic state; hence, they may be used at  both 
high and low densities. Our expression for the ratio of 
integrated band intensities [Eqs. (3.19) and (3.20)], may 
be  simplified by using the approximations R,, >> R I 2 ,  
R,, >> R13,  which are a result of the exponential factors 
in Eqs. (3. 15)-(3. 17), and R,, >> r,,, which is found to 
hold even for densities as high as 2 . 2  x 10'' ~ m - ~ .  With 
these approximations Eq. (3.20) reduces to 

This expression provides a good fit to all the intensity 
ratio data as shown in Figs. 9 and 10. Since the val- 
ues of E,,, E233 K32/k23, and A , , , / R ~  were deter- 
mined by fitting the decay coefficient, this fit now per- 
mits a determination of k Z 3 ,  &, k I 2 ,  g,, and @. 

D. Discussion of molecular parameters 

The accuracy of molecular parameters in Table I is 
about i 10% according to the statistics of our fit. How- 
ever,  this merely indicates that we have achieved a good 
fit to the experimental data using our kinetic model. 
The true accuracy of the physical parameters is deter- 
mined mainly by inadequacies in our kinetic model such 
as the lack of vibrational states and various approxima- 
tions to the temperature dependence of the rate coeffi- 
cients. We estimate that the molecular rate coefficients 
(except for k,, discussed below) andA values a r e  ac- 
curate to within a factor of 2; the energies E,, and E, ,  
seem to be accurate to within f 10%. 

The sum E , ,  + E,, = 6600 cm-' is within 2% of the value 
6500 cm-', which I s  the known energy separation' be- 
tween the two states which radiate at 485 and 335 nm. 
It should be mentioned that we also tried a model con- 
taining an energy bar r ie r  between the dimer state 2 and 
the t r imer  state 3. The right hand sides of Eqs. (3. 13) 
and (3.16) were multiplied by exp(- E/kT)  and the bar- 
r ie r  height E was treated as an adjustable parameter.  
These fits always gave €=O, indicating that no such en- 
ergy bar r ie r  exists. 

A s  mentioned earlier,  is an effective A value 
averaged over the vibrational levels of the 1, state. 
From Table I1 of Ref. 2 we see  that the A values range 
from about 7 x IO5 sec-' at the bottom of the 1, well to 
1 .3  x lo6 sec-' f o r  vibrational states lying 450 cm-' 
(about k T )  above the bottom of the well. A thermal av- 
erage over vibrational states would therefore yield an 
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FIG. 11, Rate coefficient y335 for decay via 335 nm radiation 
as a function of temperature, k~ is in cm-l, for several rep- 
resentative densities. The solid curves represent Qur fit to 
the data using the kinetic model discussed in Sec. 1V.A. 

average value very close to our measured value A,,, 
= 10' sec-'. The t r imer  A value A,, is roughly 17 times 
smaller than that for the radiating dimer state in agree- 
ment with the estimate made in Eq. (4. 12) of Ref. 2. 

The degeneracy g, of the metastable dimer state 2 was 
treated as an adjustable parameter because i t  was 
thought that two o r  more of the low lying gerade states 
(see Fig. 1 )  might be degenerate. The best fit to the 
data was obtained with a degeneracy g, 
that the lowest gerade state is not degenerate with any 
others. 

The three body t r imer  formation rate K3, was taken 
to be independent of temperature even though it is known 
(Ref. 12, p. 336) that such rates very often decrease 
with temperature. Such an effect probably represents 
a factor of 2 change in K,, over our temperature range 
1048-473"K7 but our fit is not sufficiently sensitive to 
such a small  effect to permit a determination of the tem- 
perature dependence. The value K32 = 9.8 x lo',' cm' 
sec-' probably represents the actual rate at some mean 
temperature around 700°K. This value seems quite 
reasonable since it is a factor of 6 larger than the dimer 
formation rate  at 673"K, KA3)= 1 . 6 ~ 1 0 - ~ '  cm'sec-'. The 
t r imer  formation rate is expected to be about this much 
greater because the t r imers  are formed from dimers 
which have a collision diameter two o r  three times 
larger than the atoms from which dimers a r e  formed. 

The rate coefficient for t r imer  destruction kz3 may 
not be interpreted as a simple binary collision rate  co- 
efficient which can be cast in the form vo. A velocity 

1. 1, indicating 

v = lo4 s m  sec-' would correspond to an enormous cross 
section u=  1 . 7 ~  lo-'' cm', o r  about 300 times greater 
than any reasonable estimate of a gas kinetic cross  sec- 
tion. Rather, the coefficient kZ3 should be regarded as 
the pre-exponential factor in an Arrhenius expression 
[recall that R,, =g2 n kz3 exp(- E z 3 / k T ) ] ,  which is obtained 
by solving the set  of coupled equations for vibrational 
states which are needed to describe the collisional dis- 
sociation of a molecule. These equations have been 
solved by Nikitin13 (see also pp. 271-275 of Ref. 12) and 
the solution used to calculate pre-exponential factors 
for collisional dissociation of several  different types of 
molecules [see Table 20(a), p. 275 of Ref. 12, noting 
that A / Z ,  is the ratio of the pre-exponential factor A to 
the corresponding gas kinetic rate ZO]. It is found that 
this pre-exponential factor for polyatomic molecules is 
typically 50 to 1000 times greater than the correspond- 
ing gas kinetic rate. Thus, it would seem that our value 
of kZ3 is also quite reasonable when compared to similar 
molecules but, due to uncertainties in the fit, it could 
still vary by as much as an order  of magnitude. 

radiating 1, state to the low lying metastable dimer state 
is kZl = 1.6 x lo-'' cm3 sec-'. This corresponds to a col- 
lision cross  section the order  of lo-'* cm', which seems 
a bit large but again k,, should be regarded as a pre- 
exponential factor rather than a binary collision rate co- 
efficient. A solution of the vibrational equations may 
again yield a value of k, ,  which agrees with our value. 

The rate  R13 could not be determined because it was  
usually added to RZ3 which is much larger [due to the 
exponential factors in Eqs. (3. 16) and (3. IT)], thus ob- 
scuring the effect of Rl,. 

The t r imer  formation rate from the 1, state y3, was 
also very poorly fixed by the experimental data and var- 
ied from lom3, to 3xlO-,' cm'sec-'. It w a s  not included 
in Table I due to this rather large uncertainty. 

The rate coefficient for collisions which couple the 

The ratio $J = Klo/(Klo+ Kz0) is 0. 3, indicating that the 
dimer formation rates for the radiating and metastable 
states a r e  about the same, to within an order of magni- 
tude. 

The molecular parameters were determined primarily 
by the decay rates for high densities (Sec. IV.A) and the 
intensity ratio data (Sec. IV. C) and were thus affected 
very little by uncertainties in the atomic parameters 
discussed in the following section. 

E. Atomic decay parameters 

in  Ref. 6; however, these parameters were determined 
only at a temperature of 673 O K .  It w a s  noted that the 
atomic decay was  roughly proportional to 1 / T  at a den- 
sity of 2x10" cm-, (Fig. 7 of Ref. 6), but this observa- 
tion w a s  not sufficient to determine the temperature de- 
pendence of the individual rate coefficients. 

paper a r e  controlled by the atomic decay for  n = 10'' 
cm*, where we have datafrom 923 to 473'K (Fig. 6), 
and for low temperatures (mainly 473 OK), where we 
have data from 3x10'' to 10" cm-, (Fig. 7). These 

The atomic decay parameters were studied extensively 

The fluorescence decay rates reported in the present 
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T ( K )  
FIG. 13. Atomic decay coefficient measured at a density of 
2 X l o i 8  cm-' in Ref. 6. The solid curve represents our fit to 
the data using the theoretical expression given in Eq. (4.9). 

new data, together with the temperature dependent data 
of Ref. 6, now permit a determination of the tempera- 
ture  dependence for some of the atomic decay param- 
eters.  

In analogy with Eq. (3. 3) of Ref. 6 the atomic decay 
rate  is expressed in the form 

(4.9) 

where KA3) is the three body molecular formation rate 
coefficient at 673 O K ,  k ,  is the quenching rate coefficient 
at 673 OK, ,biz) is the binary collision rate coefficient for 
3P1 -3P0 transitions at 673 "K, AE = 1690 cm" is the en- 
ergy spacing between the 3P1 and 3P0 levels, and p is the 
radiative loss rate for the 3P1 state which includes the 
effect of radiation trapping. The general e x p r e ~ s i o n ' ~  
for  p is a very complicated function of density but, in 
our case, p is important only for n = 1017 ~ m - ~ ,  hence, 
p will be regarded as a simple constant. Losses due to 
atomic diffusion were evaluated using the known diffusion 
rateg* lo* l 5  and found to be negligible for the present ex- 
perimental geometry. The parameters @, k:),  k , ,  Kh3', 
a, b ,  and c were treated as adjustable constants and 
were determined by fitting the molecular fluorescence 
decay (Fig. 6) at low densities (mainly lo i7  cmm3) and 
low temperatures (Fig. 7), as well as the atomic decay 
data at n = 2 x 10" cm-3 obtained from Fig. 7 of Ref. 6 
(the latter are plotted, together with out fit, in Fig. 12 
of the present paper). In these fits the molecular pa- 
rameters  were held fixed at the values determined in 
the preceding section. 

The three body rate coefficient Kd3) and i ts  tempera- 
ture  dependence a r e  well determined by the low temper- 
ature fluorescence data, (Fig. 7), and the high density 
atomic decay data (Fig. 13) .  The value of 1.8 x lom3' 
cm6 sec-' agrees very closely with the value 1.6 x 
cm6 sec-' obtained in Ref. 6 and the ( l / T p 4  temperature 
dependence is consistent with that observed fbr other 
molecules (Ref. 12, p. 336). 

The value p = 2.5 X lo4 sec-' is very close to the theo- 
retical  value 2.8 x lo4 sec-' obtained using the theoretical 
resultsof WalshI4 for  n = 10'' c m 3  and a cylindrical geom- 
etry of 2 mm, diameter (the diameter of our pump laser 
beam). This value also agrees to within the expected 
accuracy with the value l o 4  sec-' obtained in Ref. 6. 

The 3P,  - 3P, collisional rate coefficient ki2)  = 1. 5 Y 

cm3 sec-' agrees to within a factor of 2 with the value 
2 . 8  Y cm3 sec-' obtained in Ref. 1 and lies within 
the range of values obtained by Waddel and Hurst." The 
fit to the data was essentially uneffected by a rather 
wide range of values for the coefficient a (temperature 
dependence of kA2); hence, this parameter was undeter- 
mined). 

The quenching rate  k ,  was too small  to be determined 
accurately; nonetheless, it was possible to set  an upper 
bound of 5 x 
magnitude smaller than the value obtained in Ref. 6. A 
larger value of k,,  say k,' 
( T/673)5/2 temperature dependence would have improved 
the agreement with the high density atomic decay (Fig. 
13).  Such a value slightly worsens the fit to the low 
density fluorescence data in Fig. 6 by adding about 
lo3 sec-' to the theoretical values of y .  This adds one 
unit to the n = 10" cm-3 curve which raises  it slightly 
above the experimental data; this is not a serious dis- 
crepancy considering the accuracy of the data for 10'' 
~ m - ~ .  On the other hand, i f  we use the larger values 
for  k ,  and KA3) in comparing with the atomic decay data 
(Fig. 6 of Ref. 6), the theoretical curve is again raised 
only slightly above the data points for high densities 
(n? 5 x 10" ~ m - ~ )  and is slightly low for intermediate 
densities (8 x 10''-10'8 ~ m - ~ ) .  In short, the data a r e  not 
sufficiently sensitive to k ,  to determine its value to with- 
in an order  of magnitude. 

cm3 sec-' fo r  it. This is an order  of 

cm3 sec-', with a 
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