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Abstract-Improved spectroscopic constants have been used to calculate Rydberg-Klein-Rees
(RKR) potent ia ls and Franck-Condon factors for  the IF (-Brt l6*-Xr)+)  t ransi t ion.  The Franck-

Condon factors are generally in good agreement with previously calculated values, but differ by as

much as 30% for transitions from higher levels of the 3-state. Several experimentally measured

relative transition moment functions have been evaluated and the best scaled, so that the total

transition probability calculated for each B-state vibrational level,,4(v'), matched measured values.

The scaled function was then used to calculate individual transition probabilities, A(v',vtt), lor the

vibronic transitions.

1 .  I N T R O D U C T I O N

There is a renewed interest in the spectroscopy and kinetics of iodine monofluoride (IF),

primarily as the lasing species in a chemical laser. Davis and Hankor and Davis, Hanko

and Shea2 have observed lasing on the B -X transition from several ,B-state rotational and
vibrational levels using optical pumping of the.B-state. Dlabal and Eden3 have used electrical

discharges in NF3/CF3 I/He mixtures to induce lasing action on the D'-A'transition.

There are now several research groups working to find efficient chemical pumping agents

for either the D'- or ,B-states. t

The IF (BlfIo*-Xt>+) transition was init ially observed by Duriea's in an 12-F2 flame.

He assigned the spectrum and produced the first spectroscopic constants. Clyne, Coxon,

and Townsend6 observed a similar but more extensive band system in I-atom/F-atoml

singlet oxygen mixtures. The ground state rotational constants were refined by Tiemann,

Hoeft and TcirringT who measured the pure rotational spectrum. Birks, Gabelnick and

Johnstons'e observed chemiluminescence originating from both the B -X and I -X transitions

in the reaction of 12 with F, calculated Franck-Condon factors for the.B-X transition,

and measured the variation in the B -X relative electronic transition moment with r-centroid.

Clyne and McDermidr0 recalculated the Franck-Condon factors for the -B-X transition

using spectral parameters derived from Coxon'srrreinterpretation of Durie'ss data. They

also observed laser-induced fluorescence from the transition,12 and measured the radiative

lifetimes and apparent transition moments for B-state vibrational levels 0-9.13 More recently

Trautmann, Trickl and Wanner,ra and Trickl and Wannerl5 have reported improved spec-

troscopic constants for both the B- and X-states. Trickl and Wannerr6 have also measured

the variation in the relative transition moment for the B -X transition over a wider range

of vibrational levels.
In our studies of electronic energy transfer from N, (l 3>,*) and active nitrogen to

the IF (.B3II0*) state, we found that there is still some confusion regarding the variation in

the IF (B3fl0*-X'>+) transition moment with r-centroid, and that recent measurements

of the spectroscopic constants for both the X- and .B-states made possible a more accurate

determination of the Franck-Condon factors for the transition. It is now also possible to

calculate absolute transrtion probabilities for the B -X system using information currently

available in the literature. We have performed a new evaluation of the Franck-Condon

factors and calculated transition probabilities as part of our present measurement program.

These data are very useful for those engaged in kinetic studies of IF, and for those who

wish to model the B -X chemical laser system.
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2 .  M E T H O D S  A N D  R E S U L T S

The determination of transition probabilities for the IF (-B3flo* -X1)+) transition starts

with the calculation of accurate Rydberg-Klein-Rees (RKR) potentials for both the X-

and B-states. A Numerov-Cooley routine is used to obtain numerical eigenfunctions and

eigenvalues for each of the potentials, and the necessary overlap integrals are computed to

provide Franck-Condon factors and r-centroids for the B -X transition' The transition

probabilities are then calculated using these Franck-Condon factors, the appropriate tran-

sition frequencies and molecular constants, and a scaled transition moment function. The

scaling foi the transition moment function is chosen so that the total transition probability

for each B-state vibrational level agrees with the transition probability determined for that

level from radiative lifetime measurements. The details of these procedures are discussed in

the following sections.

2.1 RKR potentiols
The RKR potentials for the x- and.B-states were calculated using a fast quadrature

method developed by Tellinghuisen.rT Dunham expansions of the form

L

\
G ( y ) :  T , +  L C 1 ( v + V z ) l

l 1

( l )

and

B(v)  : Y2)P Q)

were used to generate the vibrational and rotational term values, respectively. Expansion

parameters determined by Trickl and Wannerr5 were used to give vibrational term values

ior both the X- and.B-states. The rotational constants of Duries were used in the X-state

calculation while those of Tiemann, Hoeft and T6rringT were used for the B-state' These

parameters accurately reproduce the vibronic band origins to within 0'02 cm I for a range

of transitions compnsing y' ( l l  and vttq 17. They are summarized in Table l '  The

Table 1. Dunham expansion parametersnsed 
:";:t::i:1""1:R 
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vibrational term values and classical turning points calculated for both electronic states aregiven in Table 2.

2.2 Eigenfunctions ond Franck-Condon factors
Numerical eigenfunctions for-vibrational levels up to l1 in the g-state and 17 in theX-state were calculated at 0.001 A intervals using a Numerov_Cooleyrs routine to solvethe radial Schrodinger equation. Evaluations of the overlap integrals used to obtain Franck-condon factors and r-centroids were done using Simpson's rule. The routines used l0o0uniformly spaced values of the potentials spanning u .ung. of internuclear distance froml'63 to L$ L' The potential arrays were constructed from the RKR turning points usinga 7-term interpolation polynomial. The attractive and repulsive regions of the potentials,

which fall outside the range of the classical turning points, were ialuated by fitting thefour closest turning points to the expressions

for the attractive part, and

V ( r ) :  D " -  c l r d

V ( r ) :  a l r t 2  *  b

(3)

(4)

for the repulsive part. In these expressions, D" is the dissociation energy and a, b, c and, dare adjustable parameters.
The computer routines and their inputs were verified by testing the eigenfunctions forproper normalization and orthogonality, and by comparing ihe calculated eigenvalues withthose used to calculate the RKR potentials. The normalization and orthogonality of theeigenfunctions for each potential were tested by doing the overlap integrals for each eigen-function of the potential with itself and with all of the-other eigenf'unctions of that potential.The diagonal elements in the resulting overlap integral u..uyr, *hi"h "o...spond to theoverlap of each eigenfunction with itself, were unity to within i part in 107. The off-diagonalelements in the arrays were not greater than 1.0 X 10-20. Eigenvalues for the X-state,calculated using the Numerov-cooley routine, agreed with those used in the RKR routineto within 0'03 cm-r for the first ll levels, and were different by no more than g cm-r for

Tabte 2' rerm values and classical ,"Tlg#[:: 
;lfl;i:.,t 

RKR inversion using the expansion
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levels up to 17. A similar comparison for the B-state showed agreement to within 0.2 cm I

for the first 5levels and a maximum deviation of 2.3 cm-rfor levels up to l l.

2.3 Transition moment and transition probobilities
The relative transition moment function spanning the widest range of ,B-state vibrational

levels is given by Trickl and Wanner.16 Their analysis of IF (B-X) fluorescence from the
reaction of F-atoms with I, ICI and IBr yielded the function

lR"(v' ,vtt)12 o r(v' ,vtt)  -  ro0'),

with

rn(v ')  :  r(v ' ,0) -  ( t  + 3.434 x t6-s r ' : ) [ r(r , ' ,0) -  l .s59A]

for v' ( 8. We have modified their relative transition moment function to include a scaling
parameter B such that the function becomes

R,(v ' ,v" )12 :  B [ r (v ' ,v t ' )  -  ro(y ' ) ] , (7)

and we can write the expression for the total transition probability for a given vibrational
level

t \
A(v') : A A(v',vtt) : 64ra I 3h)B L atlR"(v',v")l ' l(q'@" )l',

yn v t t

where <,r is the transition frequency in cm-r andl(q'lq")l' is the Franck-Condon factor for
the transition.

If all the transition frequencies and Franck-Condon factors from a given vibrational
level are known, then a value of B can be chosen so that expression (8) produces the
measured transition probability for that level. Our calculated Franck-Condon factors and
the spectral parameters given above allow us to meet this criterion for levels 0-5 of the IF
,B-state. We have used the measured transition probabilities of Clyne and McDermidrs for
transitions from IF .B-state levels 0-9 to do a least-squares fit for the parameter B, such
that the differences between the measured and calculated probabilities for levels 0-5 are
minimized. The calculated and measured probabilities are given in Table 3 and Fig. l. The
calculated probabilities agree with those measured by Clyne and McDermidr3 to within 7%
for levels 0-5, and are nearly a linear function of vibrational level. A linear least-squares
fit to the calculated probabilities, shown in Fig. I, allows an extension of the calculated
values for comparison with the full range of the measured data. In the extrapolated region

Table 3. Comparison of measured and fitted total transition rates for levels 0-9 of IF (r).

(5)

(6)

(8)

Vibra t i  ona I
Leve I

Measu red
A ( v ' ) a

F i  t  t ed
A ( Y ' ) a ' b

0
,l

J

5
6
7
B
9

4 4 1 0 .  1  0
4 9 1 0 . 0 7
4 2 ! O . 1 2
4 5 1 0 . 0 6
3 4 ! 0 . 1  1
2 3 t 0 . 0 6
2 1 t O . 0 6
1 6 1 0 . 0 5
1  6 ! 0 .  0 7
1 4 ! 0 . 1 2

1  . 5 4
1  . 4 8
1  . 4 3
1  . 3 8
1  . 3 4
1  . 2 7
1  . 2 2
1  . 1 7
1  . 1 2
1 - O 7

a  1 9 5 " - 1 ;  b  L e v e I s  6 - 9  e x t r a p o l a t e d  f r o n
c a l c u l a t e d  v a l u e s  f o r  1 e v e l s  0 - 5 .
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Vib ro f i ono l  Leve l
Fig. l. Measured total transition rates (Ref. t3), O; fitted total transition rates, f; and

linear least-squares fit to fitted data, solid line, for IF (.8) levels 0_9. 
-

the agreement with the measured values is also quite good, and we have included the
extrapolated values in Table 3.

The relative transition moment function of Trickl and Wannerr6 can now be put on
an absolute basis using the fitted value of B and is given as

lR,(v',vtt)12 : 0.445 .lr(v',v,,) - ro(y')], (9)

where the units are Debye,2 and ro(v') has its previously defined value. Using the absolute
transition moment function, our calculated Franck-Condon factors, and the known tran_
sition frequencies for the B-X transition, we can calculate transition probabilities for all
transitions of interest. These probabilities, as well as the corresponding Franck-Condon
factors and r-centroids, are given in Table 4 for transitions from 3-state levels 0-9 to
X-state levels 0-17.

3 .  D I S C U S S I O N

Vibrational term values calculated for the X-state differ by as much as 1.3 cm-rfrom
those of Clyne and McDermidrr and 13 cm 1 from those of Gabelnick,8 whose results are
summarized in Ref. 9' The corresponding classical turning points for these levels change
by as much as 0.002 and 0.003 A, respectively. The term vaiues calculated for the B-staie
using the new constants differ by I srn-r from Clyne and McDermidr3 and 3.2 cm-rfor
Gabelnick.8 Classical turning points calculated from these term values differ by as much
as 0'003 and 0'007 A, respectively. These changes are a direct result of the use of improved
vibrational and rotational parameters. This improved accuracy enables us to compute the
Franck-Condon factors to X-state level 17. The shifts in the potentials are not sufficient
to affect significantly the Franck-Condon iactors for transitions between levels with ei-
genfunctions having few nodes, but do result in large changes for transitions occuring
between high levels in each manifold. For such transitions the present values differ by as
much as 30% from previous results.

Extension of the Franck-Condon factor matrix to include X-state levels up to l7 gives
us the full sum of the overlap integrals for _B-state levels 0_4, and 95% of the sum for ievel
5. This procedure allows us to use these levels to determine the optimum value of B in the
transition moment fitting routine. Previous calculationse,ro only determined the full overlap
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i n teg ra lSumfo r l eve l s0and l , l im i t i ng theaccu racyo fany f i t f o r t he t rans i t i onmomen t
t"""'iT.. 

have been three determinations of the variation in the relative transition moment

w i th r - cen t ro id fo r tnes ' � x t rans i t i on .The in i t i a lmeasu remen tso fB i r ks ,Gabe ln i ckand
Johnstonq showed u uu.frion ln ti" ,"tutlue transition moment for transitions from B-state

levels 0-2 characterized by the expresslon

l f i " (v ' ,u")J t  o r (v '  ,v t ' )  -  1 '859 A' (10)

The function varies by about a factor of three over the corresponding range of r-centroids'

Subsequently, clyne urrJ rur"n".-idr3 inferred from their lifetime measurements that the

transition moment ""n.0 ;;-;y about lo7" lor transitions originating from B-state levels

0-9. Recently Trickl';;J w"";"rr6 investigeted the variation. in the relative transition

moment and reported a change wittt 'rce'itl:ti:t:tt?"-tll,,?:tl in expression (5) ior

transitions originatrng rro- ,a:r,ure levels 0-8. Their transition moment function gives

values of the transition moment which u*.". *irrr those of Birks and co-workerse where

theyover lap 'uno"* t .nd. . . t ' " - . " .g"ou".*h i "hthetransi t ionmoment isknown.
we have determined that the apparent ii."r.o"r"t between the transition moments of

clyne and McDermidrr and other -"u.u."*"n1, ir 0". ,o a misinterpretation of the lifetime

databythoseauthors. Inreport ingthei r t ransi t ionmomentvalues,ClyneandMcDermidl r
actual lycalculatedtheaveragetransi t ionmo*" , , t io 'a l l t ransi t ionsor ig inat ingfroma
given B-state vibrational levei' This quantity is given by the expression

where

3h A(v ' )
R" (v ' ) :  64r^ ; -U)

, 1 - : ( v ' ) :

(1  1 )

(12)
I r(r ',v")' l( q'!q")l '

This average transition moment does vary by only about l0% for levels 0-9; however' this

interpretat ionneglectsthefact that thetransi t ionmomentmayvarys igni f icant lywi th in
any given vibronic p.";;;;" while having it. ,u*" average value relative to other pro-

t "' *f"' lX,tl'"i tliT; an d M cD ermi d r r are ":n':',t"' : Ylll.: tL"i...T-";'iilT':X :: ll:
relative transition -";;if viewed -o." "rJr"iv. itr" qtu.ttitv 

.3y'(a-3(v'�): :ilf]111"

Franck_conao., *"lgti.J uu".ug. transition freq.ren"y for a vibronic progresston' vanes

only slightlv io, ptog"iiJ' "iigi""t-g f-t"; a-'tuit levels 0-9' Since '-X emission

occurs almost entirerv'aiihe classic-al t"ttting ioinl' :tl":1tl:iT"*1:t""t"t 
can be associated

with the ,,-centroids ro. it or. transitions. A plot of transition frequency vs r-centroid is

approximately linear, and the average transitio'n it"quencies of Clyne and McDermidrr and

can be assigned corresponding r-centroids rt.- i-trrr pr"t. when these r-centroids are used

in the relative transitio'n mom-ent function oi ni.r.., Gabelnick and Johnston'e this function

gives both the same ,ig" "ra maslilyde of the variation in average transition moment

observed by clyne unJTu"n".-id.,, Hence, all of the data sets are consistent and we feel

confident to use th.';;;t extensive relative transition moment function of rrickl and

wanner'r6 
lf errors analysis for our computation of the

We have done a linear ProPagatlon 
(

transition probabilities. it i, -dy.o ln"tui.a u 10% uncertainty in the transition moment

and a 5%urr"..tu,ntfin the Franck-conaon ruftors. The total uncertainty in the transition

probabilities is estimated lo .be 
10% t:1.:]:""Jiiansitions' and'as great as 30% lor weaker

transitions. We have used these tra"sition i?J"91t11^it '1lin1 
least-squares spectral

f itt ing routin.. rn nig. i*..ho* the spectrum of IF (B-x) emission' excited by energy

transfer from N, (l) (ligtrt line) at 5 Torr totui p..rr,t.e of Ar buffer' some emission from



Franck-Condon factors and absolute transition probabilities

r . o

o.8

o.6

o.4

o .2

o.o
440 490 540 590 640

W o v e l e n g t h  ( n m )
Fig.2. IF (B-X) emission spectrum excited by N, (l) energy transfer (light line) and
least-squares fit to data using calculated transition probabilities (dark line).

NF 16t>+ - X3 >-) l ies under the 0-0 band. The least-squares fit to the spectrum is
shown as the darkened line in the figure. The accuracy of the transition probabilities is
demonstrated by the good fits to the long progressions originating in y' : 0-2. Over the
range of these progressions, the transition moment varies by approximately a factor of two,
while the spectral fits match the observed spectra to within l5%. lf the transition moment
were invariant with r centroid, a much larger error would be observed in the spectral fit.

While there have been no other determinations of transition probabilities for this system,
the transition probabilities reported here are at least in qualitative agreement with the
stimulated emission data reported by Davis, Hanko and Shea.2 Our calculations would
predict strong emission from the l-8,2- 10, 3- I 1,3-12,4-0 and 5- l1 bands, in agreement
with their low-pressure optical pumping experiments. We would also predict lasing on the
0-5 band relative to the 0-4 band, when the probabilities are converted to stimulated
emission coefficients. Clyne and McDermid'r showed that radiative lifetimes for 4 < J' <
50 in each of .B-state levels 0-8 are essentially equal. Work on Franck-Condon factors for
Irhave shown little variation with rotational quantum number except in highly rotationally
excited species.re Thus we might expect to see little variation in these transition probabilities
with rotational quantum number aside from the usual Hcinl-London line-strength factor.

4 .  C O N C L U S I O N S

Franck-Condon factors for the lF (B-X) transition calculated using improved spec-
troscopic constants differ negligibly from previously calculated values for transitions orig-
inating from low levels of the B state. For transitions originating from higher levels of the
-B state, which are most affected by the use of improved spectroscopic constants, the newly
calculated values differ by as much as 30% from prior results.e'ro We have resolved the
discrepancy between previously reported variations in the relative transition moment by a
reinterpretation of the results of Clyne and McDermid,'3 resulting in three consistent sets
of data. The relative transition moment function of Trickl and Wannerr6 has been scaled
so that calculated total transition probabilities match measured values.lr Calculated prob-
abilities for individual B-X transitions using the scaled function are consistent with ob-
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servations of lasing on strong transitions originating from the outer turning point of the
.B-state potential.
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