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Natural hyperfine and magnetic predissociation of the I, B state
III. — Experiments on magnetic predissociation

J. Vigué, M. Broyer and J. C. Lehmann
Laboratoire de Spectroscopie Hertzienne de 'E.N.S. (*), 24, rue Lhomond, 75231 Paris Cedex 05, France

(Regu le 19 novembre 1980, accepté le 25 mars 1981)

Résumé. — Cet article présente I'ensemble des résultats expérimentaux actuellement disponibles sur la prédisso-
ciation magnétique de I’état B de I'iode. Ces résultats sont analysés grice a la théorie de cette prédissociation. Les
valeurs des paramétres de prédissociation magnétique, naturelle et hyperfine ainsi que la probabilité de décroissance
radiative sont déduits des expériences. Les dépendances vibrationnelles et rotationnelles de ces paramétres sont
mesurées et comparées a la théorie. La connaissance de la prédissociation de I’état B de I,, telle qu’elle est présentée
ici, semble maintenant presque compléte.

Abstract. — This paper presents all experimental results presently available on the magnetic predissociation of
the B state of I,. These results are analysed according to the theory of this predissociation. The values of the para-
meters of the magnetic, natural, and hyperfine predissociation, and of the radiative decay rate are deduced from
the experiments. The vibrational and rotational dependence of these parameters are measured and compared with
theory. Experimental and theoretical knowledge of the I, B state predissociation, summarized here, now seems

rather complete.

Introduction. — The magnetic quenching of the
B *I1,., state of I, was discovered experimentally by
Steubing [1] in 1913 and by Wood and Ribaud in
1914 [2]. The theory of this phenomenon was given
in terms of a magnetic predissociation by Turner [3]
and Van Vleck [4]. Later on, various experiments
were done [5, 6, 7] which confirmed this analysis.
However in 1972-1974 we established [8, 9] the
existence of an interference effect between the natural
and magnetic predissociations of the I, B state and
we gave a new analysis of this predissociation [10].
Since that work many new facts have appeared and
require a more complete analysis :

— the discovery of a hyperfine predissociation [11]
which also interferes with the magnetic predisso-
ciation ;

— we have studied [12] the magnetic predisso-
ciation of a large number of rovibrational levels ;

— as is explained in the second paper [13] of this
series, the J dependence of the Franck-Condon
density for predissociation is not negligible and
should be taken into account in the calculations.

Before going into any detail, we summarize the

(*) Associ¢ au CN.R.S.

interesting aspects of a study of magnetic predisso-
ciation :

i) it is one of the rare cases in which a coupling
between a discrete level and a continuum can be
tuned ;

ii) the interference between magnetic and gyro-
scopic predissociation enables us to measure very
weak gyroscopic predissociation rates ;

iii) the experiments are quite simple : a variation
of the magnetic field produces a variation of the
fluorescence quantum yield and therefore of the
fluorescence light intensity.

The present publication is divided into four parts :
the first is devoted to an historical review of previous
results and a brief survey of the present theory. The
second part describes the experimental consequences
of the predissociation rate calculations. The third one
gives a detailed account of all experiments and their
numerical analysis. The last part summarizes the
results obtained and presents a tentative interpreta-
tion of the parameters.

1. Historical review. Present theory. — 1.1 FIrsT
OBSERVATIONS AND VAN VLECK THEORY. — In 1913
Steubing [1], followed in 1914 by Wood and Ribaud [2],
observed magnetic quenching of the fluorescence
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of I,. The quenching was very strong for a magnetic
field of 30kG and a low iodine pressure (about
30 mtorr); and it was negligible for the same field
and a pressure of the order of 1 torr.

Various studies were made, which gave a quanti-
tative form to these results. Moreover, Turner [3]
determined the dependence of the effect on the
excitation wavelength, and proposed, in view of the
rapid dependence observed, that the effect was a
field induced predissociation. Van Vleck [4] gave a
detailed theory of such a predissociation and iden-
tified the symmetry of the dissociative state as 0 ;
this choice was dictated by the consideration that the
other possible symmetry, 1, could also participate in
anatural gyroscopic predissociation (I, oc J(J 4 1)),
which would obscure the magnetic predissociation,
at least for large rotational quantum number J. The
magnetic predissociation rate was given as [4, 5]

Fpred = bu BZ (1)

and the fluorescence yield is therefore proportional to
r rad

rad + Fcoll + bv BZ

P =T @

where I' 4 and I, are the radiative and collisional
decay rates. The behaviour predicted by equation (2)
was verified by various authors, a list of whom is
given in reference [5]. This reference contains one of
the most detailed studies : the validity of equations (1)
and (2) was carefully tested and the vibrational depen-
dence of b, was measured in the region v > 13. This
work was extended by Chapman and Bunker [6] who
determined the predissociation of the two levels (v=6,
J =32 and v = 11, J = 128) excited by the HeNe
laser; they showed that the b, vs.v curve has two
maxima, one around v = 6 and one around v = 25
and that b, vanishes for v = 14. Figure 1 shows the
b, curve thus obtained. Finally, a direct lifetime
measurement as a function of the magnetic field was
made by Capelle and Broida [7]. They verified that
the lifetime 7 is correctly given by

%= Frad + Fcol] + buBz’

A}
their b, values being in good agreement with the
other determinations.

1.2 FIRST OBSERVATIONS OF THE INTERFERENCE BET-
WEEN MAGNETIC AND GYROSCOPIC PREDISSOCIATIONS.
— While studying the magnetic quenching effect, we
observed that a circular polarization of the fluo-
rescence light was obtained, following a linearly
polarized excitation, in the presence of a magnetic
field [8]. It was easily verified that this was due to
different fluorescence quantum yield for the Zeeman
sublevels of + M and — M values. We presented
[8, 9, 10] a theory explaining this difference as due to
an interference effect between the magnetic and
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Fig. 1.— This figure presents the results of Chapman and Bun-'
ker [6]. The points are the experimental b, values, and the full curve
is the best theoretical curve obtained by fitting the 1, state potential
curve. The horizontal scale is linear in vibrational energy.

natural predissociation of the B state. Such an inter-
ference term exists only if the natural and magnetic
predissociations are both due to the same state,
whose symmetry is then necessarily 1,. The details
of the theory, and various considerations (namely the
elimination of spurious effects which could contri-
bute to the observed polarization) appeared in pre-
vious publications [8, 9, 10].

We now know that our original theory [10] is only
a particular case of the general theory which includes
hyperfine predissociation. Evidently, this first theory
is unsatisfactory. Its main drawback is due to the
absence of the hyperfine predissociation effect. There-
fore the hyperfine predissociation is actually more or
less included in the radiative decay rate, and this
apparent radiative decay rate varies rapidly with J
for one vibrational level [12].

1.3 THE PRESENT THEORY. — A detailed theory
appears in the first paper of this series [14]. Let us
recall briefly that the predissociation rate of the
level | vJeFMy ) is given by :

Fp(vaJang7MF)=rnat+rmag+rint' (3(1)

In this expression, I',,, is the natural predissociation
rate. This term has been studied in detail in the
second paper of this series. It can be written, with
some simplifying assumptions

Fnat=;|a(18JF) |2 FIJF’ (3b)



N° 7

with

2 2 3 2 32
. a (, 3IP+3.I)-P)
Fup=ClIU+D+5 (1 R 3y g} oy

—a,C,/21.3. (3¢)
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I, is the purely magnetic term; it is given by :

mag

FZZ(09J717FaMF)=(avB)2 X%XI:]. +

[y = Z | oaleJF) [2 I';;(0JIFMy) (3d)
I
with
2B3ME — F(F + 1) 3J.F)* —3J.F — F?J?
F(F + 1) >((2F—1)(2F+3)(2J—1)(2J+3) )
(3e)

This term is quadratic in B and an even function of M.
I';,, is the intgrference.térm between the magnetic and natural predissociations. This term is linear in B

and an odd function of M F

Iy, = ; | alIeJF) [>Tz + Toz + T'zues + Tupsz)wiirme)

'

(I'ze + I'eDwstrme = \/5 o, BC, My —

B M,
% B4 EF + 1)

r zurs T r HFSZ)(leFMF) = -

(31)
o (9)

2 3F.J)(J.1) — JX(I.F)
XS[“” PR EE) ] (3h)

In all cases, C,, a,, a, are proportional to the Franck-Condon density for predissociation, and therefore
are J dependent, as has been shown in the previous paper [13]. In equation (3) we must replace C,, a,, a, by
C,;, a,;, ®,; everywhere, or we must introduce the multiplicative factor [1 + p, J(J + 1) + q,[J(J + 1))*];
C,, a,, o, then designating the value of the coefficient for J = 0.

Therefore I', appears to be a function of v, J, &, F, M.
This relaxation rate is different for each M sublevel,
and in particular, it is not the same for two levels
having the same values of vJeF and opposite signs
of M. This last point is the crucial difference between
Van Vleck’s [4] and the present theory.

2. Experimental consequences of the theory. — We
consider here the experiments in which we detect
the polarization or the intensity of the fluorescence
light as a function of magnetic field. It will appear
that the qualitative predictions of the theory ignoring
hyperfine predissociation [10] are preserved, but the
quantitative relations established then are not valid.

2.1 FLUORESCENCE INTENSITY AS A FUNCTION bF

MAGNETIC FIELD. — Using the well known master,

equation formalism, one can write, for the density
matrix of the excited states :

dp 1 1 &

ar = mlerl —5Tp +pl) +—T;, 4
Je is the sum of the hyperfine and the Zeeman hamil-
tonians, & is the excitation operator [15], which
depends on the exciting light beam polarization and
the nature of the excitation transition (P or R). T, is
the pumping time and I is the relaxation matrix :

F=rrad+rcoll+rpred; (5)

T4 corresponding to decay by spontaneous emis-
sion of radiation, is perfectly isotropic; I, corres-
ponding to relaxation by collision is not very well
known. In the I, B state all our experiments [12]
seem to prove that for I,-I, collisions, it is a good
approximation to consider this process as isotropic.
I and I, are then two scalar matrices. I',.q is
diagonal in the JeF M basis and its matrix elements
are simply :

(JeFMp | Tyq | JE F' My > =
= 566’ 5FF' 5M;.~M;’r Fp(v’ J’ &, F’ MF) . (6)

The fluorescence intensity is simply given by

Joc Tr(pD), @]

where D is the detection operator [15]. D is very
similar to & and depends on the polarization of the
detection light beam, and also on the nature (P or R)
of the transition used in the detection. To calculate &
and D we use their decomposition into irreducible
tensorial sets [16].

Up to now, these equations are perfectly general,
and could be applied to time resolved as well as to
stationary state experiments. We consider, from now
on, only experiments under stationary state condi-
tions and, moreover, we choose the geometry so that
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set | JeFM > represents well the eigenstates of J€ in
the region of magnetic field explored (i.e. we neglect

all hyperfine decoupling). Then we get

no Hanle effect or level crossing signal can be observed.
This means that either © or & is diagonal in the
eigenstate basis ; we suppose that the zero field basis

(JeFMy | D | JeFMp > { JeFMy | & | JeFM; )
Joc ), ®)
eFMF Frad + rcoll + Fp(UJSFMF)

with
| JeFMg ) =Zcx(IeJF)IJIFMF>. 9)

I

Although this expression seems easy to evaluate, for a typical J value (J = 100 for instance) the summation
over eFM, involves about 4 000 terms ! We must therefore try to minimize the amount of computation : this
is done by remarking that J depends only on some combinations of all the parameters involved in equation (8).

As we consider only relative intensities, we may define J by the following equation

T

CJeFMy|D | JeFMp > { JeFMy | 6| JeFMy >

I'(v,J,¢e F, Mp)

(10)

eFMEp 1

In equation (10), it is clear that J depends

— on the geometry of the experiment and on the
nature of the excitation and detection transitions
through & and D ;

— on the following combinations of parameters :

CvJ a,y Ay B
where I' designates the sum I',,q + I’ ;5
— on the value of J and on 1its parity which gives
the ortho or para nature of the level;

-— on the hyperfine structure of the level which
determines the o coefficients.

If J is large when compared to the nuclear spin
(5/2 for '27I), one finds [4, 12] that C,,,/\/T and J
appear only through their product C,,; J/\/f .

Finally, in the case where the excitation is not done
with a line broader than the hyperfine structure, we
must introduce into equation (10) a weight factor
w,r which takes into account the variation of exci-
tation efficiency from one hyperfine level to another.
We have chosen to neglect the magnetic tuning
effects : indeed this should be negligible if the laser
line is well centred on the absorption line, because
the Landé factor of iodine in the B state is very small
for the low vibrational levels (in these experiments,
v is always smaller than 40, and in a large majority
of cases v < 22).

2.2 RESULTS OF THE CALCULATIONS. — We have
written a computer code which evaluated J in the
general case; this computer routine was used to
generate theoretical curves which are discussed here,
and to fit the experimental data (see part 3). We are
going to consider only two different experiments :

r rad + r coll

a) Excitation with linearly polarized light (o or 7 :
i.e. perpendicular or parallel to the magnetic field)
and detection of circularly polarized light intensity
Ia+ - Id .

b) Excitation with ¢ linearly polarized light and
detection of the total fluorescence intensity I,. + I, .

The figures 2a and 2b give some plots of typical
curves obtained for these two experiments. We ana-
lyse, in the following pages, the main characteristics
of these two signals.

| | >
-2 -1 0 1 2 B/By;,

Fig. 2a.— This figure presents the calculated total fluorescence
intensity 3 = I,. + I, as a function of the magnetic field B in
the case of ¢ linearly polarized excitation. The curves are normaliz-
ed to 1 in zero field and a reduced magnetic field scale is used ;
B, is the field for which the intensity is the half of the intensity
in zero field. For all curves a,;, = 0 and C,, JA/T is equal to : 0
(curve 1); 1 (curve 2); 3 (curve 3).
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- 1 B/Bye

Fig. 2b. — The calculated circularly polarized intensity
¥ = (Iu* - Iﬂ )B/(Ia‘ + Io' )B=O

as a function of the magnetic field B (same scale as in 2 a; ¢ linearly
polarized excitation). a,, = 0 and C,; JA/ I is equal to 1 (curve 1);
2 (curve 2).

Experiment a

We define a circular polarization « rate» 6 by the
following equation

(Ia'* - Ia )max

0=—~——-—"r—7—.
(Ia*' + Ia )B=0

(11
The choice of this quantity is a matter of experimental

convenience and 0, thus defined, may exceed 1. Evi-
dently, 0 is a function of the following :

— nature (R or P) of the excitation and detection
transitions ;

— polarization ¢ or n of the exciting light beam ;

— the combination of parameters (J is assumed
to be large) :

— the parity of J.

We are going to discuss briefly these various depen-
dences.

i) Nature of the transitions used for excitation and
detection. — The measurement of (I,. — I, ) gives
a measurement of the longitudinal orientation p}.
When changing from an R line to a P line in detec-
tion, the detection factor for this orientation changes
sign, but keeps almost the same modulus, if the
rotational quantum number J is large enough. This
can be understood on a classical basis [18]. Changing
the nature of the excitation line affects the excitation
matrix slightly and also the value of 6.

We have compared the modulus of 6 in the various

LE JOURNAL DE PHYSIQUE — T. 42, N° 7, JUILLET 1981
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cases : the largest one is for the R T R | configuration
and the smallest for the P 1 P | one. For large J values
(J > 20) and a zero value of a,, we get :

Oxe
BPP

125

~ 1+ 7

12

This is a small effect, and as 6 was usually measured
only for levels with J > 30, this explains our failure
to observe any difference between the various RP
configurations (except the change of sign when going
from R to P detection).

ii) Effect of the polarization © or ¢ of the exciting
light beam. — The circular polarization of the fluo-
rescence is due to the lifetime difference between the
+ M, and — M, sublevels; as this difference is due
to the interference terms (eqs. (31, g, 4)) linear in M,
this effect is certainly sensitive to changes in the
relative populations of M sublevels. It is easy to
verify that, for an R or P transition, a ¢ linear pola-
rization produces a maximum population for M= + F
and a minimum population for M; = 0 : whereas a
n polarization does the opposite. We expect there-
fore 0, to be smaller than 6,. We have calculated 6,
and 6, for various values of C, J,/\ﬂ“ and a,,,(/ﬁ
The ratio 6,/6, is not constant, but if we limit the
investigation to the values of these parameters acces-
sible in the I, B state, we find :

048 < & < 062.
b,
As only very few experiments concern 6,, we do not
give any more details. Clearly 6, which is larger, and
therefore easier to measure, is more interesting to
study.

i) Dependence on the parametersJ,C ,;A/T,a, ,A/f .
— If J is large, we may reduce this set of three para-
meters to two alternative sets of two parameters :

- CvJ J I ) avl/\ﬁ 5

— Cy INT, ys = a,/Coy J) = Y/J.
In both cases we must not forget the ortho para nature
of the level. Figure 3 represents the curves

0, = f(C,y JA/T)

with either a, ,ﬁ constant (3a) or y, constant (3b).

In the first case 0 is an almost linear function of
C,; JA/T, the slope being dependent on a,,m . This
means that for a vibrational level in which a,, and C,,;
are almost independent of J, 6 should be a linear
function of J.

In the second case, 0 increases at first with C,, J, /\/—1:
and then saturates. It is very important to note that
the saturation value of 0 is strongly dependent on y,.

In both cases, 6 appears to be very different for
ortho and para states, especially for broad line
excitation (not shown in Fig. 3); however, this diffe-
rence is completely washed out in the case of single

62

(13)
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Cy I/ VF

0 |
0 1

Fig. 3a. — The calculated rate of polarization 6, as a function of
CyJ /\/I_" for various values of a, ,/\/f :0(curve 1); — 0.4 (curve 2);
— 0.8 (curve 3). The rotational state is assumed to be ortho.

o
1~

05

CoJ/VF
0 | | ] -
0 1 2 3

Fig. 3b. — The calculated rate of polarization 6, as a function of
Cyy J,k/f for various value of y, = a,;/(C,;J) = 0 (curve a);
— 0.175 (curve b); — 0.350 (curve c); — 0.50 (curve d). All the
curves are calculated for ortho states, except curve ¢ which contains
two branches : the upper one for para states, the lower one for ortho
states.

mode laser excitation. This is to be expected : the
hyperfine sublevels which are responsible for the
largest difference between ortho and para states are
mainly in the wings of the line and their weight
factors are very small

From this study, it is clear that § provides a measure
of C, J /\/T if this quantity is not too large and if a,,/ﬁ
is known. When C, J,/\/f is large, the value of 0
determines y, = Y/J and this is a new means of
access to the parameter Y = a,/C,.

JOURNAL DE PHYSIQUE
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Experiment b

In this experiment, we observe the total fluores-
cence intensity I,. + I, - as a function of the magnetic
field, the excitation beam being ¢ linearly polarized.

The importance of such an experiment appears
with the three following considerations :

— It is easy to perform the experiment : the
signal is essentially the same whatever the combina-
tion of R or P lines used for excitation and detection,
and therefore it is not necessary to discriminate R vs. P
fluorescence lines. This gives a high fluorescence
intensity and the signal to noise ratio is usually good,
and in all cases better than in experiment a.

— This experiment allows a sensitive measurement
of the predissociation parameter o, if the para-
meters I, a,, C, are already known.

— Finally, this experiment was the only one
performed in the past [1, 2, 3, 5, 6] and in all cases
the fluorescence intensity was found to be a Lorentz
function of the magnetic field. As is shown in figure 2,
this is no longer true in the present theory and it
seems important to investigate this point in greater
detail.

The curve 3 =1I,. + I, = f(B) is a particular
case of equation (10); in this case only the popula-
tion p and the longitudinal alignment p3 contribute
to the signal. The excitation and detection factors for
these quantities have a constant sign when going
from an R to a P line, and their modulus is only
slightly affected by this change if J is large. Therefore,
the curve, its shape, and its width are only slightly
affected by the nature of the lines used for excitation
and detection.

i) Width of the curve. — From the study of equa-
tion (10), it appears that the half width B, , (defined
as the value B, such that f(B,,,) = f(B = 0)/2) can

dyy Byjp Coy Ay
r’Jr

be written as
= g(J, > .
JT JI'JT

The function g can be computed only numerically,
except in the case a,; = C,; = 0, in which an approxi-
mate summation [19] restores the validity of equa-
tion (2) :

(14)

o
P T By 1)
1+ 3T
giving
bu = ag.l/:; (16)
and
By, =/3T/o,. amn

In the general case, we may use numerical values
of By, or more conveniently of «,, B, /ZA/T“ . The
variation of this last quantity is plotted as a function
of C% J*/T for a typical set of values of a,,A/F in
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figure 4. We see on this figure that B, increases
rapidly with C2, J2/I" (this a proof of the sensitivity
of By, to C,,) and B, is not the same for ortho and
para states (which is the proof of the sensitivity of
By, to a,;). These behaviours have indeed been
verified experimentally, but it is difficult to use them
to derive new values of C,; and a,,.

2
C2 J2
) ! | | r .

Fig. 4. — Plot of the calculated values of a,; B, ,z/ﬁ as a func-

tion of C2 J/T for various values of a,,,/\/l_" :0 (curve 1), —0.4
(curve 2), — 0.8 (curve 3). In each case the lower curve is for para
states, the upper for ortho states; when a, = 0, there is no diffe-
rence between the two curves.

ii) Shape of the curve. — Figure 2a has shown some
typical curves 3 = f(B). If C,;JI\/T and a,//T
are both much smaller than 1, the curve is almost a
perfect Lorentzian. In the opposite case, for a certain
range of values of C,, J/\/ I' and a,,/\/F , the curve
exhibits a maximum at nonzero magnetic field (see
Fig. 2). In this case we may define a measure of the
deviation by R = J_/3(0), where J,, is the value of
this maximum and J(0) the value of J in zero field.

The origin of this effect is the following : if the
natural gyroscopi¢ predissociation is large enough,
in zero magnetic field the fluorescence quantum yield
is small. Then, when the field increases, the quantum
yield decreases for some levels and increases for the
others, depending on the sign of My B. Obviously
the largest quantum yield decrease cannot exceed
the initial yield, whereas the largest possible gain
is to restore a unity quantum yield. Therefore, the
gains may be larger than the losses and the average
effect may be an increase in the fluorescence yield.

In figure 5 we have plotted the curves of equal R
values as a function of C, J A/F and a,,A/F for ortho

and para states. For a fixed value of C, J/\/ T, R is

always a decreasing function of | a, |A/T". Similarly,
R is smaller for an ortho state than for a para state.

3. The experiments and their analysis. — In order
to test the validity of the present theory and to measure

IODINE B 3y, STATE PREDISSOCIATION
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CyJd/VT

3

Fig. 5.— Curves for equal R value in the plane C,; J/\/l—" R
a,;A/T. The full lines correspond to ortho states and the dotted
lines, given only for & = 1.05 and 1.5, to para states. The straight
lines numbered 1 and 2 represent respectively the case of levels
having J = 100 (1) and 150 (2), the ratio a?/C2 = Y? being taken
equal to 1120 (Y < 0). Clearly, reaching R > 1.05 necessitates a
very high J value and a large predissociation, and is easier in a
para than in an ortho level.

predissociation parameters, a large number of experi-
ments have been performed. Most of these experi-
ments are systematic studies of selectively excited
rovibrational levels. We describe first the set up, then
the experiments, and finally we analyse the results.

3.1 EXPERIMENTAL SET UP. — A laser is used to
excite a low pressure iodine vapour contained in a
sealed cell placed between the poles of an electroma-
gnet which can provide a field up to 1.8 tesla. A side
arm of the cell is cooled and its temperature controls
the iodine pressure in the range 3-200 mtorr. The
laser beam, linearly polarized and expanded to avoid
saturation effects, passes through the cell. The fluo-
rescence light, emitted at right angles in the direction
of the magnetic field is circularly analysed and reflect-
ed into a grating monochromator (focal length 750 mm,
resolving power 20 000) and then is detected by a
magnetically shielded photomultiplier. We have verifi-
ed that the residual variation of photomultiplier sensi-
tivity due to the stray magnetic field is less than 1 %,

The laser beam is modulated at 80 Hz by a mecha-
nical chopper ; the resultant modulation of the P.M.
current is detected by a phase sensitive detector. The
intensity of the laser is measured and the fluorescence
signal is divided by the laser intensity in order to
eliminate the effects of laser power drifts.

The magnetic field is measured by a rotating coil
magnetometer calibrated versus a nuclear magnetic
resonance.

With this apparatus, we can plot three different
types of signals :
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— fluorescence spectra by sweeping the mono-
chromator;

— fluorescence intensity for one circular polariza-
tion I . (or I,-) as a function of the magnetic field ;

— total fluorescence intensity I,. + I, as a
function of the magnetic field (by removing the cir-
cular analyser).

3.2 THE LASER SOURCES. — In some earlier experi-
ments, we used fixed frequency multimode lasers (Ar™,
Kr* and HeNe). However, most experiments were
done with tunable, single mode dye lasers.

The choice of this second type of laser was dictated
by the high density of the iodine spectrum [20] (about
10 intense lines per A). The use of a single mode laser
permits the excitation of any line, even a very weak
one, without any problem due to an intense neigh-
bouring line. We use Spectra Physics dye lasers model
580 and 580 A pumped by a 4 W all lines Ar™ laser.
With the Rhodamines 110, 6 G and B, we covered
the range 5 380-6 425 A almost continuously.

The drawbacks to the use of a single mode laser are
the following :

— the excitation probability is not the same for all
hyperfine sublevels, as the Doppler half width is about
250 MHz, and the total hyperfine structure of a line
covers 900 MHz;

— some magnetic tuning effects could distort the
magnetic predissociation effects; however, if the
laser line is well centred on the absorption line, there
is a very good cancellation of magnetic tuning effects,
as was verified on a predissociation-free level.

The wavenumber of the laser is measured with the
monochromator used for fluorescence detection and
with a 1 mm thick air spaced Fabry-Pérot. With fre-
quent calibration of this apparatus, using spectral
lamps and lasers, the wavenumber of the tunable laser
is easily determined with an uncertainity of about
+ 015cm™ L

3.3 SERIES OF MEASUREMENTS. — About 185 rovi-
brational levels have been examined. The vibrational
quantum number v varied in the range 4-39 and the
rotational quantum numbers were usually in the
range 25-140; however J = 174 was reached on one
occasion. The limitation on the range of v is mainly
due to the limitation of the spectral range of our lasers
and also to the very small values [22] of Franck-Con-
don factors connecting the well populated v” levels
to the lowest v’ levels.

The large majority of the levels studied (160 out of
185) lie in the range v’ = 4 — 22. We will use also
some lifetime measurements done with Ar* and Kr*
lasers on the levels v' = 40, 43, 62, 70. No magnetic
predissociation study was made with v’ larger than 40.
Clearly, due to the increasing values of the Landé
factors [17], magnetic tuning effects should make
such studies very difficult.

In all cases, a fluorescence spectrum was recorded ;
the rotational structure was resolved ; its value gave
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an approximate measurement of the rotational quan-
tum number. It was also possible to determine the R
or P nature of the absorption line. The Franck-
Condon pattern observed in the fluorescence inten-
sities identified the vibrational quantum number v'.
The calculation of the absorption line wavenumbers
using the iodine constants [23] available at the time
of these experiments (1976-1977) and the accurate
wavenumber of the laser gave a few possible identifi-
cations for the absorption transition : among them
only one was, in all cases, in agreement with the infor-
mation deduced from the fluorescence spectrum. Then
the identification of the excited state was complete.

We always recorded a curve I . + I, = f(B)
on an unresolved fluorescence doublet, chosen among
the most intense members of the vibrational progres-
sion. Then, in most cases, a curve I, = f(B) was
recorded successively on the R line, then on the P
line of this doublet. These curves we recorded for an
iodine pressure p = 30 mtorr, corresponding to a
cold point temperature of 0 °C, which had the advan-
tage of being easy to maintain and gave a sufficient
fluorescence signal. Simultaneously, the collisional
decay rate I',;, is not too large and easy to calculate,
as the cross-sections are well known [24, 25].

In some cases, the same curves were recorded for
various pressures in the range 3-200 mtorr.

In all cases we have verified that the laser intensity
was not so high as to produce saturation effects,
which would invalidate formulae (4)-(10).

To give an idea of the quality of the signal observed,
we show in figure 6 a curve I,. + I, = f(B) and
acurve I, = f(B). The signal to noise ratio is rather
good and should not limit the accuracy of the inter-
pretation.

M

-1 0 ]

B{T)

Fig. 6a. — Example of an experimental curve I . + I,- = f(B)
recorded for the level v' = 10 J' = 56 with an iodine pressure of
30 mtorr. The magnetic field is measured in teslas.

3.4 CIRCULAR  POLARIZATION  MEASUREMENTS.
RESULTS AND ANALYSIS. — 3.4.1 Measurement of
0. — We have defined 6 by equation (11). It is easy
to verify theoretically that I,.(B) = I,-(— B). By
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Fig. 6b. — Example of an experimental curve I,- = f(B) recorded
for an R fluorescence line coming from the level v'=21 J'=133.

measuring I, for opposite values of the field B, one
gets : I,.(B) — I,-(B) = I,-(— B) — I,-(B); there-
fore 0 is measured from a single curve, without any
problem of calibration. The accuracy of the measure-
ment of 6 is limited by two factors :

— the signal to noise ratio. This error depends very
much on the fluorescence intensity, ie., on the level
and on the iodine pressure ; its absolute value is usually
of the order of 0.005 to 0.05 (@ varying in the range 0.03
to 0.5);

— the quality of the circular analyser; by a tho-
rough study of this apparatus, we have estimated this
error to be less than 0.05 x 6.

Usually, the first term dominates the second.

We shall now consider all the dependences of 6
that we have studied, looking either for a confirmation
of the theory or for a measurement of a predissocia-
tion parameter. In all experiments, Oy appears to be
negative ; 6 will designate in fact the modulus of 6.
The fact that 6y is negative proves that «, and C,
have the same sign.

3.4.2 Variation of 0 with the excitation beam pola-
rization. — This experiment was done with the Kr*
laser. Table I gives a list of the levels studied, the values
of 6, and 6, for a given iodine pressure, and their ratio.
As indicated by equation (13), the ratio 6,/6, should
be in the range 0.48-0.62. This point is verified in
table L.

Table 1. — 0, and 6, for various levels excited by the
Kr™ laser.

v 17 18 21 40
J’ 36 95 116 77
—A—
p (mtorr) 30 30 30 3 72
. 0.046 0.150 0.232 0.211 0.140
0, 0.021 0.085 0.129 0.117 0.083
0,/6, 0.46 0.57 0.56 0.55 0.59
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From now on, we will consider only measurements
of 0,, designated for brevity by 0.

3.4.3 Variation of U with iodine pressure. — Some
systematic studies were made on the levels excited
by the HeNe laser (v =6 J = 32, v = 11J = 128)
and the following levels excited by the dye laser :

v=10 J = 70and 100

v=11 J = 170,100, 115.
We show in figure 7 the results of this study for the
two levels v = 10 J = 70 and 100. It appears clearly

that the decrease of 6 with pressure is slow. For an
iodine pressure of 150 mtorr, I ,,, is almost equal to

]

o1 . P(m lorr)

0 100

Fig. 7. — Plot of 0 as a function of iodine pressure for the two
levels v’ = 10 J’ = 70 and 100. The points are experimental and
the curves represent the best fit obtained with the parameters given
in table IL

three times I',, 4, and 6 is reauced from its zero pressure
value by only 20-25 %;. This is in good agreement with
the saturation observed in figure 3b on the curve

C,J
0 f( -
Such a behaviour cannot be explained by the former
theory [10], with reasonable values of the radiative and
collisional decay rates, because in this theory there
was no saturation of 0.

The curve of 6 vs. iodine pressure depends on the
combinations of parameters C, ,/\/T rads Qo ,/\/f rads
and o/I',,4, where o is the collisional cross-section.
AsT,,4[14] and o [24, 25] are well known for the levels
v = 10and 11, we have fitted a theoretical curve to the
experimental points by varying only C2/I',,, and
Y? = a%,/C?, for the level v = 10.

For v = 11, where the sensitivity to Y2 was weaker,

) when y; = a,/(C,; J) is constant.
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we fixed Y? to the value determined previously [14]
(in both cases, Y was taken negative).

It is interesting to note the very good agreement
between the theoretical curve and the experimental
points on figure 7. Table II gives the values of the para-
meters providing the best fit. The value of Y? thus
determined Y? = 940 + 300 and Y? = 950 + 150
are in acceptable agreement with the value determined
in the previous paper [14] for the levelv = 10

Y? = 1205 + 160
and the average value

Y2 =1120 + 160.

Similarly, the values of C2/I",,4 are in agreement with
the previous determinations of this quantity.

Table II. — For each level in which 0 has been studied
as a function of the pressure, we give in this table the
quantum numbers of the level, the value of the ratio
6/I a0, the value of Y? = a2,/C%, and the value of
C2/I aa- An asterisk indicates that the corresponding
parameter was fixed at this value during the fit.

CZ

v J' 10* o/T,,, Y2 100 =
Frad

10 70 0.88 * 940 143
+ 300 + 45

10 100 0.88 * 950 174
+ 150 + 40

11 70 093 * 1120* 116
+ 22

11 100 093* 1120* 155
+ 15

11 115 0.93* 1120%° 140
+ 33

11 128 093* 1120* 133
+ 30

3.4.4 Variation of 0 with the rotational and vibra-
tional quantum numbers. — 0 has been measured on
146 rovibrational levels, almost always for an iodine
pressure of 30 mtorr. It is not possible to give all
these results here, but we are going to illustrate the
most important behaviour, ie. the variation of 6
with J and v.

a) Variation of 8 with the rotational quantum
number J. — Figure 8 shows the variation of § with
J for some vibrational levels. In the common case
illustrated by the levels v = 9 and 21, 0 is, to a good
approximation, a linear function of J. This is in
agreement with the calculations illustrated in figure 3.
However, the strong curvatures of the plots for the
levels v = 12 and 16, in figure 8, is simply due to the
variation with J of the Franck-Condon density for
predissociation. This relative variation is not very
large for the levels v = 9 and 21, thus the plots are
.linear. For v = 12 the Franck-Condon density increa-
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Fig. 8. — Plot of 6 as a function of J for the levels v' =9, 12
and v’ = 16, 18, 21. Note the different vertical scales for the two
sets of levels. The scatter of the points gives an idea of the experi-
mental error and the curves are just rough interpolations of the
data.

ses with J, which explains the upward curvature of the
corresponding plot of 8 vs. J, v = 16 and also, but less
strikingly, v = 18 exhibit the opposite behaviour.

The calculation of 6 depends, for a fixed rovibratio-
nal level vJ, on the values of C2/I" and Y? = a%,/C2,
and on the hyperfine structure of the line, which deter-
mines the coefficients a(IeJF) and the weight factors
w,p. As the hyperfine parameters are well known [26],
by fixing Y? to the average value determined in the
previous paper [14] (Y? = 1 120, Y < 0) we can deter-
mine from 0 the value of C2/I'. We have plotted the
values thus determined as a function of J(J + 1)
in figure 9. For each vibrational level, we have also
plotted the theoretical J dependence

ch C} 2
F =7+ p,J0 + 1)+ qIU + DP) (18)

in which only C2/I" was fitted while p, and g, were
fixed to their calculated values [14]. It appears that
this theoretical dependence is in good agreement with
the experimentally observed variation of C2/I'. Howe-
ver, the experimental points are not very precise :
this low precision is due to the fact that 6 is linear in
C,; JA/T for small values of this quantity. This type
of relation implies a very high sensitivity to C2/I
but a doubled relative error. Moreover, the linearity
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Fig. 9. — Plot of the values of C%/I' as a function of J(J + 1),
for the levels v = 16, 18, 20. The points are experimental and the
full curves represent the corresponding calculated J-variation.

of 8 in J implies that the relative error is very large for
small J values.

In table III we give the values of C2?/I" extracted
from these fits and their error bars. It appears that the
results are rather precise for 9 < v < 22. Forv < 9
the error increases very rapidly and the values obtain-
ed are meaningless; only a lower bound is

Table III. — We give, for all the vibrational levels
studied, the value of C2/[(I,,q + I'.oy) obtained by the
least square fit described in the text. The collisional
decay rate I, corresponds to a pressure of 30 mtorr.
v 10° CHI g + Teon) v 10° CZ AT rag+ Teon)

6 > 120 16 8+ 24
7 > 65 17 18+ 6
8 > 120 18 27+ 3
9 135 + 40 19 35+ 45
10 107 + 30 20 47 + 6
11 43 + 8 21 5+ 8
12 20+ 7 22 59 + 16
13 26 + 02 24-27 76 + 19
14 not measured 28-29 75 + 30
15 0.7 + 0.7 30-34 55 + 30
35-37 43 + 12

given for the levels v =6, 7, 8. For 24 < v < 37,
the number of measurements is small and their preci-
sion is not very good. We have combined data from
several consecutive vibrational levels to perform this
study.
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b) Variation of 6 with the vibrational quantum
number. — Figure 10 shows the variation of 6 with v.
The value of 6 is taken for J = 100 (obtained by inter-
polation of plots of the type appearing in figure 8).
This figure shows clearly the very rapid variation of 0
around v = 14. Near v = 14, C? passes through a
minimum equal to zero, but 6 behaves like | C, |,
as theoretically predicted.

6

03[

/

0l

0 1 [ S TR 1
0 10 20 30 40 Vv

Fig. 10. — Plot of the vibrational variation of 6 (interpolated
to J = 100). The horizontal scale is linear in vibrational energy,
and the presence of an horizontal error bar indicates that the
J interpolation has been made on a group of vibrational levels.
The full curve is a rough interpolation of the points.

Another interesting point is the saturation of 6
near v = 6; although C2%/C%, ~ 3 (see table 1 of
reference [14]) the variation of 6 between v = 6 or 7
and v = 10 is extremely small, as indicated by table IV.

Table IV.— This table contains the value of 0 for
J = 100 obtained by an interpolation of the plots repre-
sented on figure 8.

v 0 v 0

6 0.32 + 0.040 - 16 0.07 + 0.015
7 0.29 + 0.030 17 0.125 + 0.015
8 0.30 + 0.020 18 0.165 + 0.010
9 0.29 + 0.010 19 0.190 + 0.010
10 0.29 + 0.010 20 021 + 0.015
11 0.26 + 0.010 21 0.225 + 0.015
12 0.22 + 0.010 22 0.245 + 0.020
13 0.15 + 0.020 24-27 0.265 + 0.020
14 not measured 28-29 0.260 + 0.030
15 0.01 + 0.010 30-37 0.22 + 0.040

If we suppose that for all these levels, Y2 = a2/C?
is exactly constant, this behaviour implies that 6
has reached the saturation plateau in the curve

c,J
0= f (—"—) at constant y, (see Fig. 3b). From the

JT
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content of table IV, we determine the saturation value
of 8 for J = 100

O = 031 + 0.02.

This saturation value depends only on y, = Y/J.
In figure 11 we have plotted the theoretical curve
0., = f(y,). By intersecting this curve with the observ-
ed value of 6,,, we get a determination of y, and hence
anew determination of Y?

Y2 =1180 + 120.

sat

esa(
osk
04l
___________ |
o3 i
___________ [
' l
| |
] I
i |
0.2 | i H L
-025 -03 -0343 -04

Fig. 11. — Graphical determination of y, = a,,/C,, J from the
observed value of 8,, = 0.31 + 0.02. The full curve represents the
calculated variation of 6, with y,.

This value is in very good agreement with the determi-
nation in the previous paper [14], Y? = 1120 + 160.
From this discussion it is now very clear that for
v = 6, 7, 8, the knowledge of 8 can give only a lower
bound on C2/I,,q4 as 0 is saturated. This explains the
difficulties encountered in paragraph 3.4.4.a).

3.4.5 Values of C? and I, — We know now
C2 /T aq + Teoy) (Toon corresponding to 30 mtorr
of iodine) and we have confirmed the value of Y?
by two new determinations.

It is possible to extract C2 and I',,, if we know the
total decay rate I',,, at zero pressure and the collision
cross-section. We may use the measurements of
Broyer et al. [25), Paisner et al. [27] and Shotton et
al. [28]. Although numerous measurements due to
Capelle et al. [24] are available, as the excitation was
not selective, the decay rates are averaged over many
levels and we do not use them in the following.

For vibrational levels v > 22 only a very small
number of measurements are available. Table V
presents a summary of the measurements of Paisner
et al. [27] and our unpublished values [18, 12, 21].
Using those measurements, we determine I',,, for
v = 32, 40, 43. Those values are used for determining
an interpolation formula, which will be discussed
in part 4. Table VI presents all the available values
of I',,, and CZ2. When a first determination of I',q
and C?2 appears in reference [14], the present value
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Table V.— Summary of the values of the total decay
rate T, for the levels excited by the Ar* and Kr*
lasers.

I (10°s71) Iy (10°s71)

v J Reference [27] Our work
21 116 145 + 004 182 + 0.65
32 9 and 14 092 + 003 094 + 0.13
40 77 0.70 + 002 0.62 + 0.10
43 12 and 16 044 + 002 043 +0.12
62 27 0.11 + 0.02 0.083 + 0.014
70 55 not measured 0.038 + 0.012

Table VI.— Values of I',,q and C? for all vibrational
levels studied. No measurement of C2 is available for
v < 7 or v > 40. Although we give for I, only an
upper limit equal to I, for v = 62 and 70, we believe
that I',,4 and I, are very similar for these levels. The
values of I',,4(v) with an asterisk are obtained by inter-
polation (see § 4.3).

r rad Cv2 r rad Cuz
v 10%s7! s™1 v 108571 s !
7 105 9  287Q1) 19 068 8) 42 (5
8 095 (8) 187 (13) 20 073(10) 55 (7)
9 097 (6) 141 (6) 21 07025 64 (9)
10 0.78 (9) 95 (7) 22 0.65 * 69 (15)
11 0.75 (10) 51 (7) 24-27 0.61 * 80 (20)
12 0.74 (9) 21 (8) 28-29 0.55* 74 (30)
13 0.78 (6) 3.0(0.5) 30-34 0.50 * 52 (28)
14 076 (3) <2 35-37 0.44 * 38 (10)
15 072 (7) 1 () 40 0.38 (10) 26 (10)
16 0.73 (7) 9 (3 43 0.35 (5)
17 074 (5 23 (6) 62 <008 (1)
18 078 (6) 33 (4) 70 <004 (1)

is an average of the two measurements. For the level
v = 43 we have used the value [14] of a2/I",, to cal-
culate I' 4 from I',,; for v = 62 and 70, we suppose
that the predissociation is very small and we feel
that I,y is very close to I, ; surely I',,4 is smaller
than I',,, and this explains the inequalities appearing
in table VI. The curves I',,4 and C? as a function of v
appear in section 4 of the present paper.

3.5 THE TOTAL FLUORESCENCE INTENSITY CURVES
AND THEIR ANALYSIS. — On all the levels that were
studied, at least one curve J = I+ + I,- = f(B)
was recorded, usually for an iodine pressure of
30 mtorr. We are going to discuss the information
deduced from these curves.

3.5.1 Shape of the curve 3 = f(B).— We have
noted that these curves were not of Lorentzian shape
as soon as the gyroscopic predissociation rate was
comparable with I' = I,y + I'.,;. This is, for ins-
tance, the case for the level v = 11 J = 128 excited
by the HeNe laser. However, we wanted to verify
the existence of a maximum of intensity at a nonzero
magnetic field. As shown in figure 5, this demands a
very high J value and a high predissociation rate.
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This was achieved for the level v = 10 J = 161; the
corresponding curve 3 = f(B) is plotted in figure 12
and clearly shows an intensity maximum at a non-
zero field. The dotted curve represents a best fit to the
experimental data.

-1 0 N

B(T)

Fig. 12. — Total fluorescence intensity as a function of the magnetic
field recorded for the level v' = 10 J' = 161 (with an iodine pres-
sure p = 30 mtorr). The full curve is experimental and the dotted
curve is the best fit. The presence of an intensity maximum at
nonzero field is clear.

This is a definite proof of a previously unobserved
effect. The very high J values necessary to observe it

and the weakness of the effect explain why it was not-

observed before [5, 6]. More precisely, in the experi-
ments of reference [5], the excitation was not selective
and the observed curves were averages over many
levels ; in such averages, the high J levels have always
a very small weight. For the experiments of refe-
rence [6], the study of the level v = 11 J = 128
should have shown a slight deviation from a Lorentz
curve ; but the signal to noise ratio was no sufficient
to detect this deviation.

3.5.2 Some qualitative observations. — In the gene-
ral case, the curve 3 = f(B) is not Lorentzian and it is
difficult to extract from this curve a single parameter.
However, near v = 14, the predissociation coeffi-
cients are small and we are, more or less, in the condi-
tions of validity of equation (15). As «, is small, only
the top of the curve is observed and it is easy to cal-
culate an apparent b,;/(I',,q + I'con)- The measured
values of this parameter are plotted in figure 13 as a
function of J(J + 1) for the levels v = 14, 15, 16. To
enable comparison, the theoretical FCD variation
is also plotted. It is clear that b,,/I" and the FCD are
not far from proportional; the deviation occurring
for v = 16 is probably due to the invalidity of equa-
tion (15) for this level which displays a non-negligible
predissociation.

We are now going to present an analysis of all
J = f(B) curves using a least squares method. The
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Fig. 13. — This figure represents the experimental parameter b,,/I"
as a function of J(J + 1) for the levels v = 14, 15, 16. The full
curves are proportional to the calculated Franck-Condon density
(same proportionality factor for the three curves).

results presented above have the advantage of being
direct experimental results which are insensitive to
any error in the parameters used in the fits.

3.5.3 Measurement of ol,. — We already know
.9 Top C2, a? and their theoretical J dependence
given by p,, q,. We can deduce the parameter o,
from a fit of the curve 3 = I,. + I,- = f(B). This
is the fit that was used for figure 12.

In practice, I',,, and C? are taken from table VI.
The theoretical values of p, and g, are used [14].
Y2 is held fixed at 1 120 (Y < 0). The collision cross-
section is taken equal to 70 A% for v < 13 and 65 A?
for v > 13. On each curve 11 points were measured
and the only parameter fitted was o2;.

The values obtained for a2, for one vibrational level
were then fitted to their theoretical J dependence

oty = og[l + p,JU + 1) + qlJU + D] (19)

by varying only a?2.

In figure 14 we show a plot of o, as a function of
J(J + 1) for several vibrational levels. The agree-
ment between the theoretical and observed J depen-
dence is very good.

We give in table VII the values of a? extracted from
the fit. As no value of C2 was available forv = 4, 5, 6,
we have fixed the ratio Z? = a2;/C2 to the average
value measured onv = 7 and 8

Z?* = 0.505 ><.105 .
The quality of the experimental data is high, and there-

fore the errors are small. The error bars in table VII
include the statistical effects on o2, resulting from
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Fig. 14aand b. — Plots of the measured values of a2, as a function of J(J + 1)forthelevelsv’ = 7, 8,9, 10, 11, 12, 13and v’ = 15, 17, 19, 21.
The high quality of the data is shown by the small scatter of the points, and the agreement with the calculated J-variation of the Franck-
Condon density is striking. Where not apparent, the error bar is smaller than the size of the points.

Table VII. — Summary of all the values of «? obtained
by the study of the curves 3 =1,. + 1, = f(B).
The error bars do not take into account the uncertain-
ties in I',,, and in the other predissociation parameters.

v a2/10°s~1 T2 v a/10°s7 1 T2
4 154 + 33 16 13.8 + 24
5 174 + 10 17 198 + 1.1
6 173 + 20 18 285 + 1.2
7 141 + 2 19 322+ 18
8 9% + 3 20 393+ 1.8
9 71 + 2 21 433 + 0.8
10 41 + 1 22 446 + 1.5
11 208 + 2 24-27 446 + 1.2
12 78 + 04 28-29 413 + 25
13 1.10 + 0.12 30-34 28.3 + 3.6
14 0.54 + 0.01 35-39 20.7 + 3.6
15 570 + 0.70

the noise in the curves, but no account is made for the
errors in all parameters introduced in the fit.

4. Interpretation of the results. — 4.1 SuMMARY
OF THE VARIATIONS OF THE PREDISSOCIATION PARA-
METERS. — Tables VI and VII give our best values of
T4 CZ of as functions of v. In table VIII we present
the best values of a? deduced from the measurements
of reference [14] and from the values of I'_,, (Table VI).

In figures 15, 16, 17 we have plotted the vibrational
variation of C2, aZ, o2. In each case, we have tried to
represent the observed variation of the parameter
by the product of the calculated Franck-Condon
density [14] and a scaling factor. The resulting values

Table VIIL. — Values of a? deduced from the measure-
ment of aZ/T .., (reference [14]) and the present determi-
nation of I',,4(v) (Table VI).

v az(10°s7Y) v az (10*s™1)
7 324 + 26 16 23+ 8
8 232 + 18 17 37+ 5
9 146 + 12 18 51+ 8
10 110 + 17 19 61 + 12
11 40 + 15 20 67 + 20
12 16+ 5 21 88 + 50
13 3+ 3 22 88 + 30
14 4 + lg

15 13+ 13 43 12+ 5

of the scaling factors are given in the following equa-
tions :

C2 = (58 + 1).10° FCD(v)
a? = (6.7 + 0.6).10° FCD(v)

a? = (3.1 + 0.2).10'° FCD(v) (20)
where C2? and a? are measured in s™%, o2 ins™! T2
and the FCD in cm.

The first comment is that the agreement between
the experimental points and the calculated curves is
extremely good for a2 and a?. It is less satisfactory for
C2. This disagreement for C?2 is probably due to a
violation of the Franck-Condon approximation due
to a rapid dependence of the corresponding electro-
nic matrix element on the internuclear distance. The
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Fig. 15. — Plot of the values of C? (for J = 0) measured on the
levels v’ = 7-40. The equation for the curve is

C2? =58 x 10° FCD(v).

The vertical arrow designates the dissociation limit and the horizon-
 tal scale is linear in vibrational energy (also true for the figures 16,
17, 18).

31,2(105 s7)

ENTR
40 SO v

ou ) | 1 L | -
10 20 30

Fig. 16. — Plot of the values of a2 (for J = 0) measured for the
levels v’ = 7-22 and v’ = 43. The equation for the curve is

a? = 6.7 x 10° FCD(v).

quality of the agreement for «? and a? means that the
Chapman and Bunker [6] potential curve for the 1,
state is very precise, provided that our semiclassical
calculation of the FCD introduces a negligible error.
From the values of the proportionality coefficients
between C2, a2, a and the Franck-Condon density,
we can easily deduce the electronic matrix elements.
We use the definitions appearing in the first paper of

this series [13]. We need only convert the FCD into
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Fig. 17. — Plot of the values of a2 (for J = 0) measured for the
levels v' = 4-39. Where not apparent, the error bar is smaller
than the size of the point. The equation for the curve is

a2 = 3.1 x 10'° FCD(v).

an inverse energy unit (FCD (cm) = 10> hcFCD
(joule™1)). ,

The absolute sign of a matrix element is meaningless,
but relative signs do matter. We know that a, and C,
are of opposite signs, and from the sense of the circular
polarization, we have deduced that C, and «, are of the
same sign. Table IX summarizes the results.

Table IX. — Electronic matrix elements deduced from
the predissociation parameters (| ¢ |* = 1).

Parameter

C, 0% u|TL,(L)+ T ,(S)|1,>=+(0.015 6 + 0.001 3) ¢
a fi(a, 1,,0% ) _
* LU DHEL+DI
%, <Ot u| TL(L)+2 TL,(S)| 1, >=—(0.347 + 0.011) ¢

Corresponding electronic matrix element

—(0.713 + 0.030).10° ¢ Hz

The most striking point is that the matrix elements
of L and S cancel each other almost perfectly in C,,;
by combining the equations for C, and for «, ; we get :

CO*u|TL,M)|1,> = 0378
CO*u|TL®)|1,> = — 0363 &
where | e |2 = 1

These two matrix elements are almost equal in modu-
lus, but their algebraic sum is less than 1/20 of each
term. This point is partly explained in section 4.2.
A consequence of this property is that even if the L
and S matrix elements vary slowly with the inter-
nuclear distance r, their algebraic sum may vary much
more rapidly with r ; this should explain the previously
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invoked violation of the Franck-Condon approxima-
tion for CZ2, whereas no such violation should exist
for o or a?, because the corresponding matrix ele-
ments are not small.

4.2 AN APPROXIMATE THEORY OF THE ELECTRONIC
MATRIX ELEMENT. — One can try to calculate the
electronic matrix elements. It is difficult to do an
ab initio calculation on I, (106 electrons !), although
some calculations of this type have been made [34].

We present the following two calculations. In the
first one, the molecular wavefunctions are taken as
pure states in a case a basis, which can only be an
extremely rough approximation for I,. In the second
calculation, the molecular wavefunctions are written
in the separated atom approximation [29], which is
certainly a very good approximation for large inter-
nuclear distances [30], but should be rather poor here
(as the B-1, potential curve crossing occurs at
r ~ 2.89 A).

In the case a basis set, the B state is a *IT,., the 1,
state is a 'I1,,. Due to the singlet character of the 1,
state and the triplet character of the B state, the matrix
elements for C, and «, vanish. The quadrupolar hyper-
fine term (neglected throughout these papers) vanishes
too, while the magnetic dipole hyperfine term is the
only one different from zero; its evaluation would
demand that we write out a detailed wavefunction
(for instance LCAO-MO). )

In the separated atom approximation, we specify
the wavefunction corresponding to an infinite inter-
nuclear distance, which is simply the correctly sym-
metrized product of atomic wavefunctions. For the B
state

107 u) =3[133) 02— 200 +
12 =223+ 13— ulpi )

+ 15513 = 3] 21

where | j, m; >, designates the wavefunction of the
atom x | *P, m; ) with the internuclear axis as the
quantization axis.

Two 1, states arise from the ground state dissocia-
tion limit (two 2P5,, atoms). It is not clear which one
or which linear combination is the 1, state considered
here :

+13 =313l (2
It is easy to calculate the matrix elements for the va-
rious terms, using the atomic matrix elements and fol-
lowing the principles developed in references [12, 30].
In table X we give the results of these calculations for
the two wavefunctions | 1, >, | 1, >

Among the positive results, it appears that in both
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Table X.— This table gives the values of the four
predissociation matrix elements using the separated
atom approximations of the wavefunctions |1, ),
| 1, >4 and states the selection rules for the pure case
a wavefunction (I, = 5/2).

Wavefunction of the C
Lstate 57 TLD. | L,
Matrix element tu
<0*u|TL(@M)+TL,S) |1, 0 0 0
<Ot u|TL,ML+2T,®)[1,>| 0| —047 [-o058
fila, 1,,0% v
0 192 MH.
LL+D) @ Ia+1)]1/2 #* z| 235 MHz
fa 1, 0" w2 L, 1,—1)]'?
0 [-351MH
[CL+)QL+2) QL +3)]7 z| 143 MHz

cases there is a perfect cancellation of the L and S
term in the C, matrix element : this is simply due to
the fact that L + S =j, + j, and clearly T ,(j,)
cannot change j, from 1/2 to 3/2. Moreover, the matrix
elements of L and S are not zero and the matrix ele-
ment for a, is not zero either. We see that this separat-
ed atom basis gives a nice account of the weakness
of the gyroscopic term C,. Unfortunately the agree-
ment is not very good for the other matrix elements.
In the general case, the 1, wavefunction is a linear
combination of | 1, ), and | 1, >, (namely

[1,> =cos¢ |1, ), +sing|1,)).

It is easy to verify that the theoretical ratio of matrix
elements for a, and «, is independent of ¢ and equal to
— 407 MHz in disagreement of magnitude and sign
with the experimental value of + 2 050 MHz. Finally,
the hyperfine quadrupolar term, although dependent
on ¢, seems large and its effect should have been
observed.

We see therefore that neither of the two approxi-
mate 1, functions is very satisfactory. It appears also
that we cannot really conclude anything about the
importance of the quadrupolar hyperfine term ; theo-
retically its magnitude is not known. However experi-
mentally we may give some proof of its weakness :

— the experiments measuring a? give the same
results (or results having a smooth v dependence)
when they measure an average predissociation for one
rotational level (e.g. non exponential decay) or when
they test a few hyperfine sublevels (intensity measure-
ment in a molecular beam);

— if an important predissociation term has been
neglected, it should appear more or less in I',,4 (as
was the case when hyperfine predissociation was
ignored [25, 11]) ; the resulting I',,4(v) does not display
any strong oscillation similar to the FCD for predisso-
ciation.
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4.3 VARIATION OF THE RADIATIVE DECAY RATE
I',.4(v) AND INTERPRETATION. — In figure 18, we have
plotted the values of I',,4(v) which appear in table VII.
I',,4 decreases rapidly with the vibrational quantum
number v and tends toward zero at the dissociation
limit. This is well explained by the fact that, near the
dissociation limit, most of the time, the molecule looks
like two separated atoms for which the radiative decay
is forbidden. (The B state dissociates into 2P, , + %P5,
atoms ; all the lower states dissociate into 2P;,, + 2P,

r?d (%)(10%s™)

_ [“

—

0.5

1 1 1 |
0 10 20 30 40 S0 70v

Fig. 18. — Plots of the values of I',,, measured for the vibrational
levels v' = 7-22 and v’ = 32, 40, 43, 62, 70. The curve represents
equation (26) which is a semitheoretical calculation of I'4(v).

The 2P,, — *P,, radiative transition is electric
dipole forbidden because of parity.) Using a method
described in [12, 30] we find that near the dissociation

limit the radiative decay rate is given by :
Frad(v) = Pl yrad(rl) + P2 yrad(rZ) H (23)
where r, and r, are the two turning points of the classi-
cal motion in the B state potential at the energy of level
v; P, and P, are the weights given to r; and r,. Under
the assumption that the vibrational anharmonicity is
mainly due to the outer wing of the potential we get
P, = 0,2 w, P,=1-P, (24)

where w, = dG(v)/ov.

7:a4(r) is the radiative decay rate calculated for the
molecule with fixed internuclear distance r. Using
well known formulae and the assumption that the
decay is mainly due to the B — X transition we get

4
eult) = S [Usl) = UxOF | Do) - 25)

Dgx(r) is the electric dipole for the B-X transition and
its value is rather well known [31, 32, 35]. Ug(r) and
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U,(r) are the potential curves of the B and X states.
The behaviour of the quantity

| Dgx(r) |2 (UB(") - Ux("))3

is not simple ; for low values of r (2.6 < r < 2.8 A),
it is more a less constant because of a compensation
of the increase of Dgy(r) with r and a decrease of
(Ug(r)— Ux(r)); then when r is in the range 2.8 A-4 A,
| Dgx(r) |* and (Ug(r) — Ux(r))® are both decreasing
and their product is rapidly decreasing. Finally for
large r values | Dgx(r) |* should tend toward zero
and Ug(r) — U(r) should reach the limiting atomic
value. From these considerations, it appears that if r
is larger than 3.5-4 A, y,_,(r) becomes negligible.

Therefore we may neglect y,,4(r,) in equation (23)
for all the levels with r, > 4 A, which means v 2 30.
For these levels r, is in the range 2.6-2.7 A and we may
easily evaluate y,,4(r,) :

— Dgy(r, = 2.65A) = 0.9 (Debye)? (Ret. [31))
and

Ug(r = 265A) — Uy(r = 265A) = 19000 cm ™.

Thus we obtain y,4(r;) = 1.94 x 10°s™! and the
resulting theoretical value for I', 4(v) is :

®, _
I, 4) = 097 x 10"5 st

€

We have also tried to interpolate our results, using the
same variation with v but with a fitted numerical fac-
tor ; our « best fit » is

[,40) = 095 x 106% g1, (26)

Both equations are in very good agreement ; we used
equation (26) to plot the curve in figure 18, and for
interpolation of I',,; in table VII. Although the present
discussion is of great simplicity, we feel that it contains
all the physical ideas and that the present agreement
is by no means fortuitous.

S. Conclusion. — We have now a complete and
coherent picture of the 1, B state predissociation. It is
the first case in which such an intricate predissociation
has been studied in detail. We want to emphasize the
following points :

— the great efficiency of dye lasers for such a study
and the absolute necessity of extremely selective excita-
tion ;

— the great variety of experiments necessary to
characterize this predissociation.

Similar studies will probably appear soon; for
instance in Br, the corresponding B state predissocia-
tion has been observed [33]. These further studies will
show more clearly what is general in our work on I,
and what is more specific to this molecule.
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