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I. Introduction

In 1949, a proposal by Brossel and Kastler first demonstrated that optical
excitation opened the way to extending all the capabilities of magnetic res-
onance to thermally unpopulated states of atoms or molecules. Shortly
thereafter, in 1950, Kastler proposed the famous “optical pumping”
technique through which a transfer of angular momentum from a light beam
to an atomic vapor permits a great number of fundamental experiments as
well as exciting applications, such as atomic clocks and magnetometers. For
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168 M. Broyer, G. Gouedard, J. C. Lehmann, and J. Vigué

progressions allows one to assign preciscly the various excited levels and to
select the fluorescence light coming from a single level (Vigué and Lehmann,
1972).

Due to the special structure of laser light, one should be somewhat careful.
Because of the mode structure of the laser spectrum, only some molecules
are excited, namely, those at locations on the Doppler profile corresponding
to the mode frequencies. Moreover, the large intensities obtained with either
cw or pulsed lasers may produce various types of saturation phenomena.
Some saturation effects will be discussed in Section II1. Others are presented
and discussed by Dumont (1972), Ducloy (1973}, and Lehmann (1976). In
most cases, it is then necessary to extrapolate carefully the obtained results
to zero light intensity, taking into account the fact that such an extrapola-
tion is not always a linear one.

B. EXPONENTIAL DECAY AND QUANTUM BEATS

The advent of nitrogen laser-pumped dye lasers giving very short pulses {1
to 5 nsec) of tunable monochromatic light in all the visible and near uv
range of the spectrum has prompted a new interest in the impulse response
of molecules and atoms. Following the pulse, the fluorescence decays expo-
nentially, as does the population of the excited state. This decay gives a direct
measurement of the lifetime t. The natural molecular lifetime 1, is obtained
by an extrapolation to zero vapor pressure. Moreover, the decay probability
y = 1/ being a linear function of the vapor pressure, the slope of the extrap-
olation curve gives the cross section o, for depopulation of the excited state
due to collisions:

(dy/dp) = (4a,)/(nMKT)"" (1)

where M = molecular mass and T = cell temperature.

Let us go a little further: a light pulse of duration # has, owing to the
uncertainty principle, a spectral width at least equal to Av = 1/6. Two levels
lying at a distance AE < h/6 may then be excited coherently. If this is the
case, the exponential decay is modulated at a frequency AE/h, from which
one can deduce AE. This technique is known as the “quantum beats”
method {Corney and Series, 1964) and has recently been demonstrated with
dye laser excitation (Gornik et al,, 1972 and Haroche et al., 1973). It has been
used by Paisner and Wallenstein {1974) to measure Landé factors in some
excited levels in I,. The pulsed excitation method has a number of very
interesting features: first, one observes the fluorescence affer the exciting
light pulse has been turned off. It is therefore truly the free evolution of
the molecules which is observed. Another advantage is purely experimental:
the pulsed dye lasers at the present time cover a much wider spectral range
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than ew ones. >_mo,<2w fast transient recorders are now available and allow
a very efficient collection of data. A review paper on time resolved experi-
ments is presently being written by Haroche (1976).

C. HanLE EFFECT AND RESONANCES IN A MODULATED LIGHT BEAM

1. Hanle Effect (or Magnetic Depolarization)

One of the most widely used techniques to measure lifetimes and Landé
factors of molecular excited states is the Hanle effect. A detailed theory of
such experiments is given in Section III; we present here only the principle of
such experiments: in a zero magnetic field the different Zeeman M sublevels
are degenerate; if the molecule is excited by a o linearly polarized light beam,
the resulting ¢ fluorescence contains an interference term between two pos-
sible paths

exc. fluor.

M M+ 1

E exc. g -1 fluor.

M

The interference term is destroyed when a magnetic field is applied provided
that the excited sublevels M + 1 and M — 1 are separated by a distance
larger than their natural width I/z. This appears as a change in the polariza-
tion and intensity diagram of the fluorescence light.

In general the Hanle effect curves have a Lorentzian shape; for AM = 2
coherences, their full width at half maximum is given by:

R |1 4

AH = !
waler 2 T Ty

where o, is the cross section for destruction of the AM = 2 coherences.

For some polarizations, dispersion-shaped Hanle curves can be observed,
the sign of which is related to the sign of the Landé factor in the excited state.

The study of AH versus P allows one to find the gt product (by extrapolat-
ing to zero vapor pressure), and ¢,/|g, | (from the slope of the extrapola-
tion curve).

Note that multiple scattering is generally not a problem in molecular
vapor due to the small branching ratio of the fluorescence directed toward
the absorbing state; however, this effect has nevertheless been observed in
CS (Silvers and Chiu, 1972).

It must be emphasized that Hanle effect only gives the g,  product for the
excited state. However, several different cases may occur allowing a further
step to be made: first, if we suppose that the Landé factor is known, the
Hanle effect gives a value of the lifetime. Another situation may arise (Broyer

Po, (2)
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172 M. Broyer, G. Gouedard, J. C. Lehmann, and J. Vigué

excited state sublevels or to nearby states. These transitions are recorded
through changes in the fluorescence pattern. The theory of such experiments
is very well established (German er al,, 1973, Silvers et al., 1970), and we shall
Jjust recall some of their main features.

Let us only consider rf resonances between Zeeman sublevels of the
excited state, used for instance, to measure Landé factors.

A condition required to observe a resonance is that the transition probabil-
ity between the two states involved is not too small during the lifetime t
(ideally it should be of the order of unity). This requires:

2n .
th@umq_. ~ o va

T
This condition implies that H,; must be large enough, ie., He~H,,, H,,
being the width of the Hanle effect curves. This is a rather troublesome
limitation for double resonance experiments in diatomic molecular states: g,
being generally very small, and the lifetimes ranging from 1075 to 10~ ? sec,
H,, is often of the order of 100 to 1000 gauss. It is very difficult to obtain
oscillating fields of this amplitude.

However, since double resonance experiments are noncoherent processes,
they have found many applications in the study of zero field structures:
hyperfine or fine structures (German et al., 1973), or even rotational struc-
tures (Field ez al., 1973). These experiments give very high precision measure-
ments of these structures, generally in the GHz range.

III. Theory

As we have seen, a molecular optical resonance is a three level process
(Fig. 3): the molecule is optically excited from an initial state [i>, to an

l&) —

i 0

Fig. 3.

excited state |e), and the fluorescence observed is due to the spontaneous
emission from state |e) to a final state [ f>. Let J, J, and J” be the angular
momentum of these three states. We neglect at first the hyperfine structures
and the optical nonlinear effects through which the molecule would come
back from |e) to [ by stimulated emission. These problems are discussed
at a later stage.
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A. GENERAL RELATIONS

1. Optical Excitation

The time-dependent perturbation theory gives the probability per unit
time that a molecule absorbs a photon to reach state fe>:

a. _
mz@umm_ﬁf.us_u 3
where e, is the polarization vector of the exciting light beam, D is the
angular part of the electric dipole operator, T, is a pumping time. This
function depends on the spectrum of the exciting beam as compared to the
absorption spectrum of the molecule. 1/7, is also proportional to the inten-
sity of the pumping beam (Barrat and Cohen-Tannoudji, 1961). If we intro-
duce the excitation operator:

& = (s DYidCil es, - D)F ()
we have
G = celele> ©)

The “pumping” term of the rate equation of the density operator in the
excited state p, is therefore found to be equal to

(7).~ 7 )

P

2. Rate Eguation of p,

We now introduce the two other terms of this rate equation:

(a) The free evolution of p, under the hamiltonian He. He is here the
Zeeman Hamiitonian. Later on it will contain the hyperfine Hamiltonian or
other terms like the A doubling or the spin-rotation terms.

(b) The relaxation term. We shall call y the relaxation operator. Tt con-
tains mainly the spontaneous emission operator but may include other
effects like predissociation or quenching collisions (disorientation collisions
are not taken into account by this expression).
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C. THE Tt OpErATORS

Instead of using the %, -my OPErators as a basis of the Liouville space, one
may prefer the ®nsor operators T* whose components are:

u%\l. M.! a‘l 1= (FTm, — my Jkg) | T m\ > {x'T'm) | (24)

my‘mg’

= ¥ (=1 ™Rk + 1)

myimy

A.\. J k

_ V_E\s‘_xﬂ%sw_ (25)
m, ~my —gq

where {J'J'm\, — m} | kq) is a Clebsch-Gordan coefficient and
A J J J
my  —m —q

the corresponding 3j symbol (Racah, 1942; Fano and Racah, 1959; Judd,

1963).
It is easy to demonstrate the following relations:
(Tt = (- 1PT%, (26)

as compared to Eq. (12)

.—..H.Q.H‘“v.wu.nw = %r»\mﬂ. (27)
as compared to Eq. (13)

{pe=2 Pk T, (28)

< kg

| piy = Tr{(— 1Yp. T )} (29)

as compared to Eqgs. (14) and (15).
& and 2 can of course be similarly developed on the T:

=) 6T, G=Y 44T, (30)
kg kg
and
..—-—.mbmn@w"Mﬁl_.wnanlen Awmv
kg

as compared to Eq. (21).

If we go back to the rate equation of p,, it is easy to show that since ‘G isa
linear combination of a,,,.,,, in which the only nonvanishing terms are those
for which m| — m}, = q:

_”:Nu bm“_kn = QEQ.QM& Aqu
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and therefore, the stationary solution of Eq. (8), developed on the T basis is
given by

e __ W &.«ra
_‘wkn .NW v + ~.a~8ﬂ Awuv
Hence
b..."lwwlﬁ MAI:._EH (34)
82T, 17 v + igw,

In this equation:

Erq=Tr{(—1)6T" } = Y (—1pmta
m;'mz

xEl:EAA s J

LA () q

x ' J'm)y ey, + DitIm)

{timi(e,, - D)t |7'J'm}) (35)
Fio= T (0w Y )
my'mz* my -, —q

"

XA.H‘.%_.S\M _ﬁb . U _HE.N_:E:V X A.ﬂ‘...\:ﬁ:kmAﬁh . Uvnﬁ._.ﬁ‘.\:s_uv Aw@v

D. CALCULATION OF I

1. Development of e,,+ D

In both expressions (22) and (34) it appears matrix elements of the type
(t'J'm’|e,, - DitJm). To calculate such matrix elements, one must develop
both the polarization operator e,;,and D in standard components. Let «, By
be the director cosines of e, :

a+ifD,—iD, «—ifD. +iD, .
NV Y B

M (— :nmwoubn Aw.\.v

It

e, D=aD + 8D + D, =
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where
AT, I) = (=1 (2K + )2 b1k (46)
ne JyoJoJ

The first factor of &, is characteristic of the polarization of the light, while
o (J', J) depends on the angular characteristics of the tJ — 1v'J’ transition.
The reduced matrix element of D is proportional to the square root of the
oscillator strength of the transition. One can therefore write:

Sig=Uig|<TT| | D] |2 PAdT, ) (47)
where #}? is actually the kg component of a polarization operator.
Similarly:

Dig= Uig [T || D] [T [Pt T, J7) (48)

In the 3j coefficient which appears on %2, k can only take the values 0, 1,
or 2. This is due to the electric dipole character of the transition. We have
therefore:

_ w.v_.. ;o 2 ' g " opH 2
Le = gat, [ <GP [[D] g5 FIK | D] "> ]

x ¥ -y

k=0,1,2;¢q
Although equivalent to Eq. {41), this expression is much easier to evaluate.

ﬁ%&\nmab\ktn Jyed (T, J7)
¥+ iqo,

(49)

E. PoLARIZATION RAaTES—HANLE EFFECT

1. Molecules Without Nuclear Spin

Using Eq. (49), we will give the expressions of the rate of polarization
of the fluorescent light under a linearly polarized excitation: As shown in
Fig. 4, e, is parallel to Oy and e, is either parallel to Ox or to Oy. The
polarization rate is defined by

_L,-L,

= 50
L+L, (50)

P

The only nonvanishing components of p, are those for whichg=0or +2.
When H — oo, all the g # 0 terms of pf, vanish. Then L, and L, become
equal and # —0. When this is not the case:

Wr&mﬁ.ﬁ.u .NVPRMA.N.___ .N.J B %N
T, N (', J7) + 102 (0, N (T, I7) 7 + (2w,)?

P = (51)
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€
m»o

FiG. 4.

When H increases the polarization decreases as the Pk, + 2 components of g, ,
which results in a Lorentz-shaped depolarization curve.
We shall now give the values obtained for 2,, the zero field poiarization,
using the following notations:
J =J" + 1 is represented by the symbol Pt

J=J by Qf
J=J -1 by R
J =+ 1 by P]
J=J by Ql
J=J -1 by R|

The notations P, Q, R are the usual notations for such transitions in molecu-
lar spectroscopy.

,::.wn. .:mim the tabulated values for the 6j symbols, one finds for the
polarization 2, the values shown in Table I.

TABLE 1
POLARIZATION RATES IN ZERO MAGNETIC FIELD

Transitions Py Limit when J' = oo

J(2r -1 1

P P = Z

(P1 b 1477 + 337 + 20 7

(PT O:_ 2 1

or " - " —_—

(Qt Py 6+ 7 3

(PT Rl)) ! i

or . = -

RT  PI)) 7 k

ﬁ.\ + 325 -1) 1

Qr Qb e o 2

Q1 R})) 27+ 3 1

or . - — -

(Rt QL)) 6y -1 3

(27 +3)(7 +1) 1

R R — =

(RT b 1452 — 55 + 1 7
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Each one of these operators being defined by relations similar to Eq. (25),
the matrix element of such a product in an uncoupled basis set of state is

given by:

Ar\.uahmuwxwu&NShn _h,d.a_du.huﬂnn _.NNSVNHMV&.HMNS‘HMV = %Hﬁ:nw..__:.uu

‘ ” 1,2 Jommgt Iy —mpy Iz m A

(2% + 1)@k + 12K + 1))V~ 1) nes :Als ) ;L
Ik LN I, K I
s | ey

(57a)

so that they are orthonormalized in the sense:

T, Ty Ty LTEWGTE 1 Te 1,Ten]
= nmn:_.m %wsk.%waka %n@ QQQ\%A:D: AMQUV
Since & and & do not affect the nuclear spins of the molecule, these

developments on this basis set of operators only involve ; T and ,, T§ so
that one can write:

&=3 QL+ )2+ 1)&,, , T, T ;,Ts (58a)
kq

M/\E + D)2 + Dy 2T T8 - 1,70 (58b)

The notations &, and &, actually stand for &0 and %422 From here on we
shall not write explicitly , T and ;, 7§ and write T for , T%.

We now go back to the | v'J [Fm;) basis set. However, for homonuclear
molecules only ortho or para siates exist for a given J'. To take that into
account in the normalization procedures, one must change (21, + 1) x
(21, + 1) into 3, (21 + 1).

Then:
%.ﬁ”_ﬁm& = M Ev TS IF ymp | TS| T TIF ymg > {59a}
with:
e im J I F . .
| T FIFmg) = SM.:AI 1y i (2F + :_EAE\ m, IS.qv |v'J Imym'y

(59b)
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Hence, making use of formula (57a):

COSUF ymg [ To TS IF ymg >

— M Aimvwh,lwmli—.+5: +mg,

Aﬁ» + 1)2F, + 1)(2F, + .ch

my’'mz’ Mn ANN |T Hv
my
xAL: I M_VA% J JAH I m.mv
m) mp —mp iy —m, g/ \mj mpy o —mg,
(60)
- AI:.__.+~153+~.._+1.~+» (2k + 1)(2F, + 1)2F, + i) 12
20+ 1)
_.ﬁ F, ~: F, & ﬁuv
X ’ (61
\F, J &k —-mg, q mg )

Let us come back to the energy difference wf 12F2
Let us first consider in Ly the terms for which e, F| = ¢, F,. They give a

contribution:

3y &
= Y (1 FlJ' 62
Le m..aﬁ;Mn“A v,..*..5.8% #le ) (62)
EF
with:
ﬁﬁ;.:n F oI
3

I} is called the “resonant” part of L. When the magnetic field goes
through zero it appears as a linear combination of Lorentz curves of differ-
ent widths. This results in a non-Lorentzian Hanle curve. Provided the «%,
are known, one can compare this curve to theoretical curves with g, /g,
taken as a fitting parameter. Then from the width of the curve one can
obtain the width of the excited state y. Let us now come back to the contri-
bution of the terms of Ly for which &, F| # ¢, F,. They are called the non-
resonant terms of Ly since they do not vary with the magnetic field at least in
the low field limit. They give the contribution:

3y, cfz 8P, _
INR = /1 M7k i F oo Fok 64
F 8T, me“A v,m+~>:3:3 (e1F &3 F kq) (64)
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In the |Q) representation, we can project the density operator:
p(Q) =<8 p|Q>
When J — oo, and only in this case. p(Q) d} represents the number of

molecules whose rotation axes point in the solid angle dQ around the

Q = (6. ¢) direction. .
It can also be shown quite easily that in this representation the operator J,
is equal to —i(0/0¢). We will not consider in this section any structure other

than the Zeeman effect.

2. The Rate Equation for p(Q)
We now take Eq. (8) multiplied by {Q| on its left side and {Q) on its right

side. Assuming an isotropic relaxation rate y, one finds:

d e

H e !
GPd@) = 0,55 Q) = @) + 3 RIS (10)

(TQ8 Q) = @%Hb )) ._.._. dQ, dQ(r'Qe; D|t2,>
x (T8, |i5<i | 1), (e, D)F |7 Q) (71)
At the limit J — oo, with AJ = J — J constant,
(TQ|e;,,D{tfd; ) = €;, * 0y, (AKR[N,) (72)
where
ns,(€2) = Ro(Usy) (73)

is the unit vector obtained by rotating by (6, ¢) a vector U, which depends
on the nature P, Q, or R of the transition (AJ = J = J'):

for a P transition
1 ;
c—u = — HACH + HCMV

for a Q transition

for an R transition

(U, - iU,) (74)
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U,, U,, and U, are the unit vectors of the xyz axis. n,,(2) is therefore, as
expected classically, a unit vector pointing along the rotation axis of the
molecule for a Q line and rotating clockwise or counterclockwise around
this axis for a P or R line.

As is shown by Ducloy {(1975), when J — o«

1
7 <FRUE (D = 10l @) (13)
P

where 7 is a probability of excitation per unit time proportional to the
intensity of the light beam [y, = 1/(2T,)],

9(Q) = 2|e; 0y, |*

and p(Q) = (x| p, | Q) is the density matrix of the initial state projected
on the [Q) basis. This density matrix was, until now, supposed isotropic
[p{Q) = 1]. However, since later on in this section, we interpret some optical
saturation effects for which p{Q) may be anisotropic, we introduce here this
more general notation.

Finally we obtain a rate equation, valid only when J - «

d e

7 P = w. 5 3 PV — 7p) + 7 g @ Q) (76)

Remarks:

i. This equation can only be obtained assuming a * broad band " excita-
tion in the sense that the Doppler width of the absorption line is covered
uniformiy. This would not be the case for a single-mode laser beam. For a
multimode laser, this is the case only if the Bennet holes burned by the
various modes are larger than the intervals between the modes. This requires
in principle that 7 is larger than the mode interval.

it. p.(Q) is only coupled to p,(€2). This means that p ('} is not coupled to
pi(R2) if & # Q. This is due to the fact that for large values of J, the photon
angular momentum, which is equal to 1, is negligible. The direction Q of J is
therefore not changed by the absorption or emission of a photon. This will
prevent, for J — oo, any optical pumping of an individual molecule, as is
observed for finite values of J (and especially for atoms, for which J ~ 1).
However, since g{Q2) depends on the orientation £ of the molecules, a statis-
tical effect can be predicted in which an orientation results from differences in
the pumping rates for different orientations Q.
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Unfortunately, it is not possible to find exact stationary solutions of
Egs. (84) and {85). We can however find some simple results: ‘

a. No Magnetic Field: o; = w, =0. Then one has stationary solutions
such as the following ones:

1 sg(Q)
=p0 - 7 7
Ab&ﬂbv b_ Hm._.. .— + ,WQA.A.MV Aw v
_ 1 sg(Q)
=01 _ __ogee)
where
pr = (89)
m - .\2.
Te
1 1
T=—+—3 90
Ye W 40)
S=ANT (91)

s is a saturation parameter proportional to the light intensity. At the limit
§—0, one finds the solution of the “linear™ equation (76). When
s = 20 p(Q) = (1/7,t)p} which is isotropic. This result is different from the
result obtarned for low J where an anisotropy can be still found in infinitely
intense light fields (Dumont, 1972 and Ducloy, 1973).

b. Infinitely High Magnetic Field. Let w, and w, become much larger than
Yes Vei @nd ;. Then a stationary solution of Egs. (84) and (85) can only exist
if (0/0¢)p.(Q) = (8/6¢)p (2} = 0. This means that under a very fast Larmor
precession p, and p; become independant of ¢. One can therefore take an
average over ¢ of Eqs. (84) and (85) without affecting p, and p, . One obtains
then ¢-independent stationary solutions:

_ o L g,
bwAQV - bh. ﬁmﬂ — + MAQADVVQ A@Nv
| o ol 1 s(g(@),
=it s .

When s —+ oo, p, and p; go to the same isotropic limit as without a magnetic
field.

From expressions (87) and (92), one can get the amplitude of the Hanle
effect curves for any value of the saturation factor s. For example, one finds
for the polarization rate in zero field #(s) = {1, — L)1, + 1,) the expressions
given in Table III.
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TABLE I

SATURATION EFFECTS ON POLARIZATION RATES

Transitions > Transitions 2

PT Qi) (65 +9)B ~9 of al (6s+9)4-9

_:20:. Tas+3_(6s+3)B 8s— 3 — (65— 3)4
P! P

Qr Pl (65 +9)4—9 . (6s+9)B-9

ot Ry 16543 (18s+3)4 or 85— 3 — (65— 3)B
Rt Ry

or
Rt P|
where
1 1{3\2/2 I h-t s |2
=—" _tan" =—— _tanh"
A PBEE tan™ '(2s) B GO+ 5] an i+ hv

when s — 0 these expressions tend to reach the asymptotic values given for
J — o0 in Table I,

It can also be shown from Egs. (87) and (92) that the n-polarized fluores-
cence changes with the magnetic field. This is a pure saturation effect since
in the “linear” theory, no Hanle effect can be observed in an “incoherent™
polarization. It is called a zero field saturation resonance.

5. General Solutions

Another way to deal with rate equations (84) and (85) is to use an iterative
procedure in which {p,(Q) — p.(Q)} in the last terms of these equations is at
first taken equal to pf — p?. This gives first-order stationary solutions p}
and p; which can be reinjected in the {p,(Q) — p,(Q)} terms and so on. This
perturbation method gives interesting results if the saturation parameters is
not too high.

If one wants to obtain results that are valid for any value of the magnetic
field and for any value of the saturation parameter s, one can use the follow-
ing procedure:

To have a physical meaning the stationary solutions p,(Q) and p,(Q) of
Egs. (84) and (85) must be periodic in ¢ with a period 2x. One can take
advantage of this periodicity by expanding these density functions in Fourier
series:

Q) = 4,(0) + ¥ {aifB)e™ + cc) (94)
n=1

where j stands for i or e.
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IV. Review of Molecules

In this section, we briefly review a series of diatomic molecules in which
some optical pumping experiments were done. As will be seen, ..:o.ﬁ n.:, these
works are concerned with very few levels, taking advantage of noﬁ.snan:oom
between laser or conventional light sources and molecular absorption. These
experiments should therefore be considered as .:ﬁ mo:."qc::mqm of more
systematic studies in which tunable light sources will permit a whole series of
rovibronic states to be studied. Section V gives an example of such a s.o.ln.
Although only optical excitation is considered here, one should mention
some very important works in H, :umcm«-woﬁo:_.m. 1974) and .02 Fm.ér
1973) in which electron impact excitation was used instead of optical excita-
tion. However, such excitation is not a selective one and therefore can be
applied only to light molecules for which a limited number of levels are

thermally populated.

1. Na,

Experiments on this molecule have been performed mainly by Nm.qn mna
his co-workers (Demtroder et al., 1969; Drullinger and Nm_d.. 1969). Six lines
of the Ar* laser excite the resonance ffuorescence series .3, the .Zm~
B! [[. — X' Y. blue-green band system. From a spectroscopic analysis of
the fluorescence light the v, J quantum numbers involved in these transi-
tions have been measured and the set of spectroscopic constants for the
X! ¥+ and B! [], states have been revised and completed. From these
constants, potential curves have been constructed for the B and X states of
Na,. This is a good example of molecular fluorescence spectroscopy.

The v = 10, J' = 12 level of the B! ], state excited by the 4765 A laser
line was studied by Hanle effect (McClintock et al, 1969). The gt _u_.oacﬁ
has been measured. If the g value is calculated assuming Hund's coupling
case a, the lifetime can be determined. It is found to do. T=641 +
0.38 107 sec. To obtain the gr product, it is necessary to take into account
the magnetic broadening of the absorption line. >:_..o=.mw the q.-m::.& _Em
width is about 40 times smaller than the Doppler linewidth, this magnetic
broadening is important in this experiment since J is wpzmu to 12. :.s.oc_a vo
even larger for higher values of J. This difficulty is unknown in atomic
physics. .

Optical pumping of the v = 3, J” = 43 level of the m:m::a mﬁmnqos_n state
X! ¥ was also studied using the 4880 A Ar* laser line as a light source
(Drullinger and Zare, 1973). The alignment of the m:.x:a mﬁmnn.oﬁ. Em transi-
tion appears through a decrease of the fluorescence light polarization as the
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laser intensity increases. This experiment is, however, somewhat difficult to
interpret due to the influence of stimulated emission. The relaxation of this
alignment has been measured with addition of foreign gas. With the laser
modes making holes in the Maxwell distribution, the velocity-changing col-
lisions have been observed and studied.

Finally, cross sections for rotational transfers in the Na,B! ], state
were measured by Bergmann and Demtroder (1971) and Bergmann et al.
(1972) who found an interesting asymmetry: 6(AJ = + 1) # o(AJ = ~1). It
is related to A doubling and a theoretical interpretation has been given by
Bergmann and Demtroder ( 1972) and Poppe (1973).

2. NaK

Six lines of an Ar* laser excite the D* [1 state of NaK (Zare, 1973). By
spectroscopic analysis of the fluorescence light, the (v, J') levels excited were
assigned. Each rotational level of the '[] state has two A components of
opposite parities, and when an electric field is applied, it mixes these two
states and a new Q line appears in the fluorescence spectrum. Once the A
doubling separation was known, the excited state electric dipole moment of
the molecule was determined.

3. Li,

The work done on Li, is very similar to that in Na, but it is less detailed.
The levels of the B! [']. state excited by six Ar* laser lines were assigned and
rotational and vibrational collisions transfers studied. It is actually on this
molecule that the asymmetry between rotational transfer probabilities
[o{AT = +1) 4+ o(AS = — 1)} was first observed,

4. OH-OD

de Zafra, Marshall and Metcalf (de Zafra et al, 1971; Marshall e al,
1969) have observed Hanle effect and double resonance signals in the v = 0
A? ¥'* excited state of OH and OD. Optical excitation was performed by a
molecular lamp. Rotational levels with 2 < A’ <5forOHand2< N' < 8§
for OD were excited. For these levels the g factors and the gt products were
measured. The ¢ factors are in good agreement with what was expected from
a pure case b coupling. The lifetime 7 is almost the same in the whole set of
investigated rotational levels. It is found to be T = 660 + 22 nsec for OH
and T = 598 + 20 nsec for OD.

German, Bergeman, Weinstock and Zare (German and Zare, 1969; Wein-
stock and Zare, 1973; German et al., 1973) have used atomic lines to excite
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7.8,

The Znl 3075,9 A and the Cd1 3261, 1 A atomic lines {Meyer and Crosley,
1973) excite respectively the 4-1 P(41) B*Y.-X°}7 and the 3-3
P(43)B*Y, -X*Y, transitions of the S, molecule. For these two levels, the
Hanle effect has been observed. The g factor of the B state was then cal-
culated using a nonzero spin-spin interaction constant, and the lifetimes
were deduced for the two levels from the Hanle effect signal.

8. NS-PN-CO

For these three molecules (Wells and Isler, 1970; Silvers and Chiu, 1974;
Moeller et al., 1975), all the rotational levels of one band were excited using a
molecular lamp. Fluorescence and Hanle effect were then observed. The
results were analyzed by making some assumptions about the contribution
of different rotational levels and by theoretical evaluation of their g factors.
A radiative lifetime estimate was then deduced.

9. NO

The CdII 2144 A and the Tel 2147 A spectral lines excite, respectively, the
v =1, N'=13 and the v’ = I, N' = 10 levels of the A*} * state. On these
two transitions, Hanle effect measurements were performed and permit one
to deduce the product gt (Gouedard and Lehmann, 1970; Gouedard, 1972;
German et al., 1971; Weinstock et al.,, 1972). An optical rf double resonance
(Weinstock et al., 1972) confirmed that the angular momentum coupling
scheme is very close to Hund's case b,,. Using g values appropriate to this
coupling scheme, the radiative lifetime was determined. It appears to be the
same for both levels: t = 180 + 20 nsec.

The v =3, N' = 1, J' = 3/2 level of the A%} ~ state can be excited by the
Sel 1961 A spectral line. Using this coincidence, Bergeman and Zare (1974)
observed the zero field p-doubling hyperfine transition by optical rf double
resonance. They also measured the Stark shift of one of the resonance
component. They obtained by this technique the p-doubling constant, the
hyperfine structure parameters, and the dipole moment. Their results are in
agreement with theoretical calculations except for the dipole moment.
Speculations are given on possible explanations of this discrepancy.

10. Se,

Various lines ofa Kr* and Ar* laser excite the B'} . — X*} "~ band system
of the Se, molecule. The spectroscopic analysis of the fluorescence spectra
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and the assignment of the excited levels have been made mainly by Barrow
et al. (1970) and Yee and Barrow (1972). Recently, Dalby et al. reported a
Hanle effect measurement on three rotational levels of the B>Y, (1u) state
(Dalby et al., 1975). The gt product, together with the sign of the g factor,
has been determined for each of the levels. Very recently, Gouedard and
Lehmann (1975), and Gouedard (1976) using the technique of resonance in
modulated light beam have done a series of measurements of the g factor for
all levels excited by the Ar* and Kr~ laser. These experiments together with
complementary Hanle effect provide g and 1 for about 10 levels in the B} [
state. Interpretation of the results is on its way by taking into account the
different coupling scheme possibilities in a *}, state and the possible
perturbations.

11. CN

Very interesting level anticrossing experiments and optically detected gas
phase magnetic resonance spectrum were observed on the CN radical (see
Levy, 1972; Cook and Levy, 1972, 1973a, b). We won't describe in detail these
experiments since they are beyond the scope of this paper, the excited states
being populated by chemical reaction. However, the lifetime of the fifteen
first rotational levels of the v’ = 0B?} state of CN were measured by the
decay technique following pulsed dye laser excitation (Jackson, 1974). The
lifetime is the same for all investigated levels except for the N' = 4 which is
perturbed by the A*[] state.

V. lodine Investigations

We now present a brief survey of the results that laser investigation has
given in the excited states of I,. The precise choice of this molecule is due to
several reasons.

The B state of iodine and the visible flucrescence due to the B — X transi-
tion have been studied for more than haif a century by many different
techniques. The spectroscopic knowledge of this transition is therefore quite
good, and the most recent papers (Singh and Tellinghuisen, 1973; Leroy,
1970; Brown et al., 1973) give a clear assignment of most of the absorption
lines. This is a favorable condition for working with laser excitation since it
provides a precise identification of the excited levels. Furthermore, since I, is
a heavy molecule, the absorption spectrum is dense, and only rough or no
results were obtained as long as the studies were carried out with wide band
excitation. This explains why many parameters have been only recently
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being the off diagonal part of the rotational Hamiltonian
B(J —L-8)
Vo =pugH - (L + 28)
being the electronic Zeeman Hamiltonian
Vyi=al+- L+

being the hyperfine Hamiltonian. L and § are the electronic angular
momenta; I =1, +1,.

The second-order perturbation term of the energy of a given |1, v, J, M,
state is:

+V+ Vit e J MpDJ?
mn.c..___..:._|~wu

Let us now look to the three cross products that appear when one calcu-
lates the squared matrix element:

(1) the ¥, ¥, term is proportional to u(#%/ur?*)H - J and represents the
Zeeman effect g, uyd - H,

(2) the V; V; term is proportional to au,H - 1 (if one only takes the first
term of V;) and represents the chemical shift ¢, uy 1 + H, and

(3) the ¥y ¥, term is proportional to (ah?/ur)l - J and represents the
magnetic hyperfine structure C'I - J.

Since the matrix elements of the various angular momenta involved are all
of the same order of magnitude, one can show that the following approxi-
mate relations hold:

Dh«,c.u.k{"M ~AQ_ —\_ Aomv

Gilin  G1MN & (99)

~ ~

tww_.: aig Qwﬁ.

where B, is the rotational constant of the v state.

These relations are rather well verified by the experimental results.

The magnetic Hamiltonian of the molecule can now be written in the
form:

= —gpJ-H—(g9,+ g )u,1-H (100)

From this Hamiltonian, it is possible to calculate theoretical Hanle
curves, using the Landé factors of the various hyperfine levels given by
formula (53). As already mentioned, the Hanle effect curve is not Lorentzian
if these Landé factors are very different from one another. This happens if
lg; | < (g: + g, )(I/J). In this case, the shape of the Hanle curve gives the

value of g, /(g; + g,). Then the width gives the value of g, 7. If one neglects

g1, ¢, and 1 can be obtained independently since g, is known (g = 1.12).
However, in many cases, g, > (g, + g,)(I//), and there is no strong devia-
tion from a Lorentz shape. Then, the Hanle effect gives only the value of g,
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y 2000 4000

Fic. 10. Rotational Lande factors g, as a function of the vibrational energy E measured in
cm™ ', The solid curve is given by 190/(4380-E).

It is then necessary to obtain either g, or z directly. Resonances in a mod-
ulated light beam have been used to measure g, . For example, in the v’ = 62,
J' =27 level, the full spectrum of hyperfine Zeeman resonances was ob-
tained. By fitting the position of these resonances, it became clear that g,
could not be neglected and should be taken equal to 3.4 3 0.5 for this level.
This value of g, is in good agreement with the relation (99). This theory then
permits to evaluate g, for other levels that were studied and to correct the
value of g, if necessary.

The resulting values of g, are plotted on Fig. 10. The large variation with v
is similar to that of AC = C" — (", as was predicted by Eq. (99). The exper-
imental results for g, and AC are well represented by [1/(E, — E,)] depen-
dence (solid curves of Figs. 9 and 10), where E, is the energy of the B state
dissociation limit, and E,, the vibrational energy of the considered level. This
suggests that the main perturbing level « [Eq. (98)] is a dissociative state
sharing the B state dissociation limit.

Quantum-beat experiments (Wallenstein et al., 1974) give results for the
Landé factors in fair agreement with those of Fig. 10.

C. ELECTRIC ANISOTROPIC POLARIZABILITY
k4

Zero field Stark level crossing effect was performed on the B*[]3 state
using the 5145 A Ar* laser excitation (Dalby et al., 1973). The experiment
can be easily interpreted in terms of the anisotropic polarizability.
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Chapman and Bunker, 1972). The H? magnetic field dependence of the
lifetime was proved by direct lifetime measurements (Capelle and Broida,
1972). The vibrational dependence of g7 and k, should be nearly Em.::om_
since the Franck-Condon factors are the same. This is in fair agreement
with the experimental results.

3. Interference Effect Between the Two Predissociations

It is clear that this effect gives a different lifetime for Zeeman sublevels of
opposite M, values. Therefore, a strong orientation of the excited molecule is
produced and appears as a circular polarization of the fluorescence. Circular
polarization rates up to 309, have been observed. For a given level, this rate
is proportional tc «,. It is therefore possible to deduce k, = «2 from this
experiment, even if k, is quite small. Some values of k, have been obtained by
this method and are shown on Fig. 12.

Moreover, lifetime measurements performed on circularly polarized fluo-
rescence light (Fig. 13) are in nice agreement with formula (102); it is
interesting to note that for each polarization (¢* or ¢7) the lifetime is
maximum for nonzero values of the magnetic field (Vigué et al., 1975).

AP
)
i

H

T T T

-3 0 +3 kG

Fi1G. 13. Lifetime measurements obtained by the phase shift technique on ¢* and ¢~ fluores-
cence light. The curves show the variations Ag of the phase shift as a function of the magnetic
field. The arrow points in the direction of increasing lifetimes.

E. CoLLisioN EFrFeCTS

All the considerations above suppose that the experiment is made at zero
vapor pressure. If it is not the case, the hifetime is reduced and various
collision cross sections can be measured.
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The variations of the lifetime with the pressure give the cross section for
destruction of the population ¢, (Sakurai er al., 1971; Capelle and Broida,
1973; Paisner and Wallenstein, 1974; Broyer et al.,, 1975b). By an analysis of
the fluorescence spectrum as a function of pressure, it is possible to measure
the collision cross section for transfer from one energy level to another
(Brown and Kliemperer, 1964; Steinfeld and Klemperer, 1965; Steinfeld,
1967, 1970; Kurzel, 1970; Kurzel et al,, 1971, 1972).

Finally, the width of the Hanle effect as a function of the pressure gives the
cross section for destruction of the alignment o'’ (Broyer et al., 1975a). Direct
polarization measurements give the same kind of information (Kurzel and
Steinfeld, 1972). All these quantities have been measured with I, as a colli-
sion partner, but some experiments were done with the following gases: He,
Ne, Ar, Kr, Xe, H;, D;, N;, O;, NO, SO,, CO,, CH,CI, NH,, etc.

F. STEPWISE EXCITATION OF 1,, E STATE

A stepwise excitation of the I,, E state was performed (Rousseau and
Williams, 1974). The excitation from X to B was obtained with a tunable
rhodamine-6G dye laser and the transition from B to E by a uv line of a
krypton ion laser. The fluorescence spectrum thus obtained was the first
observation of Condon “internal diffraction” resulting from a single
vibronic state. From this fluorescence spectrum, it was possible to measure
precisely the equilibrium internuclear distance of the E state and to deduce
the qualitative variation of the B « E transition moment as a function of the
internuclear distance (Tellinghuisen, 1975),

It is important to note that stepwise excitation could be applied to many
molecules, and therefore optical pumping methods could be used for investi-
gation of states that cannot be reached by single-photon excitation.

VI. Conclusion

In this paper, several optical techniques have been presented through
which one can make measurements of excited states molecular parameters.
A summary of the kinds of problems that can be studied by these methods
would include the following:

(a) Measurements of molecular parameters: g 1 T gy C, etc. Such mea-
surements may be of great help in the analysis of perturbations between
electronically excited states.

(b) Predissociations and other dynamical effects, such as, simple chemical
reactions. It should be emphasized that optical pumping is especially well
adapted to the study of the angular aspect of these phenomena. For example,
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