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Inversion of polarization by light-induced stabilization
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We report on a new effect which is observed when the small polyatomic molecule NO2 is prepared
under collision-free conditions into an electronically excited state. As the intensity of the exciting

laser light is varied, the degree of polarization of the fluorescence light may undergo a change in

sign. The analysis of the experimental results confronts us with an interesting problem concerning

the time evolution of an isolated polyatomic system. In this paper we present the experimental re-

sults and a simple model which successfully describes these results. According to this model, the in-

version of the polarization of the fluorescence light is a consequence of light-induced stability of the

optically prepared state.

I. INTRODUCTION II. EXPERIMENTAL

In this paper we report on a new effect which is ob-
served when the small polyatomic molecule NO& is
prepared into an electronically excited state by light ab-
sorption. Preparing an atom into an excited state by light
absorption seems to be a well-understood problem (see, for
instance, Refs. 1 and 2). This is obviously not so in a
small polyatomic system like NO2 as we will show in this
paper. NO2 is supposed to have a sparse level structure
(compare Refs. 3 and 4 and references given therein). Us-
ing a narrow-band laser and molecular beam conditions
we expect therefore a situation similar to atoms, namely,
preparation of the molecule into a single isolated quantum
state and the subsequent radiative decay of this prepared
state. However, in the present paper we report experimen-
tal results which obviously contradict this belief. The re-
sults are confronting us with a property of the optically
excited state which has no analogy in atomic physics.

We report on zero-magnetic-field level crossing (Hanle
effect) and optical radio-frequency double-resonance ex-
periments. For a review of these experimental techniques
compare Ref. 5. In these experiments we measure the po-
larization of the fluorescence light versus an external
magnetic field. There appears a dramatic change in the
polarization with increasing intensity of the exciting laser
light. The degree of polarization changes the sign. We
name this phenomenon "inversion effect." This effect on
a collision-free molecule is new.

The analysis of the experimental results shows that this
effect is confronting us with a fundamental problem con-
cerning the time evolution of the free NO& molecule in an
optically excited state. A good description of the experi-
mental results is only possible if an irreversible dynamical
evolution in the excited state is assumed. In the present
paper we present the experimental results of the inversion
effect. We describe these results using a simple model
whose rationalization will be given in a subsequent paper.
Some preliminary results of our investigations were re-
ported before.
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FIG. 1. Geometrical arrangement of the experimental ap-
paratus (arrangement i ) .

A schematic diagram of the experimental apparatus is
shown in Fig. 1. In order to facilitate the description we
introduce a coordinate system Ix,y,zI. Light from a
single-mode cw dye laser propagates along the y axis. The
laser light, which is linearly polarized excites NO2 mole-
cules near the center of the coordinate system. These
molecules are in a beam which propagates along the x
axis. The laser-induced molecular fluorescence is seen via
two photomultipliers which detect the fluorescence light
emitted in opposite direction along the z axis. The polari-
zation of the light beam and the polarization of the polar-
izers can be chosen appropriately. To specify these polari-
zations we introduce the polarization vectors e„, e„, and
e, which describe linear polarizations along the x, y, and
z axes, respectively. Additionally, a static magnetic field
B and a rf field with amplitude Bi can be applied. The B
field can be directed either along the z or the x axis. The
Bi field is linear polarized along the y axis.

The following experiments are performed.
(i) Zero-field level crossing (Hanle effect). The B field

is parallel to the z axis and is swept through B =0. No
B& field is present. The laser light has polarization e„
and the two polarizers have polarizations e„and e„,

30 270 1984 The American Physical Society



INVERSION OF POLARIZATION BY LiGHT-INDUCED STABII.IZATION

respectively. This gives a Hanle signal with "absorption
line shape. " Using the same experimental configuration,
however with the polarizations ( e„+e~ )/~2 and

(e„—e~)/i/2 of the two polarizers we obtain a Hanle sig-
nal with "dispersion line shape. "

(ii) Optical-radio-frequency double resonance with nex-.
citation. The field 8 is parallel to the x and is swept
through a chosen field value 8o which satisfies the reso-

nance condition 2Mvp ——gpgBp where vp is the constant
frequency of the 8& field and A", pz, and g are the Planck
constant, the Bohr magneton, and the g factor of the ex-

cited state of NO2, respectively. The laser beam has the
polarization e„and the two polarizers have the polariza-
tion 8'~ and ey» respectively.

(iii) Optical-radio-frequency double resonance with o.

excitation. The 8 field is parallel to the x axis and is

swept through a chosen field value as in (ii). The laser
beam has polarization e, and the two polarizers have the
polarizations e and e~, respectively.

The measured signal in all experiments (except Hanle
signal with dispersion line shape) is the quantity

versus the magnetic field 8 which is swept continuously
through the desired field value in each experiment. Here
I„and Iz are the intensities of the fluorescence light with
polarization e„and e„, respectively, detected by the two
photomultipliers. We realize the measurement of S as fol-
lows. (We describe it here for a Hanle experiment. The
situation is similar in the double-resonance experiment. )

The laser is tuned and stabilized to a molecular transition.
At a given intensity of the laser light the fluorescence in-
tensities are I„' =I» with the magnetic field being out of
resonance and I„=I„'+AI„and I~=I„'+XI' with the
magnetic field being in resonance. The voltages across
both photomultipliers are always (for all intensities of the
laser light) adjusted to give the same constant output
current Ip of both photomultiphers with the magnetic
field being out of resonance. These output currents are
electronically compensated and fed (at zero voltage level)
both into a difference amplifier. The output signal of the
difference amplifier is therefore proportional to
Io(M„/I„' bI~/I„')=ID(I„—I~)/I~ with I—o being in-
dependent of the laser light. In general

~
bI„~ and

~
bI~

~

are about 1% or less of the fluorescence intensities
I„and I~. Therefore, Eq. (1) is well realized by this mea-
surement procedure. It must be noted that this procedure
is justified because the stray light is in general negligible
and the dark current of the photomultipliers can be taken
into account or totally suppressed by cooling the pho-
tomultipliers. We use rotatable polarizers. Therefore,
both photomultipliers act alternatively as detectors for I„
or I„ fluorescence light. This eliminates differences in the
fluorescence detection and signal procession of both detec-
tors. Because I„and I~ differ in general by less than 1%
we will later assume

(2)

in the denomination of Eq. (1). I„„designates the total
fluorescence intensity.

In the following we describe the different components
of the experimental apparatus in more detail. The vacu-

um chamber is constructed from stainless steel. The
chamber is equipped with two liquid-nitrogen-cooled
traps and two oil diffusion pumps. The background pres-
sure in the chamber is less than 10 Torr. The beam is
an effusive beam. There is no collimation. The molecules
are excited =10 mm downstream from the nozzle. The
nozzle is heated with a flow of warm water (=60'C) to
pieveill eloggiflg of tile Ilozzle orifice.

The cw dye laser is a Spectra Physics Model 380 ring
dye laser pumped by a Spectra-Physics Model 171 Ar-ion
laser. The spectral width of the laser light is (10 MHz
seen by a spectrum analyzer. The laser beam is not
focused on the molecular beam. Qn the contrary we try
to have a light beam as parallel as possible when it in-
teracts with the molecules. The diameter of the laser
beam is 1.5 mm in all experiments (if not otherwise stat-
ed).

Both photomultiplier s view the NO2 fluorescence
through filters which suppress light at the laser wave-

length by a factor of 10 and transmit the molecular
fluorescence to the red. The photomultipliers are magnet-
ically shielded. The lifetime of the optically excited mole-
cules is about 30—50 ps. This means that equal sensitivi-

ty in the fluorescence detection over a path length of at
least 5 cm is needed. In some cases where high resolution
in the optical excitation is necessary the fluorescence light
is seen via two slits parallel to the molecular beam.

Much care is taken in the magnetic fields, for instance
into the compensation of the earth's magnetic field. But
this was already described before. '

III. MEASUREMENTS AND RESULTS

A. Excitation spectrum

Figure 2 shows two laser fluorescence excitation spectra
of NO& obtained under the experimental conditions
described before. The total fluorescence is recorded
versus the wavelength (near 593.3 nm) of the laser light.
In these spectra the same upper states (the transitions 1

and 1R, etc., compare Table I) are excited either by a I'-
branch transition (X+1~X) or by an R-branch transi-
tion (N —1~%). Here N designates the quantum num-
ber of the rotational angular momentum of the excited
state. The numbers in brackets written on top of some
lines in the excitation spectra mark the transition in cm
(see Table I). The resolution in these spectra is =50 MHz
due to the residual Doppler width in the beam, The reso-
lution is better in the R-branch excitation spectrum than
in the P-branch excitation spectrum because we improved
the resolution in the R-branch excitation spectrum view-

ing the fluorescence through a slit parallel to the molecu-
lar beam axis. Therefore, in the R-branch spectrum the
hyperflne structure underlying each line is weakly
resolved (compare line 18, for instance). With few excep-
tions each line in the excitation spectra corresponds to the
excitation of a single fine-structure component of a single
rotational state. This is clearly demonstrated in the
double-resonance spectra discussed below. It should be
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FIG. 2. Excitation spectra (R-branch and P-branch transi-
tions near 593.3 nm). The lines numbered 1, 1R, etc., indicated
transitions described in Table I.

noted that the fluorescence intensity is zero between the
absorption lines. There is no continuous underground in
these excitation spectra.

The rotational assignments of many transitions in the
593.3-nm band of NO2 have been made before. "' A vi-
brational assignment does not exist. The spectroscopy in
the 593.3-nm band shows that the molecule is to a good
approximation a prolate symmetric top. Each rotational
state is labeled by the quantum numbers N and K„where
K, designates the projection of the rotational angular
momentum on the figure axis of the near symmetric top.
There is no degeneracy in E, in the predominant isotopic
form ' N' O' 0 due to nuclear spin statistics. The in-
teraction of the unpaired electron with the rotational an-
gular momentum splits each rotational level into a fine
structure doublet with J=¹, . Each of th—ese two

fine-structure levels is further split into a triplet with
F=J and J+1 by nuclear hyperfine interaction. The
smallest spacing of levels in this structure is about 50
MHz. This level structure suggests the following cou-

pling scheme of the angular momenta: N+S=J and

J+I=F, where N, S, I, and F are the rotational, electron
spin, nuclear spin, and total angular momentum opera-
tors, respectively. The optical transitions ( A 82~X A i )
seem to follow the symmetric top selection rules ~,=0,
b,N =0, +1 if IC, =0 and AN =+1 if E,&0 and
dd"=AJ =AN on all transitions investigated here except
on line 2'R. Recently we developed a method which al-
lows us to measure simultaneously the g factors of the
ground and excited state in a laser-induced transition in
this molecule (13). This enables us to determine the angu-
lar momentum quantum numbers of the ground and ex-
cited state if the g factor is well behaved. These investiga-
tions give AF =hJ =AN on all transitions considered here
except on line 2'R.

As stated before, in most cases each line in the excita-
tion spectrum corresponds to the excitation of a single
fine-structure level. However, there are exceptions and
sometimes we find overlapping lines. This is clearly seen
in the double-resonance spectra because these spectra
show a resolution of about 20 kHz (natural linewidth lim-
ited resolution) for states with different g factors. The
double resonance experiments yield also the total angular
momentum F of the excited state and F' of the ground
state which are both needed for the interpretation of the
experimental results (13). To simplify the description in
the following we use the nomenclature: I'-branch excita-
tion (F'=F +1~F), R-branch excitation (F'=F —1~F)
and Q-branch excitation (F' =F~F) with regard to the
total angular momentum. This is in agreement with the
4N selection rule on all investigated lines except on line
2'R. Line 2'R is therefore a Q-branch transition with re-
gard to lU'. Most transitions investigated in this work are
listed in Table I. The lines, listed in this table but not
shown in the excitation spectrum in Fig. 2, may be found
in the excitation spectrum depicted in Ref. 10. Table I
gives also the line positions in cm '. These line positions

Number

Absorption line
Wavelengths

(cm-')

TABLE I. Laser-induced transition investigated in this work.

Quantum numbers
Ground state

K J
Excited state

E J

1R

2'R

2

2

2R
3

4

7

8

16 847.76

16 850.29

16846. 89

16 850.97

16 846.98

16 846.98

16 851.10

16 846.20

16 846.05

16 845.20

16 845. 10

5

2
1

2
5
2
3
2
7
2
7
2
3
2
7
2
9
2
11
2
9
2

7
2
3
2
7
2
5
2
5 7 9
2 2 2
5 7 9
2 2 2
1 3 5
2 2 2
5 7 9
2 2 2
7 9 11
2 2 2
9 11 13
2 2 2
7 9 11
2 2 2

3
2
3
2
3
2
3
2
5

2
5
2
5
2
5
2
7
2
9
2
7
2

5
2
5

2
5
2
5

2
3 5 7
2 2 2
3 5 7
2 2 2
3 5 7
2 2 2
3 5 7
2 2 2
5 7 9
2 2 2
7 9 11
2 2 2
5 7 9
2 2 2
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are determined from simultaneous excitation spectra of
NO2 and Iq, using the I2 spectral atlas of Gerstenkorn and
Luc. ' Also listed in this table are the upper state and
lower state angular momentum quantum numbers. We do
not present experiments using AN =0 transitions. Experi-
ments in this branch are difficult because it is difficult to
separately excite fine-structure levels using this branch.

B. Inversion effect

Figures 3 and 4 depict Hanle signals and Fig. 5 double-
resonance signals (using vr excitation) on line l. As we
see, the Hanle signal changes with increasing light intensi-

ty from an upward-directed signal to a downward-
directed signal with zero signal amplitude in between.
This is the inversion effect. In Fig. 3, it is shown for the
"absorption line shape" and in Fig. 4 for the "dispersion
line shape. " The double-resonance signal shows the same
effect. However, contrary to the Hanle measurement in
the double-resonance experiment the signal changes from
downward to upward with increasing light intensity. This
difference is simply a consequence of the different reso-
nance conditions in both experiments. For high light in-
tensity two resonances appear in the double-resonance
spectrum. The strong resonance has a g factor which is in
agreement (precision & 1%) with the expected value
(Hund's case b coupling) of the upper state
(N =1,K, =0, J=1+—,, F=J+1

~

. The much smaller
resonance has a g factor belonging to the hyperfine com-
ponent F=J. Owing to the residual Doppler width in the
beam we excite both hyperfine components. There is no
other resonance in the double-resonance spectrum (mag-
netic field scan from 0 to 100 G at the frequency U =1.4
MHz of the rf field). The hyperfine component with
F=J—1=—, does not appear in the double-resonance
spectrum (and in the Hanle signal) because a state with
F= —, shows no fluorescence depolarization signal if ex-
cited with plane polarized light.

In the Hanle experiment it is not possible to resolve the
hyperfine components. Therefore, double-resonance ex-
periments seem to be preferable. However, the width of
the double-resonance signal is mostly power broadened by
the rf field and multiple rf photon transitions may influ-
ence the signal amplitude at high rf field power. There-

I
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I
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I

-10 10 20 30

fore, low rf-field power (and a bad signal to noise ratio)
are necessary for these experiments. We could show that
for low powers of the rf field the width [half-width at half
maximum (HWHM)] of the double-resonance signal ap-
proaches the value b,B =2 mG corresponding to a lifetime
r, =35 ps. ' The width (HWHM) of the Hanle signal is 4
mG independent of the light intensity in good agreement
with the result of the double-resonance experiment.

If the same upper state is excited via an R-branch tran-
sition (line 1R in Table I) we see no inversion effect. The
results of double-resonance measurements on line 1 and
1R are both shown in Fig. 6. This figure depicts the
dependence of the signal amplitude on the light intensity
for P and R-branch -excitation of the same upper state

i
N = 1, K, =0, J= —', , F= —,

' ). Similar results are ob-
tained in the Hanle experiment. The solid lines are
theoretical curves which will be explained later.

Magnetic Field (mG}

FIG. 4. Hanle signal (dispersion line shape) for two light in-
tensities.
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FIG. 3. Hanle signal (absorption line shape) for three light
intensities.

FIG. 5. Optical-rf double-resonance signal for three light in-
tensities.
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The double resonance spectrum on lines 2' and 2'R

shows one prominent hyperfine component. There is an
inversion effect for P-branch excitation (line 2'), but no
inversion effect for the ~=0 transition (line 2'R ). How-

ever the signal approaches S =0 on this line for the max-

imum available light intensity.
The results on line 2 correspond to those of the lines 1

and 2'. However, the double-resonance spectrum is more
complicated. On this absorption line we excite three fine-
structure levels each having three hyperfine components.
Thus there appear nine resonances in the double-resonance
spectrum. Two fine-structure levels can well be assigned
(see the quantum numbers in Table I). The third excited
fine-structure level is obviously an unassigned Q-branch
transition. We investigate the inversion effect on the six
resonances belonging to the assigned states indicated in
Table I. There is an inversion effect on the hyperfine
components with F =J and F=J + 1 on both fine-
structure levels. However, the available laser power in our
experiment is obviously not sufficient to obtain an inver-

sion effect also in the hyperfine component with
F=J—1. We obtain however S =0 on this
resonance. On line 2R the double-resonance spectrum
shows three resonances solely. The upper state

~

N =2, K, =2, J= —, ) cannot be excited via an R-branch

transition because the corresponding ground state does not
exist. We find no inversion effect on this line. It is evi-

dent that Hanle measurements are not useful on the lines
2 and 2R. These lines require definitively an investigation
using double-resonance technique.

The results reported before are all obtained using either
Hanle measurements or double-resonance measurements
with m excitation. These measurements are also per-
formed on several other lines, i.e., on all lines indicated in
Table I and some more. However, no inversion effect can
be obtained with the available intensity of the laser in our
experiment. On several of these lines we find however
that the signal S is strongly decreasing with increasing
light intensity. In the following we describe double-

LIGHT INTENSITY ( mW/mm )

FIG. 6. Signal amplitude vs light intensity for a P-branch
(line 1) and R-branch (line 1R) transition to the same excited
state with the total angular momentum F= 2. The solid lines

are theoretical curves with A=0. 1 and D=3 for line 1 and
D=4 for line 1R. The diameter of the laser beam is about 1.5
mm in the interaction region.

resonance experiments using o. excitation. Under these
conditions the inversion effect is easier obtainable (less
light intensity is needed). This will be explained in Sec.
IV.

Using double resonance with o. excitation we investigate
the inversion effect on lines 3, 4, 7, and 8. Lines 3 and 4
correspond to the excitation of the fine-structure doublet

~

N =3,K, =O, J =3+—,
' ), and lines 7 and 8 correspond

to the excitation of the fine-structure doublet
N =4, K, =I,J =4+ —, ). (The assignment in Refs. 13

and 10 for line 7 is wrong. For corrections compare Ref.
15.) The results on lines 3 and 4 are nearly identical. An
inversion effect appears on all three hyperfine components
of both lines. The results on lines 7 and 8 are different
from those on lines 3 and 4. There is no inversion effect
on line 7. There is even no significant decrease of the sig-
nal amplitude with increasing light intensity. On the oth-
er hand, line 8 shows clearly an inversion effect, but more
light intensity is needed than on lines 3 and 4. In connec-
tion with these results it is interesting to note the follow-
ing. As is reported in Ref. 13 the g factors of the states
excited on lines 3, 4, 7, and 8 are all in good agreement

with the coupling scheme J+I=F. On lines 3 and 4 the

g factors show also good agreement with the coupling
scheme N+S =J (Hund's case b coupling). However, on
lines 7 and 8 the g factors indicate no agreement with the

coupling scheme N+S=J. There is a discrepancy of
about 18%%uo between the measured and the calculated (on

the basis of the coupling scheme N+S =J) g factors on
line 8 and a discrepancy of about 53%%uo on line 7. We do
not exclude that these results indicate a correlation be-
tween the inversion effect and the angular momentum
coupling in this molecule.

C. Test experiments

Because the experimental results are novel we check the
experimental conditions carefully. From the preceding it
is evident that the radiatively decaying states (if there is

more than one), which contribute to one observed double-
resonance signal for instance, have the same lifetime and

g factor. This makes sequential two-photon excitation
from the 8 state of NO2 to a higher state very unlikely as
a possible mechanism of the inversion effect. Excited
states of NOi which lay at twice the frequency of the visi-
ble transition are known, but they do not fluorescence be-
cause of predissociation. Nevertheless we perform addi-
tional experiments to investigate this possibility. In all ex-
periments the fluorescence light is detected in the spectral
range between about 850 nm (limited by the sensitivity of
the EMI 9558B photomultipliers) and k„=620 nm. The
shorter-wavelength limit is set by filters which transmit
only light with wavelengths )A,„. However, using the
transition on line 1 we perform experiments with different
filters (A,„=620 and 715 nm). These experiments show
that the inversion effect is independent of the spectral
range of detection. This is an additional argument against
a sequential two-photon excitation as a possible cause of
the inversion effect.

As a further test we vary the excitation conditions. We
change the light intensity either by changing the power of
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the pump laser or by inserting neutral density filters in the
light path. Both methods give the same results.

The inversion effect depends strongly on the transit
time TL of the molecules through the light field of the
laser. To demonstrate this we enlarge the diameter of the
laser beam with a beam expander to about 10 mm. The
light intensity seems to be approximately constant across
the diameter of the beam. However, before the expanded
laser beam crosses the molecular beam it passes an adjust-
able diaphragm. The width of the diaphragm determines
now the transit time Tz of the molecules through the
light field. Figure 7 shows the measured signal amplitude
versus the width of the diaphragm. These results indicate
that the inversion effect depends on the product TII.
However, the transit time is inversely proportional to the
effective spectral width of the light field seen by the mole-
cules. These results show therefore that the narrower the
spectral width of the laser the stronger is the inversion ef-
fect.

We perform also an experiment which is approximately
the inverse of the previous experiment. We measure the
inversion effect simultaneously with two independent
lasers which are both tuned to the same transition (line 1).
The light beam of the second laser with comparable prop-
erties (light intensity, spectral width) to the first laser is
directed over a distance of 5 m from an adjacent room to
the molecular beam. Both laser beams pass the molecular
beam nearly parallel to each other. It is not possible to
find any correlation in the inversion effect of the Hanle
signal associated with the simultaneous excitation with
both lasers. Both lasers seem to contribute independently
to the observed signal. If one of the lasers is tuned off-
resonance or to another transition we prove that stray
light does not influence the inversion effect.

We measure the total fluorescence intensity versus the
light intensity at some selected transitions. For instance
the transition on line 1 shows proportionality between
fluorescence intensity and light intensity up to about 10
mW/mm . At a light intensity I =20 mW/mm the

l/l

03
CK

2

C3

0
X:

fluorescence intensity is approximately 20% below the
linearly extrapolated value. We conclude from these re-
sults that the inversion effect is not directly connected
with a laser saturation effect.

It is very important to know that the molecules are
"free." The pressure in the vacuum system is always less
than 10 Torr. We change the NO2 stagnation pressure
in the nozzle between approximately 1 and 400 Torr, and
the distance of excitation of the molecules from the nozzle
between 0.5 and 2 cm. The inversion effect is independent
on these changes. The inversion effect appears also in an
experiment under static gas conditions. In this case the
environment is totally changed. The molecules are con-
tained in a glass cell. We also try to change the thermal
radiation field in which the molecules move. In this case
the molecular beam is alternatively shielded with cool
(liquid N2) and hot (700 K) surfaces. However, due to ex-
perimental constraints only an effective temperature
change of less than 10%%uo is obtainable. This is too low for
a detectable effect.

IV. DESCRIPTION OF THE EFFECT

A. The model

It seems necessary to assume an additional process in
the molecule between preparation of the excited state and
decay by spontaneous emission in order to describe the in-
version effect. This follows from all the experience with
laser spectroscopy on atoms and molecules where such an
effect as reported here was never observed (see, for in-
stance, Refs. 16 and 17). There is an experimental result'
which at a first glance shows some similarity to our obser-
vation. However, the experimental situation is different
and enables an explanation different from ours. In order
to explain the inversion effect in our experiments we in-
troduce the following phenomenological model, a ration-
alization of which will be given in the subsequent paper.
Laser light induces a transition from a ground state

~

a )
to an excited state

~

b ). However, before
~

b ) decays ra-
diatively, the free molecule evolves in an intramolecular
process from

~

b) to a state
~

c). Figure 8 shows
schematically the states

~

a ),
~

b ), and
~

c ) with the
magnetic sublevels

~
a, m ),

~

b, m ), and
~
c,m ). Indicat-

ed are also the laser induced transition rate y between
the states

~

a, m ) and
~

b, m ), the radiationless decay rate
of

~
b, m ) into c,m ), and the radiative decay rate 5

of
~

c,m ). We neglect fluorescence decay of the
~

b, m )
because we assume a rapid radiationless decay of

~

b, m )
into

~

c,m). Furthermore we neglect any transition of

2
l/l

(b, rn)

~m

)c, m)

APERTURE WIDTH (mmj

FIG. 7. Signal amplitude vs aperture width. The aperture
width determines the transit time of the molecules through the
light beam. 1 mm corresponds to about 2)&10 s.

Ia, m)

FIG. 8. Schematic representation of the model.
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the
~
c,m ) back to the

~

b, m ). This assumption is neces-
sary because fluorescence emission of the state

~

b ) will
never contribute to the inversion effect. However, this is
a very problematic assumption because it contradicts basic
postulates of quantum mechanics. In Ref. 6 we will show
how to justify this assumption. We will represent

~

c ) by
a many-fold of states having all the same properties, but
slightly different energies.

~

c) represents in this model
therefore an intramolecular dissipative quasicontinuum.
We have this in mind if we speak of the "state"

~

c) in
the following.

According to the above model the occupation probabili-
ties a~, b~, and c of the states

~
a, m ),

~
b, m ), and

~
c,m ) follow the rate equations:

ao x DI
1+x~DI+A (x DI)2

(10)

where

where the c are appropriate normalization constants. An
explicit dependence of the y on the quantum numbers N
and K„ for instance, can be derived if we describe the
molecular states by symmetric top wave functions.
However, we will not do this here because we will show
that the results are independent of any assumption on the
intrinsic structure of the molecule other than the one in-
troduced in Eqs. (3)—(6). We write Eq. (7) now in the
form

=P(ao —a ) —y (a b),—

b =y (a b) ——A, b

c =A b —6c

(3)

(4)

(5) and

B 1

p

Here p(ao —a ) describes the flow of molecules through
the light beam of the laser. In Ref. 6 we will show that

can be written as

DI= —+—y
1 1

p
(12)

= A l(1+By ), (6)

where A, and 8 are constants. This expression for k~ fol-
lows from the equations of motion of a laser-driven two-
level system which interacts irreversibly with a third state

~

c). This equation means that the decay rate A,~ de-
creases with increasing intensity of the light field which
induced the transition between

~

a, m ) and
~

b, m ). This
is the most important step in the explanation of the exper-
imental results. The interaction of the molecule with the
light seems to stabilize the state

~

b ) and to lower the ra-
diationless decay rate of

~

b) into
~

c). Increasing light
intensity thus makes the lifetime of the state

~

b ) effec-
tively longer.

Under stationary state conditions Eqs. (3)—(5) yield

ao
Cm

5
Vm

1 1 B1+ ~+ p
ym+ ~ ym

x+1 c+1(F2 m2) x0 corn 2

x~'=c '[(F+1) —m j,

In the following we discriminate between excitation by P-,
Q-, and R-branch transitions. Therefore, we introduce
y~ with a=+1 for the excitation F I~F (R branc—h),
with a=0 for the excitation F~F (Q branch) and with
a= —1 for the excitation (F+1) +F (P branch). H—ere F
is the quantum number of the total angular momentum of
the excited state. Using the Wigner-Eckart theorem we
factorize y into

a a a
'Vm =Xm 3'

Here y is independent of the quantum number m. All
directional properties are contained in the x~ (see, for in-
stance, Ref. 19). For convenience we normalize the x~
such that g„y~ =y~ with'

Here I designates the measured intensity of the laser light.
The constant D depends on the excitation process. It is
different for P , Q-, and -R-branch transitions and de-
pends also on the quantum number F. In the following
we will show that the amplitude of the signal S [see Eq.
(1)] can be expressed as a function of A and DI solely.

B. Observable

We are interested here in the amplitude of the Hanle
and double-resonance signals. However, in this section we
consider only the double resonance with ~ excitation. In
the Hanle experiment the signal amplitude may be written
as S(0)—S(oo), where S(0) and S(oo) are the signal S
given in Eq. (1) for zero magnetic field and strong mag-
netic field (8=50 mo), respectively. To evaluate S(0)
we proceed as follows. The polarization direction of the
light beam (direction e„) is used as quantization axis. a
b, and c are the occupation probabilities of the sublev-
els

~
a, m ),

~

b, m ), and
~

c,m ) with this choice of the
quantization axis. The c thus evaluated are given in Eq.
(7). To evaluate S(oo) we use the direction (e, ) of the
magnetic field as quantization axis. All off-diagonal ma-
trix elements in this basis vanish because the Zeeman
coherence is destroyed in the strong magnetic field. How-
ever, I =I~ in this case because I„and I„are both
Auorescence intensities with plane polarization perpendic-
ular to the quantization axis. This gives S( oo ) =0. In the
double-resonance experiment we write the signal ampli-
tude again as S(0)—S( oo ), but now S(0) means that the
magnetic field 8 is at resonance with the frequency of the
rf field, and S(oo) means that the 8 field is far off-
resonance. In the present case we have S(0)=0 because
at resonance all c are equal and therefore I„=I~ in Eq.
(1). On the other hand, far off resonance we can neglect
the rf field and the occupation probabilities of the

~
c,m )

are simply given by Eq. (7). In conclusion the signal am-
plitude of both the Hanle and the double resonance exper-
iment (with rr excitation) are readily evaluated from the
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stationary state solution Eq. (7) of the rate equations
(3)—(5). Furthermore, we see that the Hanle signal is up-
ward directed if the double-resonance signal is downward
directed and vice versa.

Using Eqs. (1) and (2) the desired signal amplitude is

Ih

C

P branch excitation

g c (5„' —5' )

S= 6m
2
3 c 5'

E, m

(13)

5x, m 6 gx, mi 5y, m = gy, m (14)

where 6' is independent of m and g„' and gy are only
dependent on F and m. The g„'m and g„'m are readily
evaluated from the equations given in Ref. 19. We obtain

g(5„'m —5» )= —,(6+' —6 +G ')[F(F+1)—3m ],
(15)

+5'= g (5„' +25y )

=(F+1)[(2F+3)G '+FG +2FG+'] .

This gives the following expression for S:

gcm[F(F+1)—3m ]
mS=w

Cm

with

Here 5„' and 5» are rate constants for fluorescence de-
cay with plane polarization parallel (5„' ) and perpendic-
ular (5» ) to the electric field vector of the incident light
beam, respectively. Therefore, I„=g, c 5„', etc. ,

and 5'=5„' +25~ is independent on the quantum num-
ber m. In Eq. (13) the sum over c extends over all orien-
tational sublevels of

~

c ), and the sum over e extends over
all P , Q-, a-nd R-branch transitions in emission with
a=+I for F~F—1 (R-branch transition in emission),
e=O for F~F (Q-branch transition in emission) and
e= —1 for F~F+ I (P-branch transition in emission).
Note that a transition that increases F by unity in absorp-
tion or decreases F by unity in emission is an R-branch
transition, and a transition that decreases F by unity in
absorption or increases F by unity in emission is a P-
branch transition. As in Eq. (8) we factorize 5„' and

5» into

UJ
D
I—

OL

-1

cA

20
I

25

FIG. 9. Signal amplitude vs the quantity DI for different
values of A using P-branch excitation for a state with F =

2 .

double-resonance signal although a strong absorption line
may be present. In the following we use w only as scaling
factor for the signal amplitude.

Using the c in Eq. (10) we evaluate the signal S, i.e.,
the amplitude of the Hanle signal and double-resonance
signals (with m. excitation). Figures 9—12 depict S thus
evaluated versus the quantity DI. The "parameter" w is
fitted such that S = 1 for DI =0. Figures 9 and 10 depict
S for different values of 3 if a molecular state with
F = —,

' is excited by a P- or R-branch transition. A calcu-
lation was also performed for a Q-branch transition. The
results are similar to those of a P-branch transition be-
sides that for a given A we find S =0 in the Q-branch
transition at about twice the DI value which is needed to
obtain S =0 in the P-branch transition. This means that
the light intensity I must be about a factor of 2 stronger
in the Q-branch transition than in the P-branch transition
to obtain an inversion effect (if D is the same for both
transitions). Note first that an inversion effect cannot ap-
pear if A =0. For A =0 we obtain S=0 for I~co for
P , Q-, and R-br-anch transitions due to stimulated emis-
sion. Second we see that an inversion effect cannot ap-
pear even for 3 &0 if the molecular state is excited via
the R-branch transition. Only in a P or Q-branch tra-nsi-
tion an inversion effect is possible (for a state with
F= —,

' ). One can readily see the reason for this. In a state
with F= —,

' the signal S reads

3(G+' —G'+6 ')

(F+1)[(2F+3)G '+FG +2FG+'] (17)

w is independent of the light intensity and is therefore not
of direct interest for the present investigation. w can be
evaluated if we describe the molecular states by symmetric
top wave functions. But we will not do this here. We will
solely note that w is important for the strength and the
sign (independent of the inversion effect) of the signal in
general. All G' are positive. Therefore, w ~ 0 if
G+'+G '~G and vice versa. For molecular states
with high quantum numbers K„ i.e., K, =X we expect
G &6+'+G ' and therefore w &0. It may also appear
that G+'+G ' —G -0. In this case we see no Hanle or

R - branch excitation
~A=0 gA=1 pA =10

I /

I

20
I

25

Dl

FIG. 10. Signal amplitude vs the quantity DI for different
values of 3 using R-branch excitation for a state with F =

2 .
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I/I0 bm

100

10

—5/2 -1/2 3/2
-3/2 1/2 5/2

—5/2 -1/2 3/2
—3/2 1/2 5/2

FIG. 13. Schematic representation of the occupation proba-

bility distribution of the states
~

b, m ) and
~
c,m ) with

m =+ 2, k 2, and + 2 for different light intensities I.

consequence of Eq. (6). Owing to the dependence of A,

on the quantum number m the occupation probability dis-
tribution over the sublevels

~
b, m ) and

~

c,m ) which is
equal for low light intensity is (under proper conditions of
excitations as described before) inverted for high light in-
tensities. This is demonstrated in Fig. 13. This figure
shows schematically the occupation probabilities b and
c of the states

~
b, m ) and

~
c, m ) (normalized such that

c~ = g b =const) for different intensities I of the
laser light. For I=In the

~

b, m) and
~
c,m) have the

same occupation probability distribution. For I = 10IO all

c~ are equal, that is S=O at this light intensity. Finally

for I =100Io the c represent an occupation probability
distribution which is inverse to the occupation probability
distribution for I =Io. This will never appear for the b
At the extreme case all b can be equal for high light in-

tensities I.
Equation (6) describes what we suggest be named

"light-induced stability" of an excited molecular state.
The state

~

b ) gains stability from the interaction with
the laser light. We have seen that the effect of the laser
light is not only a question of intensity. The spectral
width and therefore the coherence in the light field seem
to be as important as the light intensity. As is well known
from solutions of the optical Bloch equations for a two
level system (see, for instance, Refs. 1,2) strong light in-
tensity of a narrow band laser induces a state which is a
coherent superposition of the

~
a, m ) and b, m ). In a

subsequent paper we derive Eq. (6). We will show how it
is connected with the coherence between the

~
a, m),

~
b, m), and

~
c,m). In Ref. 6 we will discuss also the

question of irreversibility. We will show that Eq. (6) fol-
lows directly from the assumption of an irreversible tran-
sition from

~

b ) to
~

c ). Therefore, the effect described
in this paper seems to be intimately connected with the
time evolution of the isolated molecule in an electronically
excited state.
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