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With use of a narrow-band laser, the free NO, molecule is prepared in a well-defined excited state
under conditions that correspond to an optical-frequency—radiofrequency double-resonance experi-
ment. We observe a resonant increase or decrease (dependent on the divergence of the light beam) of
the total fluorescence intensity when the radiofrequency field is in resonance with the Zeeman split-
ting in the ground or excited state of the laser-induced transition. These resonances differ signifi-
cantly from well-known optical-rf double-resonance signals and laser saturation effects. The reso-
nances are, however, well described with use of a model which assumes an irreversible evolution in

the free NO, molecule.

I. INTRODUCTION

In a previous paper (Ref. 1) we reported on a new ef-
fect, called inversion effect. It is observed when the small
polyatomic molecule NO, is prepared into a single and
well-defined excited state by light absorption. As the in-
tensity of the exciting laser light is varied, the degree of
polarization of the fluorescence light may undergo a
change in sign. This result is unexpected. It cannot be
explained conventionally, as we showed in Ref. 1.

In the present paper we report on a different experi-
ment. Also, this experiment confronts us with an unex-
pected result which in our opinion cannot be explained
conventionally. The experiment is as follows. Using a
narrow-band laser and molecular-beam conditions, the
free NO, molecule is prepared into a well-defined excited
state under conditions that correspond to an optical-
frequency—radiofrequency double-resonance experiment.
Because of the high selectivity in the excitation process
and the sparse level structure of the molecule we expect a
situation similar to atoms, namely, preparation of the
molecule into a single, isolated quantum state and the sub-
sequent radiative decay of this prepared state. However,
the experimental results contradict this belief. The results
are confronting us with a property of the optically excited
state which has no analogy in atomic physics. We observe
a resonant increase or decrease (dependent on the diver-
gence of the light beam) of the total fluorescence intensity
when the radiofrequency field is in resonance with the
Zeeman splitting in the ground or excited state of the
laser-induced transition. These resonances differ signifi-
cantly from conventionally known optical-rf double-
resonance signals and laser saturation effects.

In the accompanying paper (Ref. 2) we present a model
which describes the inversion effect and the results of the
present experiment consistently. However, this model
needs a strong assumption. It assumes a time-asymmetric
intramolecular evolution in the optically excited molecule.
No alternative explanation of the experimental results
could be found.

II. EXPERIMENTAL

A schematic diagram of the experimental apparatus is
shown in Fig. 1. Light from a single-mode cw dye laser
propagates along the x axis. The laser light excites NO,
molecules propagating freely in a molecular beam along
the z axis. A photomultiplier detects the molecular
fluorescence emitted along the y axis. The detection is in-
sensitive to the polarization of the fluorescence light. A
static magnetic field B and a radiofrequency field can be
applied. The static magnetic field is directed along the z
axis. The rf field is linearly polarized with the magnetic
field being directed parallel to the x axis. In the experi-
ments the laser light is tuned to a molecular transition
near A=593 nm and the fluorescence light is detected un-
resolved between A=~620 and 800 nm. The shorter-
wavelength limit is set by a color filter in the fluorescence
detection path. The longer-wavelength limit is set by the
sensitivity of the photomultiplier.

The following experiments are performed.

(i) The B field is parallel to the z axis and is swept
through a chosen field value B, which satisfies the reso-
nance condition 27fv, =gupB, where v;=w, /27 is the
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FIG. 1. Geometrical arrangement of the experimental ap-
paratus [arrangement (i)]. The radiofrequency field is not indi-
cated.
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constant frequency of the rf field, and #, up, and g are the
Planck constant, the Bohr magneton, and a g factor be-
longing to one of the states involved in the laser-induced
transition. The laser beam is linearly polarized parallel to
the z axis. This excitation condition is usually named 7-
polarized excitation. It involves transitions between sub-
levels having the same m quantum numbers in the ground
and electronically excited state.

(ii) The experimental conditions are the same as in (i)
except that the laser light in linearly polarized parallel to
the y axis. This excitation condition is usually named o-
polarized excitation, involving transitions with AM = *1.

In all experiments we measure the quantity

vs the magnetic field B which is swept continuously
through the desired field value in each experiment. Here
P is the fluorescence intensity as seen by the photomulti-
plier and P =P, when the magnetic field is off resonance.
We realize the measurement of S as follows. The voltage
across the photomultiplier is always (for all intensities of
the laser light) adjusted to give the same constant output
current with the magnetic field being off resonance. This
output current is electronically compensated. Only the
difference signal is recorded when the magnetic field is
swept through resonance. The conditions are the same as
described in Ref. 1.

The experimental apparatus is the same as described be-
fore (Ref. 1). The only change concerns the laser beam.
The laser beam passes a beam expander consisting of two
lenses. Varying the distance of the two lenses we can con-
tinuously change the divergence of the light beam in-
teracting with the molecules from a divergent to a conver-
gent beam (see Fig. 7). In Sec. III C we describe experi-
ments where we use this possibility. In the experiments
described in Secs. III A and IIIB the divergence of the
light beam is as small as possible (the beam is as parallel
as possible). Before crossing the molecular beam this light
beam passes an aperture whose width d can be varied con-
tinuously from O to 20 mm. In general we expand the
light beam (using different lenses) to the biggest aperture
width used in the experiment such that the aperture width
d determines the transit time 7, of the molecules through
the light field of the laser. The light intensity in the in-
teraction region can be varied by inserting neutral-density
filters in the light path.

The transit time 7 is an important quantity in our ex-
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periments. To determine T; =d /u we need to know the
aperture width d and the average velocity u of the mole-
cules. To measure the velocity we proceed as follows.
The laser beam is split into two beams. One beam is
directed along the x axis (perpendicular to the molecular
beam). The other beam is directed parallel to the z axis
(parallel to the molecular beam). The stray light is
suppressed by color filters in the fluorescence detection
path. We scan the laser continuously through an absorp-
tion line (line 1R, see below) and record simultaneously
the laser-induced molecular fluorescence of both laser
beams and frequency marks produced by an external
etalon. The two laser beams cause two well-separated
fluorescence peaks whose splitting and widths enable us to
measure the average velocity component u=610t25
ms~! and the velocity spread (half-width at half max-
imum) Au=120+10 ms~! along the z axis.

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 NO, stagnation pressure
in the nozzle and the distance of excitation of the mole-
cules from the nozzle in the same way as described in Ref.
1. The results reported in the following are independent
of these changes.

We perform experiments on several transitions in the
NO, molecule. In most cases these transitions correspond
to the excitation of a single fine-structure level of a single
rotational state. A discussion of the level structure of this
molecule can be found in Ref. 3. The rotational level
structure seems to be well represented by the angular
momentum couphng schema N+S=7 and J+I1=F,
where N, S, I, and F are the rotational, electron spin, nu-
clear spin (I=1), and total angular momentum operators,
respectively. In Table I are listed the angular momentum
quantum numbers of the ground and excited state of the
two transitions (named line 1 and line 1R) which we stud-
ied most. Both are transitions to the same excited state.
Line 1 is a P-branch transition (N +1—N) and line 1R
an R-branch transition (N —1—N). Also listed in Table
I are the wavelengths in cm™! for these transitions (com-
pare Ref. 1), and the g factors g belong to each hyperfine
component of the ground and excited state involved in
these transitions. The ground-state g factors were calcu-
Iited,\ frc/)\m thE aEgular momentum coupling schema
N+8=7J and J+T=F (see Ref. 4). The excited-state g
factors were measured by a double-resonance experiment
(Refs. 4 and 5). Below the g factors we add the symbols

TABLE 1. Angular momentum quantum numbers and g factors of the two laser-induced transitions mainly investigated.

Ground state

Excited state

Transition g number g factors gr g number g factors gp
Line cm™! N K, J F=J-—-1 F=J F=J+1 N K, J F=J—1 F=J F=J+1
1 16847.76 2 0 = 0.561 0.355 0.286 1 0 3 1.112 0.489 0.400
B, B, B; A4 A4, A3
1R 16 850.29 0 0 % —0.667 0.667 1 0 % 1.112 0.489 0.400
Cl Cl Al A2 A3




A;, B;, and C; which we will use later on to identify the
magnetic resonances associated with these g factors.

III. MEASUREMENTS AND RESULTS

A. Magnetic resonance spectrum

Figure 2 shows the signal S [defined in Eq. (1)] using
the experimental arrangement (i) with the laser light tuned
to two different absorption lines in NO,. In both cases
the same three hyperfine components of the same
excited-state fine-structure level are excited using either
line 1 or line 1R (see Table I). The resonances appearing
in this figure indicate an increase of the total fluorescence
intensity by about 5%. In these measurements the diver-
gence of the light beam is as small as possible (¢ =0, see
Sec. III C and Fig. 7), the aperture width is d=3.5 mm,
the light intensity is =15 mW/mm?, the frequency of
the rf field is w;/2m=v;=3.50 MHz, and the integration
time for each signal is about 5 min. The magnetic field
values 4;, B;, and C, in Fig. 2 indicate expected magnetic
resonances corresponding to the g factors of the ground
and excited state on both transitions (see Table I). Similar
resonance spectra are obtained on all investigated transi-
tions (about 20) in this molecule. Using the experimental
arrangement (ii) instead of arrangement (i) we obtain the
same experimental results, a resonant increase of the total
fluorescence intensity by about 5% whenever the frequen-
cy wg of the rf field is equal to the Zeeman splitting of the
ground- or excited-state sublevels of the laser-induced
transition.

Ltine 1R

| | \
A 311 A;z ﬁq ?2 ?3

1 | 1
1 7 13

Magnetic Field (G)

FIG. 2. Magnetic resonance spectrum using the experimental
arrangement (i). Line 1 and line 1R indicate two laser-induced
transitions (P- and R-branch transitions) to the same excited
state. A;, B;, and C; indicate the positions of expected reso-
nances (see Table I).

31 MAGNETIC RESONANCES VERIFIED IN AGREEMENT WITH . .. 1479

It must be stated clearly that these resonances are no
“ordinary” optical-frequency—radio-frequency double-
resonance signals of the kind first observed by Brossel and
Bitter (Ref. 6). Ordinary optical-rf double-resonance ex-
periments on the investigated transitions were already re-
ported (Ref. 4). They are detected via a change of the po-
larization of the fluorescence light, whereas the detection
in the present experiments is insensitive to the polariza-
tion of the fluorescence light. The width of the ordinary
double-resonance signals is about a factor of 20 smaller
than the width of the present signals. Using arrangement
(ii) we obtain the same resonance signals as with arrange-
ment (i) whereas an ordinary optical-rf double-resonance
signal has different signs in arrangements (i) and (ii). We
will further note that the resonance A4, belongs to a state
with F=J —1=+. Using linearly polarized light in the
excitation there is no way to observe an ordinary magnetic
resonance signal in this state. We name the new reso-
nances in the following “broad rf resonances.”

The broad rf resonances appear not always exactly at
the expected positions (see 4; and Bj in Fig. 2). As a
general rule we find that the resonances belonging to hy-
perfine levels which are connected by the optical transi-
tion (see for instance 4; and C, in Fig. 2, line 1R) seem
to attract each other. This effect can well be explained us-
ing the model considered in Ref. 2 [see the remark follow-
ing Eq. (4.2) in Ref. 2]. The effect is strong if the g fac-
tors of the ground and excited state involved in the transi-
tion are very close or if the experiment is performed at
low magnetic B field (i.e., at small frequency vs of the rf
field). In this case we have a strong overlapping of the
broad rf resonances associated with the ground and excit-
ed state of the laser-induced transition. However, if the
resonances are well resolved there is always good agree-
ment (precision 20%) between the observed and expected
position of the resonances on all investigated transitions
except on one line, named 2'R in Ref. 1. The excited state
on this line is | N=2,J=2—%) as we know from
optical-rf double-resonance and level-crossing experiments
(Refs. 4 and 5). The expected ground state is
| N=1,J =1—+). However, we find a g factor which
we have to associate with the ground state
| N=1,J =14+ ). This result demonstrates an interest-
ing application of the new resonances. Obviously they al-
low us to determine simultaneously the angular momen-
tum quantum numbers of the ground and excited state if
the g factor is well behaved. For instance, line 2'R seems
to be identified as a transition with AN=1 but AJ=0.

Next we consider the widths of the broad rf resonances.
The resonances at stronger magnetic fields have a larger
width than those at smaller magnetic fields (see for in-
stance B3 and A3). The explanation is that (in addition
to an influence of the different g factors) at magnetic
fields B >3 G the splitting of the magnetic sublevels is
very nonlinear in B (nonequidistant between the sublev-
els). This can clearly be seen in ordinary optical-rf
double-resonance experiments (Ref. 5). The width of the
resonance Bj is predominantly due to this nonlinear split-
ting of the magnetic sublevels. On the other hand, strong
magnetic fields are necessary to resolve the individual res-
onances. These conditions restrict, therefore, a detailed
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study of these resonances to only few transitions with very
different g factors in the ground and excited state. These
are transitions involving states with low rotational quan-
tum numbers. For that reason we chose the lines 1 and
1R for a detailed study of the new resonances.

The detailed investigation of the broad magnetic reso-
nance at position C; reveals that this resonance has a
complicated shape if the aperture width d (the transit
time) is enlarged to more than 10 mm or for light intensi-
ties 7 >10 mW/mm? The resonance changes its shape
from a Lorentzian to an approximately Gaussian shape at
d=20 mm. However for aperture widths d <8 mm and
light intensities 7 <10 mW/mm? the broad rf resonance
has a well-defined Lorentzian shape and a clear depen-
dence on the experimental parameters. In this paper we
restrict our investigations on the broad rf resonance to
these conditions. In Sec. IV C we give an interpretation of
the changes observed at larger aperture widths.

The results in Fig. 2 are obtained using an aperture
width d=3.5 mm. Figure 3 demonstrates how the signal
changes if the aperture width d (the transit time 77 ) is
changed. The measurements are performed on line 1R us-
ing again the experimental arrangement (i). We summa-
rize the results as follows. The widths of the resonances

increase with decreasing aperture width. At d=1 mm -

they grow together to one broad resonance. However, su-
perimposed on this broad resonance there appears a new
resonance at position A3, which is pointing downwards in
Fig. 3. This additional resonance which appears at posi-
tions A3 has to be associated with ordinary optical-rf dou-

Magnetic Field (G)

FIG. 3. Magnetic resonance spectrum (line 1R) using experi-
mental arrangement (i) for different aperture widths d.

ble resonance in the excited state. This was proved as fol-
lows. The same experiment is performed using arrange-
ment (ii), i.e., with o-polarized excitation. The same re-
sults are obtained as in Fig. 3 except at position 43. The
additional resonance at position A; is pointing upwards in
the experimental arrangement (ii). The additional reso-
nance at position A4; is a “perturbation” caused by ordi-
nary optical-rf double resonance. Magnetic resonance in
the excited state does not only affect the polarization of
the fluorescence light but also the spatial distribution of
the fluorescence light. The additional resonance at Aj is
due to a change in the spatial distribution of the fluores-
cence light. A similar resonance is expected at position
A,. However, in agreement with results of ordinary
optical-rf double-resonance experiments this resonance is
much smaller and cannot be seen in Fig. 3.

The ordinary optical-rf double-resonance signal in Fig.
3 is a superposition of several resonances due to the non-
linear splitting of the magnetic sublevels for B>3 G.
This determines the width and the shape (the “dip”) of
this resonance. The ordinary double-resonance signal is
always present. However, the dependence of its amplitude
on the aperture width d is very different from the depen-
dence of the amplitude of the broad rf resonance on d.
As we will show below in more detail, the signal ampli-
tude S of the broad rf resonance increases nearly quadrati-
cally with d. On the other hand, the perturbation caused
by optical-rf double resonance is approximately indepen-
dent of d. Therefore, this perturbation vanishes for large
aperture widths. The three results in Fig. 3 are not in
scale with respect to the signal amplitude. Normalized to
the same total fluorescence intensity the signal amplitude
S for d=3 mm is approximately a factor of 10 larger
than the signal amplitude S for d=1 mm.

B. The broad rf resonance

In this section we describe in detail the properties of the
broad rf resonance. The experiments are performed on
the resonance at position C; in Fig. 2. This resonance is
chosen because it is strong and negligibly disturbed by
nearby resonances. The frequency of the rf field is
vs =1.4 MHz corresponding to a resonance at B=1.5 G.
This is found to be the best compromise between the non-
linearity in the Zeeman splitting and the attainable resolu-
tion in the resonance spectrum. It is possible to determine
the residual nonlinear magnetic field level splitting using
an experimental arrangement with two separated light
fields which gives a resolution of less than 5 mG (Ref.
14). From this we obtain a correction of about 5 mG for
the half-width at half maximum of this resonance. The
shape and width of this resonance depend heavily on the
properties of the light beam. In this section we describe
experiments in which the light beam is as parallel as pos-
sible (=0, see Fig. 7). Under these conditions the broad
rf resonance can be well fitted by a Lorentzian shaped
curve.

Figure 4 depicts the amplitude and width of the signal
S versus the light intensity I of the exciting laser light. In
these measurements the aperture width is d=6.0 mm and
the power of the rf field is kept constant. These results
show that the width is independent of the light intensity
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FIG. 4. Amplitude and width (HWHM) of the broad rf reso-
nance [signal S, see Eq. (1)] vs the light intensity.

and the amplitude of S is proportional to the light intensi-
ty up to about /=6 mW/mm? For higher light intensi-
ties (I=20 mW/mm?) there is a weak increase of the
width up to 20% but a significant deviation of the ampli-
tude S from proportionality to the light intensity by more
than 100%. We note that the light intensity I =I, at
which deviations of a linear dependence of S on I appear
depend on the aperture width d (the transit time 7). I,
decreases with increasing aperture width and vice versa.

Measurements of the amplitude and width of the signal
S versus the power of the rf field show results which
resemble those in Fig. 4. As a measure for the rf-field
power we use the square of the peak-to-peak voltage Vi
across the rf coils. A voltage of V=10 V corresponds to
a magnetic field strength of the rf field of about 250 mG
at the resonance frequency v,=14 MHz. The results
show that for aperture widths d <6 mm the width is in-
dependent of the rf-field power and the amplitude is pro-
portional to the rf-field power up to V=V ~50 V. For
higher voltages the width increases also of the order of
20% and the amplitude is below the linear dependence on
the rf-field power. If the aperture width is increased the
limiting voltage V2 is below 50 V.

Figure 5 depicts the amplitude of the signal S versus
the square of the aperture width d, and Fig. 6 depicts the
half-width at half maximum (HWHM) of the signal S
versus 1/d. In both cases the light intensity is I=2.5
mW/mm? and the power of the rf field corresponds to
10V,,. In both figures the dots represent experimental re-
sults and the solid lines theoretical curves which will be
explained in Sec. IV B.

Molecular-beam conditions allow an additional experi-
ment which cannot be performed under static gas condi-
tions. Because the lifetime of the molecules in the excited
state is about 30 us the molecules travel on the average
more than 1 cm after excitation before they decay radia-
tively. In general we work with equal detection sensitivity
over a path length of at least 5 cm including the region of

Amplitude of S (arb. units)

L L 1 ' 1 L 1

10 30 50 70
(Aperture Width)Z (mm?)

FIG. 5. Amplitude of the broad rf resonance (signal S) vs the
aperture width d. Solid line is a theoretical curve.

excitation of the molecules. However, it is also possible
by using suitable spatial filters in the fluorescence detec-
tion path to selectively detect the fluorescence light com-
ing from the spatial region near the excitation volume
only (we name this detection position 1) or for instance
fluorescence light which is emitted from molecules which
traveled at least 1 cm after excitation (we name this detec-
tion position 2). At first we perform a Hanle experiment
because its width is not rf field power-broadened as in the
optical-rf double-resonance experiment (Refs. 4 and 5).
As expected, the Hanle signals in detection position 2
have a much narrower width than those obtained in detec-
tion position 1. This is so because in detection position 1
we select molecules with a short radiative lifetime and in
detection position 2 we select molecules with a long radia-
tive lifetime. We perform the same experiments with the
broad rf resonance. There appears no difference in the
width of both resonances in detection positions 1 and 2.
This demonstrates that the width is not dependent on the

100

80

Width (mG)
3

40

20 -

1 1 1 L 1 1
01 0.2 03

(Aperture widthy? (mm ")

FIG. 6. Width of the broad rf resonance vs the aperture
width d.
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lifetime of the radiatively decaying state.

The broad rf resonance at position C; has to be associ-
ated with the ground state of the laser-induced transition.
We investigate also the resonance at position A4; which
has to be associated with the excited state of the laser-
induced transition. The results on resonance A4; are not
as precise as those on resonance C,. However, we have no
indication that the resonance at A, behaves differently
from the resonance at C;.

C. Effect of light beam divergence

In this section we describe the influence of the diver-
gence of the light beam on the broad rf resonance. We
characterize the divergence by an angle a (see Fig. 7). In
the experiments considered before the light beam is as
parallel as possible (divergence a=0). Experimentally
this is achieved by adjusting the distance between the two
lenses in the beam expander. This distance can continu-
ously be changed to produce a diverging (¢ =2 mrad) or a
converging (= —2 mrad) light beam. The divergence a
causes a relative Doppler shift of the different com-
ponents of the light field as seen by the molecules. A cal-
culation with the velocity component along the z axis
u=610 ms™' shows that the divergence |a|=1 mrad
corresponds to a maximal relative Doppler shift 1.0 MHz.
In the following experiments we use no aperture in the
light beam (the entrance window into the vacuum
chamber has a diameter of 5 cm) and the overall light in-
tensity is kept constant. The laser is tuned to line 1R.
For a=0 the laser beam has an elliptical sectional area
with about 3 mm parallel to the molecular-beam axis and
about 2 mm perpendicular to the molecular-beam axis.

The first observation we report here is the dependence
of the total fluorescence intensity on the angle a. No rf
field is used, and the results show no significant depen-
dence on the magnetic field B. We record the total
fluorescence intensity versus the angle a. Independent of
the overall intensity of the light beam the total fluores-
cence intensity has always a minimum for a=0. For
strong light intensities (7 >400 mW) the fluorescence in-
tensity increases by about a factor of 2 if we vary a from
a=0to |a| =2 mrad. The dependence on « is to a good
approximation symmetric around a=0. We note that the
molecular beam is an effusive beam. No collimation is
used. At the position where the molecules are excited in
the beam the molecular beam has presumably a “diame-
ter” which is large compared to the laser beam diameter
even in the case of the divergent light beam. The strong
dependence of the total fluorescence intensity on |a |
offers a convenient and very efficient (precision <O0.1
mrad) method to adjust the divergence of the light beam
to a minimum:.

The experiments we are reporting now are measure-
ments of the broad rf resonance for different values «.
Figure 8 shows results using the experimental arrange-
ment (i) with the frequency v;=1.0 MHz of the rf field.
Results for three different values a are depicted. For
a=0 the result is in agreement with those reported in
Secs. IITA and IIIB (see, for instance, Fig. 3). The ex-
pected positions for the resonances A, 4,, A3, and C,
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FIG. 7. Experimental arrangement to investigate the influ-
ence of divergence of the light beam on the broad rf resonance.
Two lenses are indicated which allow to change a continuously.
Hatched area represents the molecular beam.

are indicated in this figure. However, the broad rf reso-
nances in Fig. 8 are not resolved because the frequency of
the rf field is too low. This causes a strong overlapping of
the individual resonances. Moreover, this overlapping re-
sults also in a shift of these resonances (an attraction) as
mentioned in Sec. IIIA. At position A; we see also a
strong perturbation which we attribute to optical-rf dou-
ble resonance in the excited state (see discussion below).
The two other results shown in Fig. 8 are measurements
with a diverging light beam (¢ =2 mrad) and with a con-
verging light beam (¢ = —2 mrad).

Disregarding smaller details both results for |a| =2
mrad are the same. They differ significantly from the re-
sult for a=0. For a=0 the broad rf resonances represent
a resonant increase of the total fluorescence intensity, and
the results for | a| =2 mrad indicate a resonant decrease
of the total fluorescence intensity. Altering |a| continu-

divergent
(a=2mrad)

collimated
(=0)

convergent
(&= -2mrad)

Magnetic Field (G)

FIG. 8. The broad rf resonance for three a values. a desig-
nates the divergence of the light beam (see Fig. 7).
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ously from a=0 to |a| =2 mrad we observe the follow-
ing. Increasing |a | causes a decrease and finally a total
disappearance of the broad rf resonances studied in Secs.
IITA and IIIB. At a given divergence |a|=|ay| >0
new resonances appear near the positions 4, 4,, 43, and
C,. The new resonances are not an “inversion” of the res-
onances for a=0. They have a different shape and a dif-
ferent width. They are also often shifted with respect to
the expected position in a different way than the reso-
nances for ¢=0. These resonances increase approximate-
ly proportional to |a| for |a| > || in the investigat-
ed range of the a values. g itself increases with the fre-
quency of the rf field and therefore with the splitting of
the magnetic sublevels on resonance, such that the relative
Doppler shift associated with «, agrees approximately
with half the frequency of the rf field. Other properties
of the new resonances are as follows. Their amplitude
[the amplitude of S, see Eq. (1)] increases proportional to
the intensity of the laser light and approximately also pro-
portional to the power of the rf field. Their widths seem
to be independent of the light intensity and of the rf field
power. In general these resonances are small compared to
the resonances for ¢ =0. The signals shown in Fig. 8 are
not in scale. The signal amplitude of the resonances for
|a | =2 mrad is about a factor of 5 smaller than the sig-
nal amplitudes of the resonances for a=0.

There are also differences between the resonances for
a>0 and a<0. In both cases the resonances increase
with increasing |a|, however, for a>0 about 30%
stronger than for a <0. The widths of the resonances are
different in both cases. Also the resonances are shifted
with respect to the expected position in a different way.
We do not investigate these differences in detail here. We
note only that the transit time of the molecules in the
light field is very different for @ >0 and a <0.

The resonance at position A4; is perturbed by optical-
rf-double resonance in the excited state as already pointed
out in Sec. IITA. (compare the results in Fig. 3). In the
present experiment this perturbation is even stronger.
This is probably due to the weaker nonlinearity in the
Zeeman splitting in the present case. This increases the
optical-rf double-resonance signal but not the broad rf res-
onance signal. This perturbation appears as downward
directed resonance in Fig. 8 because we use w-polarized
excitation [arrangement (i)]. Therefore the perturbation
lowers the resonance signal for a=0 at the right wing.
On the contrary, for |a| =2 mrad the perturbation adds
to the already downward-directed broad rf resonance sig-
nal. At least 50% of the resonance at position A3 for
|a| =2 mrad are caused by this perturbation. We also
perform experiments with arrangement (ii), i.e., with o-
polarized excitation. The broad rf resonances for a=0
and |a| > |ap| behave in both experimental arrange-
ments alike. However, in arrangement (ii) the perturba-
tion by optical-rf double resonance gives an upward
directed resonance opposite to the arrangement (i). We
note also that the perturbation by optical-rf double reso-
nance appears strongly power-broadened in Fig. 8.

The changeover of the broad rf resonance from a
resonant increase to a resonant decrease of the total
fluorescence intensity versus the divergence of the light

a = Smrad

!
65 75 85
Magnetic Field (G)

FIG. 9. The broad rf resonance for two a values at high
magnetic field (resonance at position C|, see text). a designates
the divergence of the light beam (see Fig. 7).

beam is in our opinion a novel observation. In Fig. 9 we
give an additional example of this effect. The experimen-
tal conditions are as follows: experimental arrangement
(1), v;=7.0 MHz (the maximum rf field frequency possi-
ble in our experiment), and a total light intensity of 400
mW of the laser. For a=0 the aperture width (the transit
time) is d=5 mm. For a=2 mrad we find no resonance
signal. The experimental apparatus had to be changed
making bigger values of a possible. With a~5 mrad we
obtain the downward-directed resonances shown in Fig. 9.
We note that the averaging time is about 2 min for the
signal with =0 and about 10 min for the signal with
a =5 mrad. In Fig. 9 only the resonance at position C; is
shown. However, the magnetic field is now so strong that
the magnetic resonances between the ground-state levels
| F=%,m) with m =+1, +3 yield three separate res-
onances of which the resonance associated with the rf

field transition |F=3,m=7)o|F=3m=—1)
coincides with the resonance associated with the rf-field
transition | F=3,m =+ )< |F=+m=—1+).

IV. DISCUSSION

A. Stabilization versus saturation

A broad rf resonance structure superimposed on the ex-
pected optical-rf double-resonance spectrum was already
observed before in optical-rf double-resonance experi-
ments on NO, (Refs. 7 and 8). However, no satisfying ex-
planation of this resonance structure could be given. Only
when the inversion effect was observed did it become im-
mediately clear that the broad rf resonance is intimately
connected with this effect (Ref. 9). In Ref. 8 an effort
was made to associate the broad rf-resonance structure
with optical saturation resonances in radiofrequency
dressed molecules. An agreement of the experimental re-
sults with the saturation resonances could not be excluded
because the broad rf-resonance structure remained un-
resolved. The effect of the transit time T, (see Fig. 3, for
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instance) was not recognized. The present experiments re-
veal, however, a property of the broad rf resonances
which to our opinion cannot be explained by any known
laser saturation effect (see, for instance, Refs. 10—12).
This property is the change over of the broad rf resonance
from a resonant increase to a resonant decrease of the to-
tal fluorescence intensity versus the divergence of the light
beam. But also other properties of the broad rf resonance,
i.e., the dependence on the light intensity and on the tran-
sit time T are difficult to explain by the known laser sa-
turation effects. We conclude therefore that the broad rf
resonance is a novel phenomenon.

According to Sec. II the conditions of the experiments
are such that to all our knowledge a NO, molecule is
prepared under collision-free conditions into a single, iso-
lated and well-defined quantum state and the fluorescence
decay of this prepared state is observed. However, the ex-
perimental results are in contradiction to this knowledge
because the results of Sec. III cannot be explained for such
a system. In Ref. 1 we were confronted with a similar sit-
uation. A consistent description of the results in Ref. 1 is
possible with the model of light-induced stability of a
molecular state (see Ref. 2). In Secs. IVB and IVC we
will show that the results of Sec. III can successfully be
explained by the same model. This model uses three
states |a), |b), and |c) with the magnetic sublevels
|a,m), | b,m), and | ¢,m). Laser light induces a tran-
sition from the ground state | a) of the molecule to the
excited state | b). However, before | b) decays radiative-
ly the free molecule evolves irreversibly in an intramolecu-
lar process from | b) to the state | ¢). The fluorescence
decay of | c) is observed. In Ref. 2 we evaluate the quan-
tity P= 3, pee” Where ple™ is the occupation probability
of the sublevel |c,m ). Thus P represents the total occu-
pation probability of the state | c). The broad rf reso-
nance is evaluated for the quantity S =(P —P,)/P,, with
P =P, when the magnetic field is off resonance. In the
following we compare this quantity with the signal S in-
troduced in Eq. (1) of this paper. Both quantities are
equal if we neglect spatial asymmetries in the fluorescence
light. However, spatial asymmetries are present as we al-
ready pointed out in Sec. IV. They are mainly connected
with the ordinary optical-rf double-resonance signal.
They appear as perturbations on the broad rf resonance
(see Fig. 3 for instance). Spatial asymmetry in the fluores-
cence light may also appear with the broad rf resonance
studied here. This is so, because the stabilization effect
(see Ref. 2) causes also differences in the occupation prob-
abilities pge". The differences in the p7;" result in broad rf
resonances in the polarization-sensitive detection of the
fluorescence light. These are actually the broad rf reso-
nances first observed in Refs. 7—9. Differences in the
pee” are also connected with a spatial asymmetry of the
fluorescence light. This effect is certainly smaller than
the perturbation caused by optical-rf double resonance
and we neglect it here. ’

[1—exp(—Tp. Ty

Ibm> — le,m>
Ib,m-1> _K :%: Ic,m-1>

(1)

la,m> —3

la,m-1>

FIG. 10. Schematic diagram for the explanation of the broad
rf resonance (see text). Vertical wavy lines indicate interactions
caused by the rf field.

B. The broad rf resonance

In this section we discuss the broad rf resonance under
the conditions of beam divergence a=0. Equations
(4.5)—(4.8) of Ref. 2 predict resonances in the observable
S whenever the Zeeman splitting w, in the ground state
| a) and w, in the excited state | c) are equal to the fre-
quency w; =27, of the rf field. We interpret these reso-
nances according to Ref. 2 as follows. The interaction of
a molecule with the light field is separated into two pro-
cesses (see Fig. 10). First the light field induces a transi-
tion [interaction (1) in Fig. 10] between |a,m) and
| b,m ). The density matrix elements pp;" describing the
occupation probability of the sublevels | b,m ) are creat-
ed. Subsequently the molecule experiences an internal
evolution which brings it into the state | ¢,m ) (indicated
by the wavy line) and simultaneously a second interaction
[interaction (2)] with the light field. In Fig. 10 the in-
teraction (2) is indicated between the states |a,m ) and
the wavy line connecting | b,m ) and | c,m ). There is no
transition dipole moment between |a) and | c). Interac-
tion (2) slows down the evolution of the molecule from
|b,m) to | c,m) [see Egs. (3.5) and (3.6) in Ref. 2]. We
call this process light-induced stabilization of the state
| ). This process reduces the absorption probability of a
molecule and decreases therefore the fluorescence intensi-
ty. The effect of a rf field on the stabilization effect is as
follows. A rf field which is resonant with the Zeeman
splitting in the ground or excited state couples states with
the magnetic quantum numbers m and m +1. This causes
a lowering of the stabilization effect (increase of the total
fluorescence intensity) if a strong stabilization effect is
present (for instance via Am =0 transitions) in the absence
of the rf field. Equation (4.8) of Ref. 2 gives the follow-
ing expression for the resonance at w, =w;:

(Fge +b7)[(Tge 4+ —x21

)
.= ]EAmIGﬁm?2|B$m+r|2
Ly m,r

[(Toe +by, )2+xr%1 ]zi[xm +r(wa—'ws)]2+(rac +br )2}

()
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The term —2x,,7 (0w, —w,) appearing in the numerator of
Eq. (4.8) in Ref. 2 is approximated by + 2x2 because
near resonance we have x,, +r(w, —@;)=~0. The sum in
Eq. (2) extends over all magnetic quantum numbers m
and r =+1. Furthermore, we have 4,, =pp™( 3, phe) L.
The matrix elements Gj;” describe the optical transition
between the |a,m) and | b,m) and the matrix elements
B:™ 7 describe rf-field transitions between |a,m ) and
| a,m +r). | Gga™|? is proportional to the intensity I of
the exciting laser light and | BJ;™*"|? is proportional to
the power of the rf field. The resonance condition for the
optical transition is expressed by x,,=w; —(E.—E;)/#
—m(w,—w,) with E,+mw. #i and E, +maw,7 being the
energies of the states |c,m) and |a,m) and w; being
the frequency of the light field. I',, and I',, are two
phenomenologically introduced decay rates and b, is the
spectral width of the laser light as seen by the molecules
during the transit time 77 .

We derived Eq. (2) using several simplifying assump-
tions (see Ref. 2). The velocity distribution of the mole-
cules is neglected. However, this affects only the transit
time T, because the broad rf resonance is Doppler-free in
the same sense as optical-rf double resonance is Doppler-
free.

The most important simplification for our present dis-
cussion is as follows. The interaction of a molecule with
the light field is separated into two independent processes,
the interactions (1) and (2) introduced before (see Fig. 10).
It is only interaction (2) which appears explicitly in Eq.
(2). Therefore the resonance condition for the interaction
with the light field is not only given by x,, but is implicit-
ly also contained in 4,,.

We consider the situation where the laser beam is well
collimated having a divergence a=0 as good as possible.
We idealize this situation assuming that a molecule sees
only a light field having one frequency w,. This gives
A,,#0 if x,,=0. We compare, therefore, Eq. (2) under
the condition x, =0 with the experimental results
described in Sec. III B. In agreement with the experimen-
tal results the amplitude of the Lorentzian-shaped signal
S, is proportional to the light intensity and the power of
the rf field and the width is independent of the light in-
tensity and of the power of the rf field. As the experi-

mental results in Fig. 6 show, the width (half-width at .

half maximum) of the resonance is given by

AB =41.5 mG+—2L“;(—}i“ﬁ 3)

with an error of +10%. With ', +b; =(up/#A)gAB and
with g=0.667 (see Table I) and u=610 ms~! we obtain

T +b=0.24 MHz+—2'—1 . 4)
T

The spectral width b; of the light field as seen by the
molecules is solely given by the transit-time broadening
by =2.1/T; because the frequency jitter of the laser light
is negligible during the interaction time 7, <10 us of the
molecules with the light field. We obtain therefore

', =0.24+0.03 MHz . (5)

The dependence of the amplitude of S, on the transit time
T, is also in good agreement with the experimental re-
sults.  The solid line in Fig. 5 represents a fit of Eq. (2)
with o, =w, and x,, =0 to experimental data. Using the
result in Eq. (4) the fit yields

'y =0.31 MHz 6)

with an estimated error of 20%.

For low light intensity and low rf-field power (see the
approximation in Ref. 2) Eq. (2) describes the broad rf
resonance for a=0 in all details. Equation (2) represents
only the broad rf resonance in the experimental arrange-
ment (i). It is, however, no difficulty to also evaluate this
resonance in the experimental arrangement (ii).

C. Observations for long transit times

We used Eq. (2) to describe the broad rf resonance
and assumed implicitly that the quantity A4,,
=pp (3, pse) "' is independent of the magnetic fields.
However, more exactly we need to  write
Am=p"[ S, PE8(0)]7! where pj7(0) means phs with the
magnetic field being far off resonance. We assume again
X, =0 and additionally that B22™ *” is independent of m.
The signal S, in Eq. (2) can then be written as a product
of the broad rf resonance times the quantity
S, P G 1S, pes(0)]7 L Also, this quantity in-
creases resonantly if the rf field is in resonance with the
Zeeman splitting in the magnetic sublevels because of the
following reason. In a given molecule the laser induces
with comparable probabilities the transitions
|a,m)—|bm) and |a,m*l)—|bm=l) only if
|wp —@y | <T4+br. This condition is fulfilled at low
magnetic fields and short transit times 7. But in general
the laser light is resonant with one of these transitions
only (for molecules belonging to one velocity group). We
will assume that this is the transition |a,m)— |b,m).
Molecules in | @,m=+1) are not excited if the rf field is
off resonance. However, near resonance the rf field in-
duces transitions between |a,m) and |a,m+1) which
contribute to the population of pjy" if the laser light has
depleted | a;m ) significantly. This causes a resonant in-
crease of ppy”. Here we name this effect nonlinear
optical-pumping resonance (see also Ref. 13).

The change of the shape of the broad rf resonance
(mentioned in Sec. III A) from a Lorentzian to an approx-
imately Gaussian shape for aperture widths d > 10 mm is
in our opinion caused by the above-described nonlinear
optical-pumping resonance. For low rf fields (no rf-field
power saturation) the nonlinear optical pumping reso-
nance increases proportional to d? (up to about d=20
mm for our experiméntal conditions) whereas the broad rf
resonance increases less than proportional to d? for d> 6
mm (see Fig. 5). This is the reason why for large aperture
widths d the nonlinear optical-pumping resonance con-
tributes strongly to the observed resonance signal. The
dependence of the width of the optical-pumping resonance
on the transit time (aperture width) is expected to be very
different from that observed for the broad rf resonance.
Indeed investigations of the observed resonance for d > 10
mm indicate that the width (HWHM) of the nonlinear
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optical-pumping resonance seems to be represented by
AB=0.6(2 + d)~' G with d in mm. This means that AB
approaches zero for large values of d as expected. This is
very different from the results for the broad rf resonance.
We conclude that the nonlinear optical-pumping reso-
nance affects the observed resonance signal only little for
measurements with aperture widths d < 10 mm and light
intensities I < 10 mW/mm?,

D. Effect of divergence

In this section we discuss the observations connected
with the divergence a of the light beam. According to the
stabilization effect considered before and as indicated in
Fig. 10, the interaction of a molecule with the light field
is separated into two processes—interaction (1) and in-
teraction (2). Interaction (1) brings the molecule into the
state | b). Subsequently the molecule experiences an
internal evolution which brings it into the state | ¢). This
evolution is hindered (stabilization effect) if the molecule
experiences simultaneously (during a time of the order
T';!) a second interaction with the light field [see Egs.
(3.5) and (3.6) in Ref. 2]. This decreases effectively the
absorption probability. For a=0 this effect has a high
probability because a molecule which was excited into
| b) sees a resonant light field during all its transit time
through the light field. The situation is different for
|a| >>0. In this case the probability for a second
resonant interaction [interaction (2)] is very poor. Conse-
quently the stabilization effect is very low, because the
Doppler effect causes the molecules to go off resonance
for the second interaction. The absorption probability is
strong. As reported in Sec. III C we observe that the total
fluorescence intensity versus the divergence a increases by
about 100% if we change a from a=0to |a| =2 mrad.
If the change in the total fluorescence intensity versus « is
caused solely by the stabilization effect then the stabiliza-
tion effect is really a strong effect.

The broad rf resonance described by Eq. (2) disappears
for |a| >>0. This is seen as follows. The interaction (1)
is contained in the term A,,, that is, in the preparation of
the matrix elements pp;”. A second interaction with the
light field is with high probability off resonant. Therefore
X0 in Eq. (2). As we see from this equation, S, disap-
pears for |x,, | =D, +b; and changes the sign if
| X | > Toc+by. However, the resonance conditions
Xm +r(w, —ws)=0 and w, =w; cannot be fulfilled with
Xm#0. Therefore the broad rf resonance of the type
described in Sec. III B disappears for |a | >>0.

The derivation of Eq. (2) in Ref. 2 neglects matrix ele-
ments pp," with m=£m’. Only matrix elements with
m'=m are taken into account. This is permissible in the
case a=0 because the bigger resonance effect seems to be
associated with the diagonal matrix elements pp;”. How-
ever, in the case |a| >>0 the resonance associated with

the ppy” disappears and a calculation taking into account
the matrix elements p;,';,"‘il is required. This calculation
is difficult and we did not perform it. We will, however,
show here how the presence of off-diagonal matrix ele-
ments ppy™*! may affect the stabilization effect. We note
first that whenever the rf field is in resonance with the
Zeeman splitting of the ground or excited state it causes
in both cases off-diagonal matrix elements pJi™*!. The
stabilization effect [interaction (2)] is now possible for
transitions with x, =0 and x,,4+;,=0 where x,,=w
—(E,—E,;)/fi—m(wp —w,) and wp=w,. The transi-
tions with x, =0 and x,,+;=0 correspond to different
laser frequencies w; and «; which differ by
|op —o7 | = |wp—w, |. With o, being, for instance,
the light frequency in interaction (1) and w; being the
light frequency in interaction (2) a stabilization effect is
only possible if the rf field is in resonance with the Zee-
man splitting of the ground or excited state. We see that
in the present case ( |a| >>0) a resonant rf field makes
the stabilization effect possible in a situation where it is
not possible without a rf field. Furthermore, we see also
that for a given frequency of the rf field and therefore for
a given value |w, —w, | at magnetic resonance the light-
beam divergence must exceed a minimum value because a
molecule needs to see light frequencies which differ by
|@p—a, |-

V. CONCLUSION

There is good agreement between the experimental re-
sults described in this paper and the model derived in Ref.
2. Moreover, we see no alternative explanation for the
broad rf resonances studied here. Thus we consider the
expermental results to be strong support for the equations
of motion introduced in Ref. 2.

The broad rf resonance reveals the existence of two
characteristic times associated with each optically excited
state of the NO, molecule. Zero-field level crossing,
optical-rf double resonance, and radiative decay measure-
ments yield consistently a lifetime 73 ~30 us (see Refs. 4,
5, and 15), whereas the broad rf resonance has to be asso-
ciated with a characteristic time of about 3 us. This re-
sult reveals a remarkable connection with one of the most
interesting lifetime problems in molecular spectroscopy,
the discrepancy between the lifetime value 7j,~3 us de-
duced from the integrated absorption coefficient, and the
lifetime 7z obtained from radiative decay measure-
ments.'® A satisfying explanation of this discrepancy was
never obtained. With the results of this paper and the
model developed in Ref. 2 a solution of this long-standing
problem is indicated.
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