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Recent experiments (“inversion effect”) on the free NO, molecule reveal unexpected results which
are in contradiction to our knowledge on the properties of a small molecule. Making an unconven-
tional assumption on the time evolution of the free NO, molecule, we are able to describe these ex-

perimental results consistently.

I. INTRODUCTION

In a previous paper (Ref. 1) we reported on a new effect
which is observed when the small polyatomic molecule
NO, is prepared into an electronically excited state by
light absorption. As the intensity of the exciting laser
light is varied, the degree of polarization of the fluores-
cence light may undergo a change in sign. We named this
effect “inversion effect.” It is observed on a collision-free
molecule interacting with a narrow-band laser. The con-
ditions of the experiment are such that to all our
knowledge the molecule is prepared into a single, isolated
and well-defined quantum state. However, the experimen-
tal results are in contradiction to our knowledge of the
properties and the dynamical behavior of a molecule in a
pure quantum state having only spatial degeneracy, be-
cause the inversion effect cannot be explained for such a
system. This follows from all the experience with laser
spectroscopy on atoms and molecules where an effect
such as reported in Ref. 1 was never observed (see, for in-
stance, Refs. 2—5). In the accompanying paper (Ref. 6)
we describe another experiment on the NO, molecule,
which confronts us again with the same situation. The
experimental results are unexpected and cannot, in our
opinion, be explained conventionally.

We conclude from these results that in contradiction to
our “knowledge” a more complicated level structure must
be assumed in this molecule. Therefore the following
physical situation is considered. Laser light induces a
transition from the ground state |a) to an excited state
|b). However, before |b) decays radiatively the free
molecule evolves in an intramolecular process from |b)
to a state |c). The fluorescence decay of |c) is ob-
served. We show that the additional assumption of an ir-
reversible evolution of the molecule from |b) to |c)
yields a consistent description of the experimental results
reported in Refs. 1 and 6.

Irreversibility may be introduced conventionally (see,
for instance, Ref. 7) assuming that underlying |c) is a
manifold of states sufficiently large to serve as its own
thermal bath during the lifetime of the optically excited
molecule. However, NO, is supposed to have a sparse lev-
el structure. Using a narrow-band laser and molecular-
beam conditions as in the experiments in Refs. 1 and 6,
we expect a situation similar to that of atoms, namely,
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preparation of the molecule into a single isolated quantum
state and the subsequent radiative decay of this prepared
state. It is therefore a contradiction of our knowledge of
this molecule to introduce in a conventional way a mani-
fold of states capable of causing an irreversible evolution.
Nevertheless, the experimental results in Refs. 1 and 6
seem to be well described by this assumption, and no oth-
er explanation seems feasible. We therefore postulate a
very unconventional interpretation of the manifold of
states associated with the irreversible evolution.

II. THE MODEL

We consider the following situation. Laser light in-
duces a transition from the ground state |a ) of the mole-
cule to an excited state |b). However, before | b) decays
radiatively the free molecule evolves in an intramolecular
process from |b) to a state |c). To describe this situa-
tion we assume the Hamiltonian H =H,+V +G +B.
Here Hy+V is the Hamiltonian of the free molecule, G
represents the interaction with the light field of the laser,
and B represents the interaction with external magnetic
fields. We treat the light field of the laser as classical
field and describe the effect of spontaneous emission

" phenomenologically. The states |u)={|a),|b),]|c)}

with the magnetic sublevels
{|a,m),|bm),|c,m)}

are eigenstates of Hy with Hy |u)=E, |u). We assume
E, <E,=E,. The standard quantum-mechanical equa-
tions of motion of an ensemble of molecules represented
by the Hamiltonian H in the subspace of states
{la),|b),]|c)} are as follows:

d__mm
dtpuu -

|u,m )=

é(Eu—Eur)pZ’um - ;;—(u,m [[Vipl|u',m')
—é(u,m [[G.pl|u',m’)
— 5 (wm | [Bp]|u',m")
-YMu'(pumum,_poﬁu,asu’,aam,m’) . (2-1)
Here p,'f,:""z(u,m |p|u’;m') designates the density ma-
trix elements. In the above equations the damping term

with v, describes the effect of spontaneous emission and
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also, for u=u’=a, the initial state of the molecule
without interaction with external fields.

The investigations in Ref. 1 show that it is necessary to
assume an irreversible evolution of the molecule from
|b) to |c) in order to explain the inversion effect. To
introduce irreversibility into the equations of motion we
assume that underlying |c¢) is a manifold of states and
| ¢ ) represents an average over this manifold. We do not
consider this averaging process here. We introduce a
modification of the equations of motion and we consider
this modification as a result of an unknown averaging
process over a manifold of states.

We proceed as follows. We associate the evolution of
the molecule from |b) to |c) with the interaction V
which is now an average quantity like | c). We assume
the properties

(u,m I | 4 | u,,m'>=ﬁVuu’8mm' ’
(2.2)
Vab = Vac :0, Vbc #O .

Furthermore, we assume that Eqgs. (2.1) for (d/dt)oly"
are formally not changed for u’'=wu but only for u's~u.
More precisely, the terms (u,m |[V,p]|u’,m') with

=u are not changed but those with u's4u are changed.
We assume the following replacements:

i~ YWa,m [ [V,p]l|u,m’ ) —>agpm™, (2.3)
it~ (b,m | [Vip]|e;m") —>apepi™ —iViephy" , (24)

where a,, =a,, and a,, =a,, are positive real numbers
and uz~a. These replacements mean tlhat the effect of V
on the time dependence of pJ" with wus£fu’ is
phenomenologlcally described by a pure relaxation term
except for ppe". The term —iVyphy® appearing in the
time dependence of pj," is necessary in order to describe
the evolution of the molecule from |b) to |c).

The matrix elements representing the interaction with
the light field of the laser are (u m|G|u',m')= ﬁG""" .
We assume that G/ =G =0 and only GZ ;éO
This means that the laser 1nduces transitions between la)
and |b) but not between | a) and | ¢). This assumption
is also considered in the discussion in Sec. V.

The magnetic field interaction matrix elements have the
form

(u,m | B |u',m'y =Fiw,m8py Sy o+ HABIT 8y . (2.5)

The first term represents the interaction with the static
magnetic field directed along the quantization axis (z
axis). fiw, is the Zeeman splitting of the magnetic sublev-
els |u, m) with u =a,b,c. We assume in the following
that w, =w,. B,:',‘J'" represents the interaction with a ra-
diofrequency field. We suppose B, '=0for m=m"'.

With these assumptions we obtain

d .o ,
dt pcc —*yccpt.':‘m —l1 2 B:?"P:én __p(r;n nm>
n
—i(Vepppe™ —pey™ Vic) (2.6)

and similar equations for (d/dt)p™™ and (d/dt)ppy"
The conditions for irreversibility [Egs. (2.3) and (2.4)] ap-

pear only in the matrix elements off diagonal in u:

P = —ZB o i S G —pi G
—i 3 (BImorr —p" B 2.7)
-
PR =2 i 3, G
—i2(B i Do —Pac B (2.8)
PR = — 2 R Vi i S GETPIE
~i 3 (B o) 9
:

Zmm i~ E, —E,)+i(mo, —m'o,)+Ty ,
(2.10)
where T, =7 40 +ayy with us£u’, and Zp"=Ty,. We

use these equations in the following to derive two phe-
nomena, the inversion effect and the broad rf resonance.

III. INVERSION EFFECT

The following experimental situation is considered here
(see Ref. 1). A beam of NO, molecules is propagating
along the z axis in an x,y,z coordinate system. We ideal-
ize the molecular beam assuming that all molecules have
the same velocity v=v,. The molecules are considered to
be free. Any interaction between the molecules and the
environment is neglected. A laser beam (cw single-mode
laser) crosses the molecular beam at a right angle. The di-
ameter of the laser beam defines the transit time 7 of
the molecules through the light field of the laser. 77 isin
general shorter than the lifetime of the molecules in the
electronically excited state. We define an observation
volume with an extension along the molecular beam
which covers the interaction volume with the light field of
the laser and which is also sufficiently large so that all ex-
cited molecules decay radiatively within this volume. The
laser light is linearly polarized parallel to the quantization
axis (the z axis). The interaction matrix elements are

" =0 for m%£m’. An external static magnetic field
directed along the z axis causes a Zeeman splitting #w, of
the magnetic sublevels | u,m ) with u =a,b,c. There is
no radiofrequency field. Thus we have B,:’,ﬂ’” =0.

We consider a stationary-state situation. As many mol-
ecules enter into the observation volume as are leaving it.
The laser light is continuously turned on and the mole-
cules interact all the time with the static magnetic field.
To obtain the stationary-state solutions of the equations of
motion under these conditions we proceed as follows. In-
tegration of Eq. (2.9) yields pf™(#) as a function of pjy"(¢)
and pg.(1). Integration of Eq. (2.8) gives pge(t) as a
function of pj"(¢). From both equations we obtain with
the initial condition pj;"( — o0 )=0, and similar conditions
for the other matrix elements,

prmt)=i [*_dsVie(sIpRy(s)

Xexp[ —Lpe(t —s)]+K,, , (3.1)
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K, = —exp[ —Tp.(t —1')]
t 0
X Jo g d5 [ dr GE™$)GH (s +rpfm(s +7)
Xexp[ =Ty (t' —s)+rZ2m] .
(3.2)

Here we take into account that the molecules interact with
the light field only in the time interval ¢'—(¢'—7T7).
Next we introduce two simplifications. First, it is as-
sumed that V. (s) is time independent. Second, we
neglect the correlation between Gi2™(s) and GJi™(s +r)
on the one hand, and pj."(s +r) on the other hand, and
insert the first-order correlation function (see, for in-
stance, Ref. 8),

Gia"(8)Gg (s +r)=| Gg™ | *expl — | r | iwp +bL )],

(3.3)
J

t
p'l;lcm=lVbcpbmbm f_ wdS CXp[ _Fbc(t —S)]

t t 0 , )
—pPm | GI™ | T e f_wdt’exp[—l"bc(t—t’)] ft,_TL ds f_wdrexp[—l"bc(t —s)+r(Z " +iog +bL)].

In averaging over ¢’ we multiplied Eq. (3.2) with the sta-
tistical weight Iy dt’.

Similarly, Eq. (2.6) gives Y pm = —iVppe +c.C.
where c.c. means conjugate complex. Thus we obtain

P =Pty Am/Vee) » (3.5)
[ Vie |2
A= +c.c. (3.6)
" r +|Gb”;’"|2[1—exp<—rbcm]
”‘ ZI" viop +b;

The experimental results in Ref. 1 were described starting
from a system of rate equations for the sublevels | a,m ),
| b,m), and | c,m). These rate equations are in agree-
ment with the present results. Using similar simplifica-
tions as in the derivation of Egs. (3.5) and (3.6) we obtain

dm = _'}’aa(am —p0)+7mbm —VYm@m >

l;m:"?’bbbm +Ymm —Ymbm —Ambm (3.7)

ém =—YecCm +)"mbm ’
with  a,=pp",  bn=ph, and c,=pn" if
4y =b,, =¢,,=0. ¥, can be written approximately as
(for Ty T > 1)

VYm=| GO | U ZE +iw, +b.) ' +c.c. (3.8)

To have full agreement with the equations used in Ref. 1
it is necessary to assume that the laser light is tuned to
resonance, for instance ZJ"+4iw; +b; =T, +b;, and
that the term y,ppp" describing radiative decay of the
sublevel | b,m ) can be neglected.

Equation (3.6) and (3.7) describe the inversion effect in
complete detail, as a comparison with Egs. (3)—(6) of Ref.
1 shows. The inversion effect is a consequence of the
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into Eq. (3.2) Here w; is the circular frequency of the
laser light and b; the spectral width of the laser light as
seen by the molecules during the transit time 77 .

The second simplification means that we separate the
interaction of the molecule with the light field into two
independent processes. In a first interaction the molecule
is prepared into the state |b). The density matrix ele-
ments ppy" are created. Subsequently the molecule experi-
ences the interaction ¥ which drives it into the state | c)
as well as a second interaction with the radiation field.
The second interaction is operative as long as coherence
exists between | 5) and | c).

Phe(2) as given by Eq. (3.1) is a solution of the equa-
tions of motion at the time ¢ when the molecules were in-
teracting with the light field at the time ¢’ before. The
stationary-state solution (we represent it by pp." here) is
obtained by averaging over the explicit dependence on ¢’
and by replacing pj."(¢) and pjp™(¢) in the integrals by the
stationary-state solutions pg," and ppy". This gives

(3.4)

[

dependence of A,, on the light intensity and on the quan-
tum numbers m, i.e., on | GE" 2. Due to this depen-
dence the occupation probability distribution for the pp;"
and the pJ;" may be “inverse” to each other for high light
intensities. Equation (3.6) shows that the inversion effect
also depends strongly on the transit time 7 of the mole-
cules through the light field. It disappears for 'y, Ty < 1.
Also, this result is in good agreement with the experi-
ments. According to Egs. (3.7) A,, may be interpreted as
decay rate of |b,m) into | ¢,m ). Increasing light inten-
sity decreases this decay rate. We name this phenomenon
“light-induced stabilization” of the state | ). Obviously,
the state | ) gains stability from the interaction with the
light field of the laser.

We note that the calculation is performed with a light
field having only one frequency w;. In Eq. (3.5), for in-
stance, this frequency determines the resonance in pjy"
and A,,. The explicit dependence on w; is only calculated
for A,, here. In the experiments we need to average over
all frequencies w; which a molecule sees when it passes
through the light field of the laser. It follows immediate-
ly that the stabilization effect is only strong if the interac-
tion with the light field is simultaneously resonant in pp;"
and in A,,. As a consequence the stabilization effect de-
pends very critically on the divergence of the light beam
which the molecules fly through during the transit time
T;. The effects connected with the divergence of the
light beam are discussed in Ref. 6. Also, the broad rf res-
onance which we describe in Sec. IV is connected with the
resonant interaction of the light field in the term A,,. The
effects connected with the divergence of the light beam
can therefore best be studied on this resonance. However,
the total fluorescence intensity (the term 3, prn™) also de-
pends strongly on the divergence of the light beam as a
consequence of the stabilization effect.
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IV. THE BROAD rf RESONANCE

The experimental situation is the same as in Sec. III, ex-
cept that the molecules interact additionally with a rf
field. The magnetic field int'eraction matrix elements are
given by Eq. (2.5) with B;” =0 for m =m’. Our aim is
to evaluate the quantity P > mPe under stationary-
state conditions. The calculation proceeds in the same

way as in Sec. III. Equation (2.6) yields v..P
=—iVep X,,Phc +C.c. because the term 3, (Bu"pl"

—pee'Be") is identically zero. This term describes mag-
netic resonance in the sublevels | ¢,m ). However, these
rf-field-induced transitions do not change the total occu-
pation probability P of |c). Integration of Eq. (2.9) gives

pr Mt)=i E f ds Vie(8)ppy (s)

Xexp[ —Cp(t —s)]+Y, (4.1)
Y=—i 2 exp[ — Ty (2 —1")]
X f  ds GE(s)p"(s)
Xexp[ =Ty (t'—s)] . 4.2)

Yo= 3 expl —Typelt =] [,

m,n

Y; is identical with Y, if we replace BJ}" by BJ" and
Zg" by Zg". We express the product of the light- and
rf-field transition matrix elements by the product of the
light- and rf-field correlation functions

| Goa™ | *expl(r +u +w)(by +iwy )] (4.4)

X | RI" | 2exp{ulbs+i(m

using Eq. (3.3) and a similar equation for the rf-field.

Here o, is the circular frequency and b; the spectral

width of the rf field. r, u, and w are negative variables.
The calculation is now continued as in Sec. III. The fi-

nal result is

"n)ws]}

P= zpcc zpb m(k /‘i/cc) ’ (4.5)
m
V, 2
k':"= 2 | bCI +c.c. ,
| Gpa" | “[1—exp(—Tp T )]
Cpe + poP— (1—-w,,)
Z"+iop+by

(4.6)

dsf drf duf dw GE™(s)RI™(s +P)RI(s +r +u)Go™
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Here we used w, =, and therefore B{;"=BJ". The ma-
trix elements Pae(s) can be written as a function of
Phe (s) pac (s), and pae'(s) using Eq. (2.8). We assume
that pg;'(s) and pg"(s) are functions of pjJe™(s) and pi(s)
only. This approximation is permissible for low rf-field
powers because it means neglecting higher-order terms in
the rf-field power. Furthermore, we also neglect terms
containing the product By pneBl". This is permissible if
we assume that the Zeeman splitting in the states |a)
and |c) is sufficiently different so that magnetic reso-
nances simultaneously in |a) and |c¢) can be excluded.
However, we note here that this condition may not be ful-
filled if the g factors of the ground and excited state are
very close or if experiments are performed at low magnet-
ic fields. Under these conditions the term Bjn p""B""’
may cause a shift (an attraction of rf resonances in the
ground and excited state of the laser-induced transition) of
the magnetic resonance. Finally, we obtain an integral for
PacT(s) containing the three terms o (s)ppen(s),
B "(5)Bg (s)pre(s), and p,',”m(s)B'""(s)Bc"c'"(s) By itera-
tive approx1matlon the pzt"'(s) in the two last terms are
expressed by the leading term G;3™(s)ppe"(s). This result
for pge™(s) is inserted into Eq. (4.2). We write
Y=Y,+Y,+7Y; and obtain Y, =3y K, with K,, given
in Eq. (3.2) and

(s 4+r+u+w)

XPpwt(s +r +u +w)

X exp[ —(t' —s)Tpe + (r +w)Zg" +uZsl" (4.3)
[
. 1
m .
(lxm_i"rac“i"bL)
|Bmm+r 2
X 2 | e rn —w03) |+ (T'au + by 4 5y)
mm-—r|2
1B ] 4.7)

+

i[Xp +1(w; —wg)]+ (Toe+bp +by)

Here x,,=(E,—E,)/fi+m (0, —w.)+w; and r =n —m.
The 1f field appears only in W,,. Without rf field we
have W,,=0 and A;, =A,,, in agreement with the results
in Sec. III. With the laser light tuned to optical resonance
(x,,=0) the quantity W,, shows magnetic resonances
whenever the Zeeman splitting in the ground or excited
state is in resonance with the rf field, i.e., for w, =w, and
o, =w;. We name these resonances “broad rf resonances”
because their width is in general bigger than the width of
the ordinary optical-rf double-resonance signals, as Ref. 6
shows. We note here that | W,, | is assumed to be less
than 1 in consequence of the above-introduced low rf-
power approximation.

For a comparison with the experiments we evaluate the
quantity S =(P —Py)/P, where Po=P for W,,=0. We
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use an approximation for low light intensity (development
of AS, in powers of |GJ™|? up to terms linear in
| G%™|?). Further, we use b;=0 because the spectral

il

[1—exp(—Tp. T )]
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width b, of the rf field is much smaller than the spectral
width b; of the light field. We give the result only for
the resonance in the ground state (S'=S,),

Ty +b 2_3x2 -2 -
(e +b. Ty +b1) Xm Xm ¥ (0g —w5)] 4.8)

Sa: EAm|G¢:7I;mI2|Ba’2m+r|2
m,r

Fbc

Here A,,=pp™(3,pp)~". The resonance connected
with the excited state is simply obtained from this expres-
sion if one replaces BZ2™ *" by BX™ =" and w, by w,. We
may assume r=1t1 because only rf-field transitions be-
tween neighboring sublevels are important.

V. DISCUSSION

From the equations of motion [Egs. (2.6)—(2.10)] intro-
duced in Sec. II we derived two phenomena, the inversion
effect and the broad rf resonance. Both phenomena are in
good agreement with the experiments reported in Refs. 1
and 6. Moreover, we do not know of any alternative
description of these experimental results. This is a strong
support for our assumptions. However, we are confronted
with the question of how to interpret the model intro-
duced in Sec. II.

The physical situation underlying the inversion effect
and the broad rf resonance appears in our description as
follows. The interaction of the molecule with the light
field is separated into two processes. First the laser light
induces a transition in the molecule from the ground state
|a) to an excited state |b). The density matrix ele-
ments pyy" and pp," are created. Being in | b) the mole-
cule experiences an internal interaction which drives it
away from |b) into the state | c¢) and simultaneously a
“second” interaction with the radiation field. Only the
second interaction is explicitly being considered in the cal-
culations in Secs. III and IV. The second interaction
causes coherence between |a) and |c) (the matrix ele-
ments pj.") as long as there is coherence between | b ) and
| ¢) (the matrix elements pj.™). Thus the second interac-
tion is only operative during a given coherence lifetime.
The stronger pj." the slower is the evolution of the mole-
cule from | b) to |c) (stabilization effect). On the other
hand, the longer the molecule is in |5 ), the higher the
probability for a transition into | a ) by induced emission,
because there is no electric dipole transition moment be-
tween |a) and |c). As described in Ref. 1, the inver-
sion effect demonstrates the dependence of the stabiliza-
tion effect on the orientational quantum numbers m. On
the other hand, the broad rf resonance demonstrates, as
described in Ref. 6, that the stabilization effect is only
operative if the first and the second interactions of the
molecule with the radiation field take place during a time
Ty ' ~T5'~3 us, which is short compared to the radia-
tive decay time (=30 us) of the molecule.

A “lifetime” of about 3 us has been expected for this
molecule for a long time. Douglas noticed that the life-
time 7p from radiative decay measurements is anomalous-

[ 4+ (e +b PP {[Xm +1(@0g —05) 1> +(Tge + by )%}

!

ly longer than the radiative lifetime 7,, evaluated from the
integrated absorption coefficient (Ref. 9). In the spectral
range of interest for us (A=593 nm) Donnelly and Kauf-
man calculated the value 7,, ~3 us (Ref. 10). Radiative
decay measurements under molecular-beam conditions in
the same spectral region yield single-exponential decay
with a lifetime 7z =30 us (Ref. 11). This result for 75 is
in agreement with the widths of our optical-rf double-
resonance and zero-field level-crossing (Hanle-effect) mea-
surements on the same transitions where the broad rf reso-
nances are also investigated (Ref. 12). Therefore two
characteristic times 7z ~30 us and 7, ~(T. )" '~3 us
have to be associated with each excited state in the spec-
tral region near 593 nm.

We assumed that the equations of motion introduced in
Sec. II are a result of an unknown averaging process over
a manifold of states underlying |c). As mentioned in
Sec. I, there is no conventional way to assume such a
manifold of states in NO, because this molecule is sup-
posed to have a sparse level structure (compare Refs. 13
and 14 and references given therein). We therefore inter-
pret the assumed manifold of states as follows. As in
hidden-variables theories (Ref. 15) we add a new variable
L to the well known set of quantum numbers which are
conventionally used to describe a pure quantum state of a
molecule. We assume L =0 for |b) and L0 for |c).
If states with L =0 and L =40 are possible in the electron-
ically excited state we assume the same for the ground
state too. Thus there are states |a) with L =0 and |a’)
with L=£0, both having the same set of conventionally
used quantum numbers. Further, we assume that the
same intramolecular process which is operative between
|b) and |c) is also operative between |a) and |a’).
This intramolecular process is associated with a stability
criterion. Prepared into a “pure” quantum-mechanical
state with a given set of conventionally used quantum
numbers the molecule tends irreversibly (“relaxes”) to-
ward a preferred L configuration. In an optical transition
in absorption as well as in emission the L configuration is
conserved because electric field dipole transitions cause a
strong correlation between both states involved in the
transition. If L =0 is the stable L configuration in the
electronic ground state of the molecule we expect that
|a)and | b) have L =0. But L =0 may not be a stable
L configuration in the electronically excited state. There-
fore the molecule relaxes into | ¢) with Ls£0. A radia-
tive transition from |c) to the ground state of the mole-
cule brings the molecule into a configuration with L=£0
from which it relaxes into a configuration with L =0.

The meaning of L is not clear. Tentatively we may as-
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sociate L with the symmetry of the molecule as we did in
Ref. 16, with L =0 designating a symmetric configura-
tion in which the two NO bond lengths are equal and with
L0 designating deviations from this symmetric configu-
ration. The characteristic time I';;' ~3 us may be associ-
ated with the lifetime of the state |b). This time is
surprisingly long for a configurational adjustment of the

molecule. We have no explanation for this. Finally, we
mention that the model can be tested by further experi-
ments. For instance, it is possible to study the process of
induced emission from |c¢) to |a’). Some first experi-
ments already indicate results which are in favor of the
considered model.
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