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It is demonstrated that, in the presence of collisions and for nonresonant lasers, it is ener-
getically possible to access resonantly excited states and induce a coherence between the
states. This situation cannot arise in the absence of collisions if the starting state does not
decay. This explains why, when collisions are introduced, a new signal can be generated in
a wave-mixing type of experiment. The collisionally induced generation of a coherent sig-
nal is intimately related to the process of collisional redistribution. It is shown that all the
collisionally induced coherent signals that have been reported up to now involve putting
real populations in the excited states. This fact has not always been fully appreciated. No
resonance between unpopulated states can exist. The time dependence of these new
coherent signals is briefly discussed. In the case of a Raman resonance between equally
populated states, it is pointed out that new coherent pathways of equal importance should
be considered for explaining the experimental results. A new pressure-induced signal in
four-wave mixing is also discussed. It is called "collisionally triggered two-photon
quasiresonant coherent signal. "

I. INTRODUCTION

Recently, it was demonstrated that collisions can
trigger the generation of coherent signals. The ex-
perimental evidence took different forms. Pressure-
induced extra resonance in four-wave mixing (PIER
4) which exhibits a Raman-type resonance between
two excited states, ' pressure-induced degenerate
frequency resonance in four-wave mixing, ' four-
wave mixing Raman-type resonance between two
equally populated states, ' and four-wave mixing
from a collisionally populated excited state, ' are all
indisputable experimental facts that demonstrate
that an incoherent process can trigger the genera-
tion of a coherent signal. For future reference, all
these new signals will be designated under the name
collisionally induced coherent signals. These signals
can be generated every time two coherent pathways
interfere destructively in the presence of collisions.
Bloembergen and co-workers ' were the first ones
to predict the appearance of these remarkable sig-
nals. The close connection between these effects
and the collisional redistribution process has recent-

ly been acknowledged by different authors' ' ' but
not always to its full extent. ' ' '" It is the inten-
tion of this paper to discuss all the newly reported
collisionally induced coherent signals from the
point of view of a transfer of real population by a
collisional redistribution process. This has the very
important advantage of treating for the first time

all these four new signals on an equal footing in a
unified way. This is done within the context of the
density matrix and the perturbation theory. Even
for the PIER 4 signal it is shown that there is a real
transfer of population in the excited state respon-
sible for generating the signal. In this treatment, it
is proven quite generally that, when a collisionally
induced coherent signal is generated, the transfer of
population in the excited state is not an artifact but
is required in order to generate the signal. For
reasons of simplicity Zeeman degeneracies are
neglected as they complicate the treatment by possi-
bly altering the pressure dependence of the signal
without really changing the basic physics of the
process. There is no need for a dressed-atom repre-
sentation to gain physical insight into the process.
This approach makes it possible to gain a physical
intuition on the origins and widths of these extra
resonances. For the first time, the time dependence
of the collisionally induced coherent processes is
discussed. Since transfer of real population to ex-
cited states is involved, the time required for the
whole system to recover completely after a turn-off
of the lasers will be relatively long even though the
dephasing time of the dipoles can be relatively fast.

In Sec. II of the paper, the collisional redistribu-
tion process is fully described by looking at the ab-
sorption and emission spectrum. There it is shown
that, in the presence of collisions, it becomes ener-
getically possible to access excited states and
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transfer real populations in these states even though
all the incident lasers are detuned from any one-

photon resonances. This concept will be useful in

explaining why a coherence can be induced

resonantly in the excited states when a collisionally

induced coherent signal is generated. In Sec. III all

the collisionally induced coherent signals are con-

sidered. The pressure-induced degenerate frequency

resonance and the PIER 4 signal are presented as a
Rayleigh and Raman scattering process from a real-

ly populated excited state. The scattering ampli-

tudes add up coherently only if the scattered photon

frequency satisfies co,„,=2~2 —co2 and if no momen-

tum is given to the atom for the whole process

(k,„,=2k) —k2). Four-wave mixing Raman-type
resonance between two equally populated states is

shown to be possible if the excited state can decay
or if collisions are introduced. It is also pointed out

that other coherent pathways of equal importance,
which have not been considered so far, should be in-

troduced for explaining the experimental results.
Four-wave mixing is then discussed from a col-

lisionally populated excited state. Again collisional

redistribution plays a dominant role. This particu-
lar signal is governed by the fifth-order susceptibili-

ty tensor (X' ')' with correction terms of the same

origin as the correction terms for the third-order

susceptibility tensor (X' '). Then, a new pressure-

induced signal is also discussed. It is called "col-
lisionally triggered two-photon quasiresonant

coherent signal. " This signal can also be considered

as a Rayleigh scattering from a populated excited

state with a favored direction where the signal can
add up coherently. Finally, it is noted that col-
lisions are not really necessary to generate these new

types of resonances. Since all the collisionally in-

duced coherent signals are related to the fact that,
in the presence of collisions, it is energetically possi-
ble to access the excited states and transfer real po-
pulation, it should not be too surprising to learn

that the same type of signals can be generated in the
absence of collisions from an initially populated
state broadened by spontaneous emission. Because
then it also becomes energetically possible to access
other states even though all the lasers are detuned
from any one-photon resonances.

II. COLLISIONAL REDISTRIBUTION

Let us consider a gas of two-level atoms all hav-

ing a natural frequency of oscillation cob, driven at
a slightly off-resonance frequency co. A buffer gas
is introduced. Its constituents, atoms or molecules,

can collide with the nearly resonant two-level

atoms. By definition, this gas is not able to absorb

any light. This can be achieved in practice by
choosing a gas such that the resonance frequencies
of its constituents are very remote from the driving

frequency u. Any inelastic collisions that can

quench the population from the excited state of the
two-level atoms will be neglected. We are only in-

terested in dephasing collisions which interrupt the

phase of the emitted wave train. During a collision,
the energy levels are Stark shifted and the phase of
states

~

a) and
~
b) suffers a phase shift of P, and

respectively. The phase shift Pb generally

differs from P, . This implies that for each collision
the coherence p,b between states

~

a ) and
~

b ) is al-

tered in its phase but not in its magnitude. This
change in p,b can be expressed in the following way:

(bp,s )„~——(exp(i hP) I—)p,b,
where the phase shift AP=Pb —P, is a statistical
quantity which depends on the impact parameter
and the velocity of the perturbing atom. The brack-

et symbol implies a statistical average over many
collisions. If f designates the collision frequency,

Eq. (1) ean be written

5P,b

5t = f(exp(id') —I )p,b

(2)

Here y,',~
and y,",

~ are, respectively, the real and ima-

ginary parts of the collisional relaxation rate. y,",
~

represents a shift of the resonance and y,',~

represents a broadening of the transition linewidth.

In the limit of low pressure, both y,',~
and y,",

~
are

proportional to pressure since only binary collisions

are considered. Thus we have y,',~

——c&2p, and

y,",
~

——c &z p, where p is the buffer gas pressure. As it
should be, the longitudinal relaxation rate that con-

trols the decay of population remains unchanged by
the phase-changing collisions. From this treatment

one can see that the effect of collisions can be

phenomenologically taken care of by only adding a
quantity c &2 p to the transverse damping term,
which governs the transition linewidth, and by

slightly modifying the resonance frequency by a
quantity ej2p. These statements are only valid

within the impact approximation.
'

The population generated in the excited state in

the presence of collisions, is now calculated and the
spectrum of the fluorescent light is analyzed as
well. In order to evaluate the population in the ex-

cited state, the density matrix formalism and the
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standard technique of perturbation theory' ' is
used that will be carried up to second order. The
following set of equations describes the time evolu-
tion of each density matrix element:

apaa —i=
~ (I'Pl-+ybbpbbat fi

(3a)

aPbb

at

—l
( ~~P)bb VbbPbb (3b)

yab
———,(y«+ ybb ) (without collisions) . (4)

As we have just seen, we can easily modify this ex-

pression to account for collisions. Equation (4) then
becomes

Xab p (7aa+ ebb ) +~abP (with collisions).

Solving Eq. (3) to first and second order and using

Eq. (5), one finds that a coherence is induced be-
tween levels Ia) and Ib) and that some popula-
tion is transferred from level

I
a ) to level

I
b ):

(0)
(]) gab Paa

(6a)
(CO~ —Co+i y,b )

'2 (0)
(2) gab paa

Pbb =
2 -2

(b — ) +lb
Vah Pab

Vab
(6b)

Since we are not considering the case where level

I
a ) is very much depleted, we have pbb' «p,', ' and

p =1. This means, at least to lowest order, that

2
I Pab I &Pa&bb

In fact, this expression is much more general than

aPah . l

at fi
& ~abPab [ ~iP )ab YabPab (3C)

I
a ) and

I
b ) refer to the ground and excited states,

respectively. It is assumed that state
I
a ) does not

decay radiatively (y„=0), but it is not necessary.
H is the total Hamiltonian of the system, which in-

cludes the unperturbed Hamiltonian H0 of the
atomic system and the dipolar interaction
V= —p.E, where p is the transition dipole mo-
ment and E is the applied electric field. ebb is the
spontaneous emission rate from level

I
b ), and y,b

is the dephasing rate of the dipole moment. If
spontaneous emission is the only source of dephas-

ing, the transverse damping rate y,b is related to the
longitudinal damping rates yaa and ybb by the
standard expression:

indicated by the way it has been deduced here. Its
validity can be proven very generally, starting from
basic concepts of quantum mechanics. ' It says
that we are not able to generate a coherence between

two states unless both states are populated. Very
generally, this means that we cannot have reso-
nances between unpopulated states. The equality
sign holds exactly when no collisions are present.
As soon as collisions are introduced, the square of
the magnitude of the coherence between two levels

is less than the product of the total population in-

volved in each level. It should be noted at this
point that before and after each individual collision,
the equality holds perfectly since there is only a
phase shift involved. It is only when we average
over many different collisions that the equality does
not hold. This reflects directly the destructive in-

terference between an array of dipoles all oscillating
at the same frequency but with different random

phases. In the presence of collisions, the square of
the magnitude of the coherence between two levels

can only be smaller or equal to the product of the
population involved. Equation (6b) tells us that in

the presence of collisions and for detunings larger
than y,b more and more population is transferred in

the excited state as the pressure of a buffer gas is in-

creased. In the next section, we shall see that this
transfer of population is resonant, which means that
real population is transferred in the excited state in
the presence of collisions. The absorption coeffi-
cient a(co) is proportional to the population in level

I
b) multiplied by the spontaneous emission rate

ybb and is given by
2

( ) ~
I b (0)E~ ~( )

7ab Vab 1 ab

(sa)

where

( )
3 able.

(Cuba —CO) +yah

M(~) is called the absorption line shape. As ex-

pected, the absorption coefficient is proportional to
the laser intensity and decreases as the inverse of
the square of the laser detunings from resonance for
large detunings. As we shall see, the first term in

the second parentheses on the right of Eq. (8a) gives

the fraction of the absorbed light which is scattered
elastically. The second term in the parentheses

gives the fraction of the absorbed light which is

scattered inelastically. In fact, the dephasing col-
lisions are not strictly elastic since some kinetic en-
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ergy can be given to or taken away from the two
colliding particles. These collisions are often
referred to in the literature as quasielastic
collisions. '

The spectrum of the fluorescence emitted by a
coherently driven two-level atom in the presence of

I

collisions is now discussed. Within the impact ap-
proximation, it can be shown that the intensity dis-
tribution I(ro') of the scattered light of frequency ~'
integrated over all angles and summed over polari-
zations, in steady state (in units of photons cm
sec ') is given by the following expression'

I(co') =m

'23'
CO Pab (p)

( )EE~ Vab ~(, )
Xab Vab Pab/m

(COb, —CO') +y,b

~ba

"ab

"ab

"ab "ab

"ab

] ~a)
/

/II

FIG. 1. Representation of the collisional redistribution
process. The straight arrows represent the absorption of
photons and the wavy arrows stand for the fluorescent
photons.

where the prefactors of the delta and the Lorentzian
functions give the integrated strengths of the elastic
and inelastic contributions. The last contribution is
called the inelastic contribution since the emitted
light frequency is different from the incident laser
frequency. The first term in this equation, which
occurs at the incident frequency co, is known as
Rayleigh scattering. Since the ground state has no
natural width, the Rayleigh scattering has the same
spectral profile as the excitation source. The second
term in Eq. (9) is the collision-induced fluorescence.
Real population is transferred by collisions in the
excited state which then fluoresce with a Lorentzian
profile centered at cob, and of width equal to the
sum of the natural and collisional widths. The ab-
sorption and the fluorescent processes are represent-
ed in Fig. 1. The straight lines designate absorption
of the incident laser photons, and the wavy lines
designate emission of the fluorescent photons. The
figure is broken up into two parts. The elastic part
of the process is shown on the left side of Fig. 1.
The width of the excited state, due to lifetime
broadening, is shown by a solid line. Only y,bly, b

of the atoms that are excited to level ~b) goes
through a Rayleigh process. From such a represen-

I

tation, one can see directly why the Rayleigh pro-
cess has the same linewidth as the driving laser if
the ground states do not decay. The redistribution

part of the process is shown on the right-hand side

of Fig. 1. The distribution of possible kinetic ener-

gies available for the fraction of atoms

( Vab Xab )/Xab that will follow a collisional redis-

tribution process is represented as a dashed line of
width (2y,b

—2y,b) centered around the ground-

state energy. Such a representation gives the right

absorption profile since

()ob Y blM(col=-
+(lab l'ab l

X
ebb/2

2
dQ)

(CO +CO —N~) +(ybb/P)

(10)

and also the right emission spectrum since it is
correctly centered at ~b, with the right line shape
and linewidth. This representation of the complete
process is fully consistent with the absorption and
the fluorescent spectrum results. This shows that,
in the presence of collisions, it is energetically possi-
ble to access the excited state even though the laser
frequency is detuned from resonance. This concept
will be very useful in discussing the collisionally in-
duced coherent signals. As a last point about Fig.
1, it should be noted that if the laser were turned
off in a time scale slower than the inverse of the de-
tuning but faster than ebb', it is expected that, after
averaging out the interference contribution, the elas-
tic component of the population in state

~

b ) would follow adiabatically the laser pulse; but
for the population in state

I
b ) that has followed a

collisional redistribution process it is expected that
it would decay on a time scale given by the spon-
taneous emission rate ybb of the excited state.
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FIG. 2. Tuning of lasers in a wave-mixing experiment

for generating a (a) pressure-induced degenerate frequen-

cy resonance, (b) pressure-induced extra resonance, (c)
Raman resonance between equally populated states, (d}
CARS signal from a collisionally populated excited state,

(e) collisionally triggered two-photon quasiresonant

coherent signal, and (f) a conventional two-photon

quasiresonant coherent signal. The prime symbol affixed

to co& or co& is used to indicate an identical frequency but a
possibly different direction.

1 ~2 ~1 ~out

~out

ib&

III. COLLISIONALLY INDUCED
COHERENT SIGNALS

A. Pressure-induced degenerate frequency resonance
in four-wave mixing

Recently, a pressure-induced degenerate frequen-

cy resonance in Na vapor with He buffer gas was

observed. ' The intensity of a four-wave mixing
signal at the frequency 2coi —co2 showed a sharp res-
onance for co1 ——co2 in the presence of collisions,
even though neither incident frequencies nor any of
their combinations were resonant with any atomic
transitions. The component of the population in

level
~
b) which oscillates at frequency co~ —co& in

the presence of two lasers of frequencies co1 and ~2
is now evaluated. ' Figure 2(a) shows the tuning of
the lasers. Equations (3a) —(3c) still describe the

FIG. 3. Illustration of the two-by-two destructive in-

terference between four coherent pathways in the genera-
tion of a pressure-induced degenerate frequency reso-
nance signal in four-wave mixing. The double arrows,
describing the induced coherence, are not drawn from the
ground state to explicitly show that, in the presence of
collisions, the excited state is energetically accessible for a
detuned laser.

time evolution of the system, but now the total elec-

tric field E is the sum of two incident fields E1 and

E2. Solving these equations to second order and

keeping the components that oscillate at coi —co2, we

get

2

(2) (2) ~ab (0) E,E
Pbb (1 O2) Paa (1 2) = paa2' (a)ba m2 ) yab )(Cuba CO1+i yab )

Y Y /
X 1 —2t +c.c.

(~1 ~2 Ybb )

A population grating is generated in the sample
from which a laser photon can be scattered off.
The intensity of the scattered signal at frequency

I

a,„t=2co1—co2 is proportional to the square of the
coherence induced in third order p,'b (2co1 —co2)
which is itself proportional to pbb' —p,','. As co1 is
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tuned around co2 in the presence of collisions, the
scattering efficiency has a resonant behavior. %'hen

co& ——co2, we obtain the results deduced before for a
one-laser experiment [cf. Eq. 16b)]. The second
term in parentheses can then be interpreted as the
collisional redistribution term due to the presence of
two laser beams. What is remarkable here is that
the resonance at co] ——co2 is not pressure broadened.
This provides a completely new technique to mea-
sure the lifetime of an excited state. It might not
always be possible or easy to measure the lifetime of
an excited state in the time domain. However, with
a four-wave mixing type of measurement, it is pos-
sible to avoid this problem and measure very fast
relaxation times in the frequency domain. This
technique has already been used by different groups
for measuring fast relaxation times in liquids and
solids. " If one is detuned by a quantity much
larger than the transition linewidth, it can be proven
that this technique gets rid of the inhomogeneous
linewidth. " We can understand physically the ori-
gin of this new resonance by realizing that in the
presence of collisions it is energetically possible to
access level

~

b ) even if lasers 1 and 2 are detuned
from resonance. A very narrow resonance of width

ybb is then expected. The double arrows of Fig. 3
illustrate the coherence generated up to third order
and also the two-by-two destructive interference be-
tween four coherent pathways. In order to indicate
more clearly that there is a transfer of real popula-
tion to the excited state, the arrows are not drawn
from the ground state. Our model has provided us
with a physical intuition of why an extra resonance
at co&

——co2 should appear in four-wave mixing exper-
iments in the presence of collisions and why the
linewidth of this resonance should be so narrow.

B. Pressure-induced extra resonances in four-wave
mixing (PIER 4)

Recently, a coherence was generated between two
nearby excited states in sodium in the presence of

collisions by tuning the difference of frequencies of
two lasers in correspondence to the separation of
two excited states, even though none of the lasers
were tuned on any one-photon resonances. ' This
is illustrated in Fig. 1(b). This gave rise to a Raman
resonance between two excited states. It will be
shown that this resonance is in fact closely related
to the Rayleigh-type of resonance in the excited
state we have just discussed. This provided the first
experimental evidence for the generation of a
coherent signal by an incoherent process. This sig-
nal was originally discussed in terms of correction
terms in the expression of the third-order suscepti-
bility tensor X' '. Similar types of signal were subse-

quently observed in liquids and solids. The fol-
lowing set of equations describes the time evolution
of the system:

~paa —i

Bt fi
[1 ~P ]aa +YccPcc +Ybbpbb ~

ebb —i=
~

[~,p]bb rbbpbb-
Bt fi

apcc i=
~ [~P]cc—YccPcc

Bt

Pab
& ~abPab ~ [ Prp]ab 'YabPab

Bt

a

()t
&~acPac [ 1 «P]ac Yacpab ~

(12a)

(12b)

(12c)

(12d)

(12e)

Pbc

3t
~~b,pb, [Vp]b——

Yb Pb— (12f)

y;; is the spontaneous emission rate from level i, and

y;J is the transition linewidth from level
~

i ) to level

i j) in the presence of collisions. The total complex
electric field is given by

E=Ei+E2
t(2t —k l. r ) t(2t —k

&
r )

8'&e 8'2e

2
+

2

Solving these equations to second order, we find

(2) PabPac (0) ( Pab +7ac Pbc
Pb =

2 Paa
4& ( -— + x-)( — —r.),—( — )+ r, (»a)

2
pab (0) E2~ 2 Yab Xab

Pbb =
2 Paa 2-2 +1+ s

4~ [icob C021 +Yab ], Yab

2
(2) ~ac (0) 1

Xac lac

4' [ice, —co)) +y„] Yac

(13b)

(13c)
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1 2 1

4) (d
2 1 1 out

FIG. 4. Illustration of the destructive interference be-

tween two coherent pathways in the generation of a
pressure-induced extra resonance signal in four-wave

mixing. The double arrows, describing the induced
coherence, are not drawn from the ground state to expli-

citly show that, in the presence of collisions, the excited
state is energetically accessible for a detuned laser.

The populations transferred in levels
~

b) and
~

c),
respectively, are mostly due to laser 2 acting alone
on level

~
b) and laser I acting alone on level

~

c).
If we only restrict ourselves to dephasing collisions
(quasielastic collisions), as has been done up to now,
and neglect all inelastic collisions, it is expected that
the coherence between levels

~
b) and

~

c) will be
maximum when co& and co2 are adjusted such that
co,b ——co& —cu2 and when both excited states move at
the same rate under the effect of a collision, given
that pbb=pcc and y„=0. This implies ycb

—ycb
=0 and gab —gab 7ac p„. For this particular
case,

~ pb,
'

~

is exactly equal to the product of po-
pulations in level

~
b ) and

~

c ) as can be seen from
Eqs. (13a)—(13c). This is a remarkable result
which shows clearly the role of collisional redistri-
bution in establishing a coherence between two ex-

cited states. In the more general case, we have

b,
'

~

&pbb'p,', ' and a simple knowledge of psb' and
p„' is not sufficient to evaluate the coherence be-
tween levels

~
b) and

~

c). As explained in Sec. II,
before and after each individual collision, we have

~ pb, ~
=p&bp«. But, when we average over many

collisions, we do lose this equality. As explained
before, the phases of each separate dipole under the
effect of collisions do not add up coherently. In our
experimental report of the observation of the gen-
eration of a PIER 4 signal in sodium, we had

Xbb Vcc ~ Paa 0~ Vab 3 ab Vac Xac

y,b
—y,q+0, due to fine-structure changing col-

lisions and possibly due to dephasing collisions if
levels

~
b) and ~c) are not shifted equally during a

collision. It should be noted here that even if the

C. Raman resonance between equally populated states

The energy level diagram of interest is shown in

Fig. 2(c). It is assumed that levels ~a) and
~

b) are
initially equally populated (p,', '=pbb' —=p' ') and the
two incident lasers are tuned such that
co& —cu2 ——cob, . co& might be detuned from the one-

photon resonance. No transition dipole moment ex-

ists between levels
~

a ) and
~

b ). The following set
of equations describes the time evolution of the sys-
tem:

ap =
&

[vp],+r,.p„,Bt
(14a)

coherence between two excited states can be calcu-
lated directly without ever calculating the popula-
tions in levels

~

b) and
~

c), it does not mean at all
that the population generated in the excited state
just plays a passive role. In fact, it is just because
there is a probability of finding atoms in the excited
states that coherence can exist between two excited
states. The third-order susceptibility is proportional
to pbc (601 N2) and a new wave at coo t=2coi —2

(2}

can be generated in the phase-matching direction in
the presence of collisions. An extra resonance in a
four-wave mixing experiment is expected for
~~ —co2 ——cocb. If co~ is fixed and if co2 is scanned,
one can probe the width of any excited state by per-
forming a quasidegenerate four-wave mixing experi-
ment (Fig. 3) or measure the transition linewidth be-
tween two excited states by performing a PIER 4
type of measurement (Fig. 4). The two effects are
intimately related since they have the same physical
origin: Without any collisional redistribution, there
~ould not be any extra resonance in four-eave mix-
ing experiments. There is a build-up of real popula-
tions in the excited states when a PIER 4 signal is
generated. Again here, strictly speaking, a col-
lisionally induced coherent signal is generated not
because collisions destroy the destructive interfer-
ence between two coherent pathways, but because at
the same time as collisions can supply or take away
the extra energy required to access a particular lev-

el, a coherence between excited states can be in-
duced by two lasers in the presence of collisions.
When collisions are introduced, it is not possible to
express the coherence between two excited states as
a linear superposition with pressure-dependent coef-
ficients of the two interfering coherent pathways
existing in the absence of collisions.
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ebb —i=
~ [Vp]bb+r.bp-at

~pcc

at

—l

&
[vpl- —(r;+r.b~p..

~Pab
i~abPab [ VrP]ab 1 abPabat

~pac . i
Bt

i~acpac [V~p]ac 7acpac i

abc . i
Bt

= —&rob.pb
— [~)plb 'Yb Pb—i

(14b)

(14c)

(14d)

(14f)

where I;~ describes the spontaneous emission rate
from level

~

i) to level
~
j). Here, and later in the

text, I;J rather than y;; is used to explicitly take
into account the different pathways for spontaneous
decay. The second-order coherence induced at
co1 —coz will have a resonant behavior as coz is
SCanned arOund the CO[ —CO2 ——Cuba reSOnanCe. The
resonant coherence induced in third order involves
the destructive interference between the two
coherent pathways shown in Fig. 5 and is propor-
tional to the second-order coherence induced at
QP1 —d)2.'

(2)( )
I acI bc (p] g . Vac Xbc 7ab( + — )

pab ~1 ~2 2 p 1 2 +~
[~b (~i —~»+—ir.b]

(~ca 1+~ Yac )(~ab 2 ~3 bc )-

The resonance at co1 —coz ——mba will be sharp unless

inelastic collisions play an important role or if the
two levels are not shifted equally under the effect of
a collision. Using Eqs. (5) and (15), one finds that a
four-wave mixing Raman-type resonance between

two equally populated states is possible if the excit-

ed state can decay or if collisions are intro-

duced. ' ' It should be stressed here that Eq. (15)
is not the complete expression for the coherence in-

duced in the medium at co1 —coz since the back-

ground contribution is not properly taken into ac-

count. One must also consider the nonresonant

contributions coming from pa', '(co1 —coz),

pbb'(~1 —coz), and p,', '(co1 —coz) which involve the
destructive interference between many more

coherent pathways. If one does so, the exact expres-
sion becomes much more complicated and for sim-

plicity will not be considered here. The introduc-
tion of other pathways of equal importance contri-
buting to the background should help in getting a
better fit to the experimental results of Bloembergen
and co-workers. ' In order to explain their mea-
surements, one would also need to consider the ef-
fect of optical pumping in more detail.

~paa —i (t)
[Vyp]aa+ 2 PI pump

—~a~aa+ I capcc

ebb —~ K (r)
[V,p]bb + 2 PI pump

Bt A (N»m& —Nbg )

—~b Pbb+ ~ bP

' [vp]„—(r,.+r,„)p„,
3t fi

~Pab . i

Bt
i ~ab pab iP ]ab 'Yabpab ~

(16a)

(16b)

ic&

D. Four-wave mixing from collisionally populated
excited states

1 1 out

Work on four-wave mixing from collisionally po-
pulated excited states has been reported. The ener-

gy level diagram of interest is shown in Fig. 1(d).
For simplicity, let us again neglect the inelastic col-
lisions. The following set of equations describes the
time evolution of each density-matrix element:

lb&

FIG. 5. In generating a Raman resonant signal be-
tween equally populated states, the two illustrated
coherent pathways interfere destructively and give a
resonant contribution for ~b, —cot —co&.
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~pac . i

Bt
iaiacpac ~p]ac Yacpac ~

(16d)

abc
Bt

i C—obcPbc —[—V Plbc Y—bcpb

The second term on the right-hand side of Eqs.
( 16a) and ( 16b) describes the collisionally assisted
transfer of population from the ground state to the
two nearest excited states. If we assume that this

transfer of population is relatively slow, we can
solve these equations to third order. If the popula-
tions in levels

~

a) and
~

b) stay sufficiently un-
equal, and if laser 1 is detuned from the cob reso-
nance, the major contribution to the induced coher-
ence at co,„,= 2'] —~2 for ~]—co2-co~ comes from
the interference of the two coherent pathways al-
ready shown in Fig. 5. The expression describing
the induced coherence at co,„,=2'

&

—co2 takes the
form

2 (0)
(3) Pbc' ac EiEiE2 paap„(2~,—~ )=

[abaca (~col c02l+ i%ac] [aiba (col c02l+ Yah ](abaca col+ Yac l

(0)
Pbb

[aiba (ccii —c02l+—i Y bl(ai b ai2 i1bcl
(17)

where p' ' and pbb' are obtained by solving the fol-
lowing two equations:

(0)
dpaa

dt

kpI pump ( t )
( p )

2
—~aapaa s

(pump ag )
( 1 8a)

(0)
dpbb kpIpump( ) (o)

Pbbdt (pump bg )
(18b)

This expression is similar to the one that was ob-
tained in Ref. 5. If inelastic collisions are progres-
sively introduced to equalize the population between
levels

~

a ) and
~

b ), the nonresonant contributions
from p (aii —co2l pbb (a~i F02 i an —p ~ (ail ai2I

(2) (2) (2)

become important at high buffer gas pressure and
shall also be included.

A physical explanation for the appearance of a
coherent signal in the presence of collisions is now

given. First, photons from the pump laser are ab-

sorbed off resonance, and two nearby excited states
are populated by a collisional redistribution process.
Then, as the population is increased in these two ex-
cited states and in the presence of two lasers of fre-
quencies co ~ and co2, a coherent anti-Stokes Raman
scattering signal of frequency co«, ——2~~ —co2 is gen-

erated in the phase-matching direction and in this
sense is triggered by collisions. In the absence of
collisions, no resonant enhancement of the four-
wave mixing signal for co«, =co„and m

&

—m2
——co~

is seen. Here again collisional redistribution plays a
central role in triggering the appearance of the new

resonance. From the point of view of nonlinear sus-

ceptibilities, it can be shown that the whole process
represented in Fig. 1(d) is governed by correction
terms in the expression of the fifth-order suscepti-

bility tensor X' ' with the same physical origin as
the correction terms in the expression of X' ' that
was just discussed. ' The experimental observation
of such a signal then constitutes a proof of the ex-
istence of correction terms in X'

E. Collisionally triggered two-photon
quasiresonant coherent signal

~paa —l [l p]-+f bapbbBt
(19a)

ebb —i
[ l,P]bb f'baPbb+ f' bP„, (l9bl

Bt

—l [l p]- l cbf cc— ( 19c)

~Pab . i
i~abp. b &[v,p].b Y.bp.—b, —

at

Bpa

at

abc
8t

l
iaiacpac [V~p]ac Yacpac & (l9el

fi

1

Pbc ~
[l P]bc Ybcpbc ~

The energy level diagram of interest is shown in

Fig. 1 (e). The first laser of frequency co
&

is tuned
off the one-photon resonance to the intermediate
state, the second laser producing co2 is tuned in the
vicinity of the one-photon resonance from the inter-
mediate state to the final state. The following set of
equations describes the time evolution of the sys-
tem:
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Some destructive interference between different
coherent pathways appears in second and third or-
der of the perturbative treatment. In particular,

I

destructive interference between coherent pathways
plays a very important role in the evaluation of pb, .
This coherence in third order is given by

Xab Xab

Yab

3

(3) 1 2 (0) EiEiE2
Pbc = I abpbcpaa

2A [tuba coll + Yah i[~ca i~l+~2l+ Yae1
r

[~ca ie—01+c02)+t Yae'1 'i Yb Yab
——'Yac l

X
(N b

—M2+iy~) —(]+~2)+&y
(20)

As before, when there are no collisions and if state
~

a ) is the ground state, the difference of damping terms

just vanish and no extra resonance appears for co2
——co,b. on the other hand, if we increase the pressure of a

buffer gas, a new resonance appears and a new coherent signal is triggered by collisions. The interfering

coherent pathways are shown in Fig. 6. Again, a new resonance occurs because of the transfer of real popula-

tion from the ground to the first excited state by a collisional redistribution process. If coi+cu2 is detuned

from the two-photon resonance, and if co&-cocb, then the coherence induced in third order between levels
~

b )
and

~

c ) in the presence of collisions becomes approximately equal to

(3) 1 2 (O)
( Yab j ab)~lab EiEi

Pbc 2g PabPbcPaa
E

(~,b —~2+iyb, )

=pbb ( laser1) —— —=pb, ,(2) Pa 2 —(i)

(CO b
—C02+iPb )

(21)

where pb,
'" is the coherence that would be estab-

lished in first order between level
~

b) and
~

c)
given that the starting population in level

~

b) is

just given by the collisional redistribution expres-
sion pbb (laser 1) due to laser 1 alone. This is a re-
markable result. It means that the collisionally in-

duced two-photon quasiresonant four-wave mixing
signal can be seen as a Rayleigh scattering from a
populated excited state, and that the signal generat-
ed can add up coherently in a direction given by the

phase-matching direction ( k
~
—k ( + k2 ——k,„t).

This direction can be different from the direction of
k2. This type of generation of coherent signal in

the presence of collisions is in fact the coherent
counterpart of the work done recently by
Grischkowsky and by Liao et al. on their study
of collisional redistribution using two-photon ab-

sorption with a nearly resonant intermediate state.
The role of collisional redistribution is crucial for
generating a new coherent signal. If we were to
consider the different process shown in Fig. llfl, we

would not see any new signal generated as we in-

crease the number of collisions because no pair of
coherent pathways interfere, or saying it differently,
because no collisional redistribution process goes on
for the particular represented situation.

IV. CONCLUSION

In this paper, it has been shown that collisions
can be used to trigger the generation of different

types of coherent signals. The induced coherence
describing the generation of such coherent signals
can always be broken up in two parts in a way such

out ~2 ~out 2 ~out ~2 ~out

jb)

FIG. 6. Illustration of the destructive interference be-
tween four coherent pathways in the generation of a col-
lisionally triggered two-photon quasiresonant coherent
signal. The double arrows, describing the induced coher-
ence, are not drawn from the ground state to explicitly
show that, in the presence of collisions, the excited state
is energetically accessible for a detuned laser. col ——co& but
kl is not necessarily equal to k '~.
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that the second part, involving new resonances, is
vanishing in the absence of collisions. All these
new signals arise from the fact that, in the
presence of collisions, it is energetically possible to
access excited states with a detuned laser and gen-
erate a coherence between these states. Once a
third-order coherence at 2ei —co2 is generated be-

tween two levels, and if the transition dipole mo-

ment between these two states is different from
zero, a new wave of frequency co,„,=2'~ —co2 can
be generated in the phase-matching direction. A11

these signals involve the transfer of real population
in the excited states by a collisional redistribution
process. It is important to realize here that similar

types of signals should also appear in solids. Of
course, it is necessary to replace the role of col-
lisions by phonons. Interestingly enough, it should
also be mentioned that since the requirement for
generating the collisionally induced coherent signals

is to create the possibility of energetically accessing
excited states with a detuned laser, we strictly do
not need to introduce collisions or phonons in the
physical picture. In fact, as can be seen from Eqs.
{4), {5), (11), (13a), and (20), similar types of signal
can also be generated in the absence of collisions or
phonons if one simply starts the wave-mixing pro-
cess from an initially populated state with a finite
lifetime. This gives a width to the initial level

which then makes is feasible to access, resonantly,
other states with a nonresonant laser.
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