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ABSTRACT

When three-photon atomic excitation is produced by two laser beams of an-
gular frequencies CJLI and u>n, which are crossed at an angle 9 , large cooperative
pressure dependent shifts can be produced in the peak position of the excitation
lineshape. By studying an experimental situation in xenon the theoretical predic-
tions are shown to be in precise agreement with experiment for several angles and
a wide range of pressures. The possibility of observing related shifts in nonlinear
processes (such as backward stimulated hyper-Raman generation) is discussed.

THEORETICAL RESULTS

In work1"5 published between 1980 and 1986 it was shown that when three-
photon resonant atomic excitation is attempted at elevated concentrations for a
transition which is electric dipole allowed in both one- and three-photons, a third
harmonic field is generated in the resonant medium which adiabatically follows the
three-photon coupling due to the laser field. This field has an amplitude and phase
such that a very complete destructive interference occurs between the coherent
pumping of the transition by the three-photon laser excitation and by one-photon
pumping due to the third harmonic field. As a result, the three-photon laser excita-
tion probability can be shown to be strongly suppressed. This cancellation persists
even when two (or three) different colors4 from separate broad bandwidth lasers are
used, or when any (2n+l)-photon (i.e., any odd-photon) resonant atomic excita-
tion is attempted2'5 for a transition that is electric dipole allowed in both one- and
(2n+l)-photons. This cancellation effect differs from most nonlinear phenomena in
being independent of the laser power density at low and intermediate power den-
sities. The only requirement is that the power density should not be so high that
saturation effects or large a.c. Stark shifts result.

In theoretical and experimental studies1"5 of the odd-photon cancellation ef-
fect it was shown that the interference is avoided if counter propagating laser beams
are used to carry out the excitation.1 With counter propagating beams the magni-
tude of the signals is consistent with excitation occuring due to two photons being
absorbed from one direction of propagation and one from the other, but with no
excitation occuring due to the absorption of three parallel photons propagating in
either direction. Ferrell, Payne, and Garrett6 utilized three-photon excitation with
counter propagating beams to study the selfbroadening of spectral lines. The use
of counter propagating beams seemingly subverted the destructive interference in
the excitation process and allowed excitation line profiles to be determined through



multiphoton ionization measurements. However, large unexplained violet shifts were
observed in the line position (about 70% of the full-width at half maximum of the
line width expected from theory) for all of the transitions studied. Our experimen-
tally observed shift was recently explained quantitatively by FViedberg, Hartmann,
and Manassah7'8 as being due to cooperative Lamb shifts9 as they manifest them-
selves in three-photon excitation with counterpropagating laser beams of a single
color.

In recent papers10"12 we have considered the collective shift in a treatment
which is similar to that of Ref. 8, but more general in that we treat cases involving
two I^ser beams of different frequencies uLi and u>£2 crossing at an angle 6. Both
2^£i + W£2 and 2w£i — w w modes of excitation were treated. We have shown10'12

that except for a small region within a few absorption lengths of the ends of the ex-
citation volume, the total pressure-induced shift A p in an elementally pure atomic
vapor or gas is made up of a contribution due to the sum of the Lorentz shift9

and a conventional collision-induced shift and a third contribution due to the col-
lective Lamb shift.7 Specifically, we find (neglecting depletion of the ground state
population)

dpn _

where,

where pu is the diagonal element of the density matrix corresponding to the pop-
ulation of the upper state, and
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Here, \LI and \L,2 are the vacuum wavelengths of the two lasers, u>u and wii are
the laser angular frequencies, N is the gas concentration, 6 is the angle between
the propagation vectors for the two laser beams, and Z?oi is the electronic dipole
matrix element between the ground state |0 > and the excited state |1 >. Where ±
appears, the choice of "+" corresponds to 2u>£,i + u>L2 excitation, while the choice
"—" corresponds to three-photon excitation by 2u>£i — w£2.

The validity of Eq. (1) depends on strong absorption being present at the
position of the shifted line. This in turn depends on 8 not being too small, and A&2
not being so large that KQ\TpLj(A2

P) < 1, where L is the length of the beam overlap
region. Tp is the half-width of the absorption profile at half-maximum.13 Once the
shift becomes too large the excitation efficiency drops very rapidly. Note that
when X[,2 » ^LI > Am<x the cooperative shift is much larger than the pressure
broadened width, i.e., Ap » Vp. Moreover, in addition to its dependence on
pressure and |Do,i |2 (or oscillator strength) the shift is also dependent on the relative



magnitudes of the wavelengths used in carrying out the three-photon excitation and
the angle between the two laser beams.

In reference (12) we have shown that for very large shifts - such that the far
wing absorption /S is no longer of the simple form /? ~ 2KQITP/(6I ) - Eq. (1) must
be generalized to

where

<*)

(3)

and Apm is the value of 6\ at which phase matching occurs with the unfocused
laser beams and /? is the absorption coefficient at the detuning 6\ ~ Apm . If
0 ~ 2K0iTp/(Sf)1 then Te// ~ Tp and the width and amplitude of the peak in R
is the same as in Eq. (1).
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Figure 1: Pressure dependent shifts in the three-photon excitation of the 5p6(J =
0) —• 5<f[l/2j(J = 1) transition in xenon for different angles between the beams at

and

All features of the cooperative shift phenomena predicted in References 10 and
12 for 2WLI +u>L2 excitation have been verified in a recent study by Garrett et. al.11

In Figure 1 we compare12 the measurements from Reference 11 to calculations based
on theoretical estimates of the exact position of phase matching. This relationship
between the position of phase matching and the collective shift only applies when
the shift is very large compared with the pressure broadened width of the absorp-
tion line. In earlier studies1"5 the prevailing view has been that the generation of
the interfering four-wave mixing field could be ignored when counter propagating
photons were used. We now know that this is not the case.8'10"12 Indeed it is the
interplay between the laser fields and FWM fields that produces the collective shifts



and cancellation effects. At elevated concentrations, the generated field influences
the three-photon excitation under all excitation geometries.

At the detuning where phase matching occurs, the FWM signal was shown12 to
provide far stronger pumping between states |0 > and |1 > than does three-photon
pumping due to the laser. On the other hand, at detunings near the unperturbed
resonance we have shown in Reference 12 that the FWM field provides a coupling
nearly equal, but 180° out of phase, to that of the laser at all points in space.
Consequently, three-photon cancellation occurs at and near the unperturbed res-
onance. If the absorption of photons at detuning <5i from the unshifted position
is given accurately by the wing-absorption expression /? = 2KOIT p/Sj, then when
Si corresponds to -the point where "phase matching" occurs, an excitation peak
appears. The peak has the same amplitude and pressure-broadened lineshape as a
shifted atomic resonance with the same oscillator strength. The peak is due to the
absorption of the FWM photons on the wing of the resonance line. In this limit
the peak in the line occurs at the detuning where the four-wave mixing is phase
matched. The lineshape is Lorentzian.

Figure 2: Energy level diagram denning the levels |0 >, |1 >, and |2 > and the de-
tunings #i and #2« The circumstance shown here is very favorable for the generation
of stimulated hyper-Raman radiation at frequency

COLLECTIVE SHIFTS IN STIMULATED HYPER-RAMAN GENERATION

Suppose, as shown in Figure 2, that a narrow bandwidth dye laser is tuned
near (but not onto) a two-photon atomic resonance in a high pressure inert gas.
Imagine that an additional weak electromagnetic wave at angular frequency OJHR

is introduced propagating either parallel or antiparallel to the laser beam. The
latter frequency is chosen so that 2WLI — **>HR resonantly pumps the three-photon
resonance between level |0 > and level |1 >. According to our previous discussion, if
the field at U>HR propagates parallel to the laser beam no excitation of level |1 > will
occur. However, if this wave propagates in the direction opposite to the propagation



direction of the laser, Eq. (1) predicts that the transition is pumped at a rate given
by

)

where fijjj *8 given by
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and (6 = TT)
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In Eq. (5), $% is one-half of tb.s two-photon Rabi frequency between states JO > and
state 12 >. The quantity ft^i is one-half of the one-photon Rabi frequency between
levels |2 > and |1 > due to the weak field at UHR- From energy conservation, every
time an atom is promoted from |0 > to |1 > a stimulated emission must occur at
the frequency U>HR- Thus, for each excited atom produced an additional photon
appears at UHR propagating in the direction of the original weak field. Consider
the change in the intensity of the weak field which occurs between z and z + dz. We
have

number of excited atoms produced

between z and z + dz per second = NRdz. (7)

per unit area of the beam

NRdz is also the number of photons at WHR generated per second per unit area
between z and z + dz. Multiplying by HUHR we obtain the change in the intensity,
ItiRt of the beam at angular frequency UHR in propagating from z to z + dz. Thus,

(8)

If we note that ftj^ = D2IEHR/(2%) we can write

\2

(9)I = Tnc

Letting /C21 = 2nu>HRN\D2i\2/(ch) and using Eqs. (4) and (5) we find

We have shown that a weak backward wave at U>HR
 1S amplified exponentially,

with the gain peaked at 61 = A/>. Ap is given by Eq. (6). Since the maximum
gain is at the shifted wavelength, the hyper-Raman wave starting from a hyper-
Raman scattering event will amplify fastest at the shifted wavelength. Aside from
the shift, the expression for the gain is identical to the result obtained using appro-
priate nonlinear susceptibilities and solving Maxwell's equations in a slowly varying
amplitude and phase approximation. The fourth wave was included in deriving



R and is responsible for the pressure dependent shift. In contrast, a weak field
at U:HR propagating in the forward direction produces no population in |1 >, and
therefore does not amplify. Thus, only a shifted backward stimulated hyper-Raman
beam should be observed. As proven previously14 there is no forward stimulated
hyper-Raman beam.

By using focused laser beams in xenon it should be possible to achieve effi-
cient stimulated hyper-Raman generation when the dye laser is tuned around the
two-photon resonance between the ground state and the 6p[l/2](J=0) state. This
resonance occurs at 249.6 run, where more than 2mJ of tunable output is achiev-
able with commercial lasers. Several lower states can serve as state |1 >, with the
6s[3/2)(J=l) state yielding the wavelength which is easiest to study. The wave-
length generated will be 827.6 nm. The shift generated here with 500 Torr of xenon
is Ap = —4.2 cm'1 , corresponding to the hyper-Raman wavelength shifting towards
the blue.
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