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Two-photon resonant nondegenerate four-wave mixing (NFWM) with the addition of a coupling field in Ba atomic

vapour has been studied. We find that coherence of the atomic level transitions leads to suppression of the NFWM

signal, giving rise to a dip with a linewidth that is linearly proportional to the intensity of the coupling field.
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1. Introduction

The influence of atomic coherence in nonlinear op-
tics has aroused much interest in recent years.[' 3! For
example, electromagnetically induced transparency
(EIT) can not only give rise to the transparent trans-
mission of stimulated radiation but also increase the
conversion efficiency without the need for strict phase
matching conditions. Agarwal and Harshwardhan!*
showed that in a ladder-type four-level system, two-
photon excitation may be selectively suppressed or en-
hanced by coupling the intermediate state to a higher-
excited state and creating interference among the
dressed-state transitions. Suppression of two-photon
absorption in Na and cold Rb atoms was reported by
Gao et all and Yan et al,l% respectively. There has
been much work on saturation in EIT. Shakhmura-
tov et all”l proposed theoretically that the width of
the transparency window could be made very wide by
saturation broadening. Krmpot et all8 experimen-
tally found that narrow EIT was possible only when
a probe was tuned to a closed transition and optical
pumping and saturation were dominant mechanisms.

Linewidth broadening is caused by several fac-
tors. The natural linewidth is due to spontaneous
radiation from the atoms, whilst Doppler broaden-
ing and collision broadening (pressure broadening) are
caused, respectively, by the motion of atoms and the
collisions between particles or between particles and

wall. There is also another type of broadening which
increases with increasing radiation intensity, and is
known as power-broadening (saturation broadening).
The change of linewidth can indicate many factors.
For example, Doppler-broadening is related to the
hole-burning effect and the Lamb dip. According to
the simulated line shape and linewidth we can deduce
many properties like the transverse relaxation rate and
transition dipole moment, thus spectral linewidth is
an important characteristic in spectroscopy. Javan et
all®! showed that for a relatively weak driving field
the EIT linewidth is proportional to the square root
of the intensity and is independent of the Doppler
width. In the limit of high intensity they recovered the
usual power-broadening case where the EIT linewidth
is proportional to the intensity and inversely propor-
tional to the Doppler width. Mikhailov et all'! re-
ported transmission linewidths for a weak anti-Stokes
component and generated a Stokes component dur-
ing resonant four-wave mixing in atomic Rb vapour.
Agarwal showed in his paper[* on inhibition and en-
hancement of two-photon absorption that, by using
a control laser to couple the intermediate state with
some other state, the medium can be made transpar-
ent instead of two-photon absorbing. It has also been
shown that field-induced quantum interference and
the consequent transparency effects can be exploited
to enhance nonlinear optical cross sections, decrease
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the switching threshold of optical bistability, realize
lasing without inversion, and increase the refractive
index. These ideas have also been used for quenching
spontaneous emission noise.

Recently, in our experiments on quantum inter-
ference and two-photon resonant nondegenerate four-
wave mixing (NFWM) in Ba atomic vapour'*=13] we
observed suppression and enhancement of the signal
as a result of the atomic coherence between the Ry-
dberg 6s19d state and autoionizing 6p19d state. In
this paper we report further atomic coherence effects
in a similar NFWM setup (see Fig 1(a)) for the Ba
system, wherein resonant NFWM signal dips appear
due to the strong coherence induced by a coupling
field. Suppression of the NFWM signal occurs be-
cause of the coherence between the level transitions
induced by the coupling field, and we find that the
width of the dip is proportional to the intensity of
the field. Based on this type of resonant excitation
in a cascade four-level system, highly excited atomic
states can be studied with high sensitivity. The tech-
nique is Doppler-free when the incident lasers have
narrow bandwidths. Most importantly, our method
can measure transitions between two highly excited
atomic states which have long radiative lifetimes so
that a direct detection of the fluorescence is difficult.
It is thus an effective spectroscopic tool for studying
atoms in a highly excited state or highly angular mo-
mentum state.

2. Basic theory

Let us consider a four-level system in the cascade
configuration (Fig.1(a)), where states |0) and |1), |1)
and |2) and |2) and |3) are coupled by dipolar tran-
sitions with resonant frequencies 21, (% and {23 and
dipole moment matrix elements 1, e and us, respec-
tively. We first consider two-photon resonant NFWM
in the |0)-|1)-|2) three-level cascade system with the
geometry shown in Fig.1(b), Here beams 2 and 2’
have the same frequency ws and a small angle between
them; beam 1 with frequency w; propagates in the op-
posite direction to beam 2. We assume that wy ~ (4
and wy ~ X, so that w; and wy drive the transi-
tions from |0) to |1) and |1) to |2), respectively. In
this case, the simultaneous interactions of atoms with
beams 1 and 2 will induce atomic coherence between
states |0) and |2) through two-photon excitation. This
coherence is then probed by beam 2/, and as a result
an NFWM signal beam of frequency w; is generated,

along a direction approximately opposite to beam 2’.
To study the coherence in this system, we apply a cou-
pling laser (beam 3) of frequency ws (=~ £23), which can
propagate either along or opposite to the direction of
beam 2, to drive the transition from |2) to [3). As a
result, in the bare-state picture, atomic coherence is
induced between states |0) and |3).
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Fig.1. Energy-level diagram for two-photon resonant
NFWM with a coupling field. (b) Schematic of two-photon
resonant NFWM with a coupling field.

Let Ay’ represent the various detunings: A; =
D —wy, Ay = (b —we, A3 = (3 — ws3. After a
canonical transformation the effective Hamiltonian is
expressed as

H = A1) (1] + B(Ay + A)[2)(2
+ R(A1 + Az + A3)[3) (3] — (u1 £1|0)(1]

B 2]+ s Eal2) (3 + Hee). (1)
Here, E1 = e1e'*1'", Ey = gqcik2m 4 a’geiké"’ and
Es = e3¢k are the complex incident laser fields

with frequencies wi, ws and ws, respectively; while
ki, ko, K, and ks are the wave vectors of beams 1,
2, 2/ and 3, respectively. The nonlinear polarization
| Pr| responsible for the two-photon resonant NFWM
signal is proportional to the off-diagonal density ma-
trix element p19. We will assume, as usual, that the
field amplitudes €1, €2 and &}, are weak, whereas the
coupling field €3 can be of arbitrary magnitude. Thus
p10 needs to be calculated to the order of &1 g2 &),
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but to all orders in €3. This can be done using den-
sity matrix equations with relaxation terms properly

Gng(GIQ *[I(Al + Ag + A3) + I‘go]exp[i(kl + ko — klz) . ’l"]

included

dp i dp
1=+ () @)

‘We obtain

pro(r) = —i(

where I, is the transverse relaxation rate between
states [n) and |0) and n = 1,2 or 3; the G’s denote
the coupling coefficients G1 = p1e1/h, Ga = psea/h,
Gl = pgeh/h and Gg = pses/h. According to Eq.(3),
the NFWM phase conjugate signal propagates along
the direction ki + ko — k5. The signal intensity is
proportional to |Pr|, which is independent of the di-
rection of the coupling field k3. In other words, the
application of a coupling field does not affect the
phase matching condition of the two-photon resonant
NFWM. We study the change of the signal linewidth
when Aj is scanned. If Ay + Ay = 0, then

_ G1GaGYP? ()
(AT TR TS

|G1G2G5|* I’y

JA— )
(A + I'fp)? (2030 + |G3|7)?

Imax

The linewidth is dw = 2% + 2G3/ I}y, which will in-
crease with the intensity of laser ws. The atomic tran-
sition line shape will change with the relevant parti-
cle population through stimulated radiation or absorp-
tion, so the field intensity induces linewidth broaden-
ing, i.e., power broadening (or saturated broadening).
If we take states |2) and |3) as a two-level atom system
with a coupling field, then from the power broaden-
ing equation: dw’ = (I'}2 + G2)'/2, we find that the
linewidth of the NFWM signal is wider than that due
to power broadening alone.

3. Experimental Results

The experimental setup is shown in Fig.2. Bar-
ium vapour is contained in a stainless-steel heat-pipe
oven with argon as buffer gas. The oven tempera-
ture is 660° C and the pressure 133.32 Pa. Here the
ground state 6s% (|0)), intermediate state 6s6p (|1)),
Rydberg state 6snd (|2)) and the doubly excited au-
toionizing Rydberg state 6pnd (|3)) form a folded four-

)
1A +T10)2{[i(A1 + Az) + Too][i(A1 + Ag + Az) +Tg0] + G52}

level system (see Fig.1(a)). Three dye lasers L1, L2
and L3, which are pumped by the second harmonic
of a Quanta-Ray Nd:YAG laser, have a linewidth of
0.007 nm, pulsewidth 5 ns and repetition rate 10 Hz.
All the incident beams are linearly polarized in the
vertical polarized direction and are focused to a spot
approximately 2.0 mm in diameter at the oven. Laser
L1 is tuned to 553.5 nm, the wavelength of the 6s% 'Sy
6s6p 'P; transition. The beam from laser L2 is split at
the beam splitter BS1 into beams 2 and 2/, which then
intersect in the Ba vapour at a small angle of 0.5° to
drive the transition from 6s6p 'P; to 6snd 'Dy. Laser
L3 is scanned in the vicinity of the 6s/,-6ps/o res-
onance lines of the Ba™ ion (A3 ~ 455 nm) to reach
the 6p3/ond autoionizing states. The phase conjugate
signal beam passes through beam splitter BS3, which
transmits 50% at 553.5 nm, and is detected at the
photodiode PD. The mirrors M are all high reflectors.
In the experiment, the single pulse energies of beams 1
and 2 are < 1uJ and 0.06mJ, respectively, while that
of laser L3 is about 0.04mJ.

zj;
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Fig.2. Experimental setup. BS’: beam splitters; M’: mir-
rors; PD: photodiode.

We first obtain the two-photon resonant NFWM
spectrum by fixing wy and scanning ws over the whole
tunable range of the second dye laser L2, which shows
the Rydberg series of Ba. To avoid strong absorption
at the resonant frequency of the transition from 6s?
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1Sy to 6s6p 'P1, the wavelength of L1 is detuned from
exact resonance by 0.06 nm. We then set the wave-
length of L2 at Ao ~ 426.8 nm to excite the Rydberg
state 6s17d Dy, and scan ws in the vicinity of the
6s1/2—6p3/2 resonance lines of the Bat ion. Figures
3(a), 3(b) and 3(c) show the NFWM signal intensity
as a function of As at exact two-photon resonance,
ie. Ay 4+ Ay = 0 for different coupling field inten-
sities. As can be seen, the signal intensity is sup-
pressed when the frequency of the coupling laser L3
is scanned across the resonant frequency of the 6s17d
'Dy-6p3/217d transition. This is mainly caused by the
interaction between the coupling field and four-wave
mixing.

In our experiments the contribution from the
Doppler effect to the linewidth of the dip in Fig.3(a)
is only 0.05 cm™!, so it can be neglected in our data
analysis. On the other hand, the influence of the laser
linewidths has to be considered. According to Ref.[14]
the transverse relaxation rates I',o in Eq.(3) should be
replaced by I'lg = I'o + a1, Ty = I'a0 + an + a2 and
I'ly = I'sp+ a1 + ag + as, where ai, az and ag are the
linewidths of lasers L1, L2 and L3, respectively. First,
through fitting of the two-photon resonant NFWM

spectrum, we obtain I'j; = 0.7 cm™!.

This value is
mainly due to the laser linewidths because the life-
time of the Rydberg state 6s17d 'Ds is of the order of
us. We then use Eq.(3) to fit the As-dependence spec-
tra in Figs.3(a), 3(b) and 3(c). The solid curve is the
theoretical curve with the following parameters: |Gs|
=16 cm™', 2.0cm™, 3.4cm™!, A; + Ay = 0 em ™!,
I'yy = 0.7 cm™!, and '}y = 20 cm ™. Here the trans-
verse relaxation rate between |0) and |3) is dominated
by the autoionization rate of the state 6p3/217d. It is
worth mentioning that although lasers of pulse-width
Tp = b 1s are used in our experiment, since I, 7, > 1,
the steady state solutions are valid for analysing our
experimental results.

The dependence of the resonance dip linewidth
on the intensity I3 of the coupling field is shown
in Fig.3(d), where the dots are experimental data
and the solid line is the theoretical simulated curve
y = 40 + 32z.
and that the dip linewidth broadens linearly with

We can see that the error is 5%,

the increase of the field intensity. From the equation
Sw = 2%, + 2G3 /Iy, we see that the linewidth dw is
mainly dependent on I}, but also varies with |G3|?,
which is proportional to the coupling field intensity I3.
Hence as the intensity I3 increases, the dip linewidth

broadens and, moreover, small dips become evident

on both sides, as can be seen in Figs.3(b) and 3(c).
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Fig.3. NFWM signal intensity as a function of Az at
exact two-photon resonance with (a) I3 = 0.2 mW, (b)
I3 = 0.4 mW, (c¢) Is = 1.0 mW, (d) dip linewidth as a
function of the intensity of laser L3.

To study the origin of these small dips we per-
form a four-wave mixing experiment with beam 1 of
frequency w; but with beam 2 replaced by beam 3
of frequency ws. The NFWM signal obtained while
scanning ws is shown in Fig.4(a) as the bottom dot-
ted curve. The top curve is the expanded spectrum of
the NFWM signal in Fig.3(c) with ws as the coupling
field. We see that there are small dips which corre-
spond to the peaks in four-wave mixing signal with
frequencies wy; and w3z for transitions between 6s6p
and 6sn’d or 6sn’s, where n’ is the principal quantum
number of one of the two outer electrons. This can be
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understood by referring to Fig.4(b) where the coupling
beam can stimulate not only the 6snd (|2))-6pnd (|3))
transition to induce atomic coherence between |3) and
|0) but also other 6s6p (|1))-6sn’d (|2')) transitions to

.
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Fig.4.

induce atomic coherence between |2’) and |0) resulting
in suppression of the NFWM signal. Because 6s6p is
the autoionizing state, the dip is wider than those for
the 6snd and 6sn’d Rydberg states.
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(a) NFWM spectrum with coupling field (top curve) compared with the NFWM signal obtained with beam 3 (w3)

substituted for former beam 2 (w2) (bottom curve), as A3 is scanned. (b) Energy level diagram illustrating (a).

4. Conclusion

In conclusion, by studying two-photon resonant
NFWM in Ba vapour with a coupling field we have
observed that the linewidth of the four-wave mixing
signal is proportional to the intensity of the coupling
field. We have also given a comparison between the
NFWM signal with a coupling field and the NFWM
signal with beams of frequencies w; and w3, demon-
strating that the suppression of the signal is caused by
atomic coherence induced by the coupling field. This
method can be used as an effective spectroscopic tool
to study atomic energy levels with several advantages.
First, the phase matching conditions are not so strin-
gent and can be achieved over a very wide frequency

range. Second, this technique is Doppler-free when
the incident lasers have narrow bandwidths, because
if wy is within the Doppler profile of the transition
from |0) to |1), then only atoms in a specific veloc-
ity group will contribute to the signal. Third, due to
the coherent radiation of signal and coupling field be-
low saturation, we can study small transition dipoles.
Most importantly, our method can measure the tran-
sition dipole moment between |2) and |3), which have
such long radiative lifetimes that a direct detection of
the fluorescence is difficult. Since G3 = uses/h, us can
be determined if the coupling field spot size and power
are accurately measured. It also has the advantages
of free choice of interaction volume, excellent spatial
signal resolution and simple optical alignment.
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