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An experimental and theoretical study of magnetic-field-induced sum-frequency mixing in sodium va-
por has been carried out using two single-frequency, continuous-wave dye lasers as the sources of the
fundamental radiation. In addition to the usual two-photon resonant enhancement of the three-wave-
mixing nonlinear-optical process, the use of near- or on-resonant single-photon transitions for further
resonant enhancement was investigated. The macroscopic phase-matching behavior of the sum-
frequency mixing was examined with the intermediate states off resonance. Experimental and theoretical
results are presented to illustrate the differences that occur between the coherent quadrupole emission
and the incoherent cascade fluorescence when the intermediate states in the two-photon absorption are
resonant. Control over the single-photon resonant enhancement and the sum-frequency-mixing phase
matching was achieved to increase the power conversion efficiency to 1.2X 107°.

PACS number(s): 42.65.Ky, 32.80.Wr

I. INTRODUCTION

A normally isotropic atomic vapor can be used as a
nonlinear medium for second-order nonlinear-optical
processes if some technique is used to break the symme-
try of the vapor [1]. This has previously been achieved
by using an external transverse electric [2—9] or magnetic
field [10-20] applied to the vapor, excitation with high-
power laser pulses [12,21-29], or by using a noncollinear
beam geometry [11,13,30-33]. We have used a trans-
verse dc magnetic field to remove the isotropy and have
studied high-resolution, collinear sum-frequency mixing
(SFM) in sodium vapor with the nonlinear process reso-
nantly enhanced by both single- and two-photon transi-
tions in the sodium atom. Figure 1 shows the excitation
scheme, the sodium energy levels which are utilized for
resonant enhancement, and the wavelengths of interest.

Previous reports of magnetic-field-induced three-wave
mixing have concentrated on second-harmonic genera-
tion (SHG) [12,15,17-20], although SFM [11,13,14] and
difference-frequency mixing (DFM) [10] have also been
demonstrated. Generally in these processes, a resonant
two-photon absorption in the atom creates coherent
quadrupole moments that oscillate at the sum or
difference frequency but these radiate perpendicularly to
the beam propagation direction and power is not
transferred to the sum- or difference-frequency wave.
The transverse magnetic field splits the magnetic sublev-
els of the atomic levels via the Zeeman effect and rotates
the quadrupole moments to allow collinear generation of
the second-harmonic, sum-frequency, or difference-
frequency beam. The magnetic-field-induced SHG pro-
cess in sodium vapor has been studied in detail by Sin-
clair and Dunn [19,20]. They were able to examine the
influence of atomic selection rules and line-broadening
processes on the nonlinear-optical effect by using an
atomic vapor as the nonlinear medium and continuous-
wave (cw) single-frequency laser excitation, which al-
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lowed the microscopic properties of the SHG process to
be investigated with well-defined laser and atomic param-
eters.

We extend their work here to examine SFM and the
role of the resonant or near-resonant 3P intermediate
states in the 3S-4D two-photon absorption and in the
parametric emission. We utilize additional single-photon
resonant enhancement to increase the magnitude of the
effective second-order nonlinear coefficient in the sodium
vapor. The advantage of increasing the two-photon ab-
sorption cross section through single-photon as well as
two-photon resonant enhancement was experimentally
studied by Bjorkholm and Liao in the early investigations
of two-photon spectroscopy [34]. They showed that
when the laser frequencies were also tuned close to
single-photon resonance, an increase in the two-photon
cross section of over seven orders of magnitude could be
obtained compared to degenerate frequency excitation
[35]. With the 3P sodium states exactly on resonance, the
two-photon spectroscopic line intensities were over 10°

SP,——

FIG. 1. Schematic diagram of the sodium energy levels of in-
terest for the SFM study. The fundamental visible optical
waves are at wavelengths A, , and the generated ultraviolet wave
is at wavelength A,;. Cascade fluorescence from the 4P and 5P
states is used to monitor the atomic population.
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times larger than for equal-frequency two-photon excita-
tion [36]. With resonant intermediate states either copro-
pagating or counterpropagating beams could be used for
excitation with no loss of resolution in the spectrum.
This on-resonance two-photon spectroscopic technique
subsequently allowed weak transitions to be probed [37]
and detailed collisional effects to be measured [38,39].
For magnetic-field-induced SFM, however, the advantage
of obtaining a large y'® second-order susceptibility
through additional single-photon resonant enhancement
is offset against the requirement to phase-match the
nonlinear-optical process. The refractive index of the
sodium vapor becomes significant even at low particle
densities when one of the fundamental laser frequencies is
tuned close to single-photon resonance and this disper-
sion determines the SFM phase-matching behavior and
overall power conversion efficiency.

In Sec. II we develop a semiclassical cascade three-
level atomic model to illustrate the important contribu-
tion of homogeneous atomic dispersion effects when the
intermediate states in the two-photon absorption are res-
onant. The model also predicts the microscopic response
of the coherent SFM emission for this condition. In con-
trast to previous theoretical treatments of two-photon ab-
sorption [40-43] or coupled Doppler-broadened transi-
tions [44,45], it is the coherence between the final- and
ground-state atomic levels which drives the quadrupole
moments that is mainly of interest here, rather than the
final-state population which provides the spectroscopic
information.

The experimental results for magnetic-field-induced
SFM with the intermediate states either nonresonant or
resonant are presented in Sec. III. We examined both the
microscopic and macroscopic behavior of the SFM, al-
though the two are connected when the intermediate
states are resonant. For this case, the experimental re-
sults are compared with features of the three-level atomic
model and we also discuss the effects of velocity-selective
excitation, optical pumping, and saturation, which play a
significant role in the magnetic-field-induced SFM pro-
cess.

II. THEORY

Although the semiclassical model of a cascade three-
level atomic system interacting with two resonant light
fields has been considered before in connection with two-
photon spectroscopy [40-43], we briefly discuss the mod-
el to predict the behavior of the magnetic-field-induced
SFM in this atomic system. We consider the situation
shown in Fig. 2, where copropagating laser beams of fre-
quencies w; and w, interact with a three-level atom with a
ground state |1) of energy &,, an intermediate state |2)
of energy 6,, and a final state |3) of energy 5. The laser
beams have electric fields described by

E(z,t)=1E,)expli(w;t —k;z)]+c.c., (1)

where j=1,2 and ;7 ®,. The laser beams must propa-
gate in the same direction since the SFM phase-matching
condition k; =k, +k, is difficult to satisfy for counterpro-
pagating beams. The atomic levels are connected by the
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FIG. 2. Schematic three-level atomic system used for the
theoretical model.

dipole matrix elements.
(1|p]2) =p,7#0,
(2|nl3) =ppn7#0, )
(1|pxl3)=0,

where pu is the dipole operator. There is a quadrupole
coupling but no dipole coupling between the final and
ground states and the weak quadrupole matrix element is
assumed here to be negligible. The Rabi frequencies for
the two dipole transitions are defined by

uE,
Sl Conk 3
a P (3)
and
UnE,
= 4
B 7 (4)
The atomic transition frequencies are given by
Q;=(6;,—6,)/%, (5)

where Q, <Q,;. The frequencies of the two light fields
are chosen so that w,;=Q,, w,=~Q,3;, and w;+w,=Q;.
This ensures that each light field only interacts with one
of the dipole transitions and that only the sum frequency
can excite the two-photon resonance. The exact detun-
ings of @, from single-photon resonance and w; +w, from
two-photon resonance are given by

A=Qp—w,tkv, (6)
and
A =Q (0, tw,)+(k +ky), , (7)

respectively, where v, is the velocity of a particular
homogeneous atomic group viewed along the light-
propagation direction Z. These velocity-selective detun-
ings account for the inhomogeneous Doppler broadening
of the optical transitions.

A density-matrix treatment of this system, which is
valid in all powers of the amplitudes of the two applied
fields and includes all saturation effects, can be used [46].
This is necessary for a model of magnetic-field-induced
SFM since, in general, the optical-field strengths will
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exceed the saturation intensities of the atomic dipole
transitions when the intermediate state is resonant. The
time development of the density matrix p is given by [47]

ifip=[H,p]—T(p—py) , (8)

where I' represents the relaxation processes and the
Hamiltonian H is composed of the free-atom Hamiltoni-
an H,, which can include the effect of the external mag-
netic field, and the electric dipole Hamiltonian H/,

H,=—p-El(z,t), 9)

where p is the dipole moment of the atomic transition.
The oscillations of the density-matrix components at op-
tical frequencies are removed by transforming the off-
diagonal elements p;; to the slowly varying operators p;,
where

pi=pPpexplilo+kz)],
p23=paexplilwyt +k,z)], (10)
pi3=puexplilo,+ )t +(k,+ky)z] .

Solving the time-dependent equation for the slowly vary-
ing operators g and using the rotating-wave approxima-
tion to remove rapidly oscillating terms gives the system
of density-matrix equations

pu=ia(py—pi)—Tulp—pt) , (11a)
Pr=ialpy,—pa) +iB(Py—pu)—Tulpr—p%)

(11b)
P33 =iB(p1,—P3) —Ti3lp33—p33) (11c)
Pr=—i(A =il p)pptialpy—pi)—iBps (11d)
P23 = —i(By— A —ily3)pp3+iB(ps3s—pyy) tiapys

(11e)
pi3= —i(A—iT )P —iBp1atiapy; - (11f)

The terms p% represent the population of the atomic lev-
els under thermal equilibrium and in the absence of the
applied light fields. For moderate temperatures and opti-
cal atomic transition frequencies, the thermal populations
are

0
1

Phi=1, pH=p%=0. (12)

Population can be conserved in the three-level model by
defining

putpntp;=1 (13)

and the relaxation rates of the off-diagonal elements are
given by

r;=HC;+T;), (14)

where I';; and I';; are the decay rates for the atomic pop-
ulation in states |i) and |j). This assumes that the
phase-disturbing collisions are weak [48]. The degree of
single-photon saturation produced by the optical fields is
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where I is the optical intensity, I, is the saturation in-
tensity, and A is one of the single-photon transition Rabi
frequencies as defined in (3) and (4).

The steady-state solutions to the density-matrix equa-
tions, which are required for calculating the response of
the atom under cw laser excitation, are found by setting
all of the time derivatives equal to zero. Analytical solu-
tions to the steady-state equations have previously been
derived [40] but the complexity of the solutions is such
that little physical insight is gained from them [46]. We
chose to numerically solve the steady-state density-matrix
equations and included Doppler broadening by integrat-
ing the solutions over the usual Maxwellian velocity dis-
tribution

f,)=(M 2wk T)?exp(—Mv?/2kyT) , (16)

where M is the atomic mass, T is the absolute tempera-
ture, and kp is Boltzmann’s constant. The numerical
values for the relaxation rates, Rabi frequencies, and laser
detunings were chosen so that the parameters appropri-
ate to the SFM experimental conditions could be used in
the calculations.

The quantities of interest in this three-level model are
not only the induced coherence |p,;|> between the final
and ground states which drives the quadrupole moment
for coherent SFM emission, but also the refractive index
experienced by the interacting waves in the atomic vapor
which influences the phase matching of the nonlinear-
optical-mixing effect. The refractive index for the sum-
frequency wave is assumed to be constant and equal to
unity since the quadrupole transitions are weak and the
wavelength is far from any single-photon transitions in
the sodium atom. However, there are significant contri-
butions to the refractive indices for the two fundamental
waves when the intermediate states are resonant or near

resonant. These can be expressed in the form
n(w)=1+x'(w)/2 as [47]
AN 12#%2RCP12
=~l+—, 17
n(w,) 2e i 17)
AN,3u53Rep;;
=l+— 18
n (0)2 ) 250 ) > ( )

where AN,; is the atomic-population difference between
atomic levels 7 and j.

We give two examples of typical numerical solutions to
the density-matrix equations to illustrate the important
differences that occur for the SFM nonlinear effect when
the intermediate state is off and on resonance.

a. Intermediate state off resonance. This is the condi-
tion for magnetic-field-induced SHG and usually also for
two-photon spectroscopy. Figure 3 shows the calculated
density-matrix elements for laser frequency w; held at a
fixed detuning of 10 GHz from the ground-to-
intermediate-state single-photon resonance, outside the
single-photon Doppler width of =~1.5 GHz, and as laser
frequency w, is tuned through the two-photon resonance.
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As expected, the final-state population line shape is also
Doppler broadened, since the two laser beams are copro-
pagating, and has a half width of =~3.5 GHz due to the
combined inhomogeneous widths of the ground and final
atomic states. The intermediate state has essentially no
influence on the resolved width of the two-photon reso-
nance. The final-ground-state coherence has a similar
Doppler-broadened width due to all homogeneous atomic
velocity groups being equally excited by the two-photon
absorption, which is in agreement with the experimental
SFM and SHG results. Figure 3 also shows that there is
a small but well-defined inhomogeneous refractive index
change for the beam at frequency w, due to the induced
two-photon absorption [49,50].

b. Intermediate state on resonance. Bringing the inter-
mediate state on resonance significantly alters the behav-
ior of the atomic system to the applied light fields. This
is shown in Fig. 4 for the case where laser frequency o, is
detuned 0.25 GHz from the center of the single-photon
Doppler width so that real population is excited into the
intermediate atomic level. This population mainly results
from velocity-selective excitation of the particular homo-
geneous velocity group which is Doppler shifted to be ex-
actly on resonance with ;. This is the well-known hole-
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FIG. 3. Calculated variation of (a) the final-state population,
(b) the final-ground-state atomic coherence, and (c) the refrac-
tive index for w, with detuning from two-photon resonance. In-
termediate state detuned by A; =10 GHz, «=0.001, =0.001,
I';,=0.02, T'3;;=0.05, T=423 K.
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FIG. 4. Calculated variation of (a) the final-state population,
(b) the ground-state population, (c) the refractive index for w,,
(d) the refractive index for w,, and (e) the final-ground-state
atomic coherence with detuning from two-photon resonance.
Intermediate state detuned by A;=0.25 GHz, a=0.0224,
B=0.028, T",,=0.02, T";;=0.05, T=423 K.
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burning effect in an inhomogeneously broadened transi-
tion [51]. The velocity selection produces a Lorentzian
distribution of population in the intermediate level which
influences the final-level population line shape as w, is
tuned to complete the two-photon resonance. The
linewidth of the final-state population distribution is
determined by the homogeneous linewidths of the inter-
mediate and the final states, both of which are power
broadened in this example due to the optical-field
strengths being larger than the single- and two-photon
saturation intensities. The absolute frequency of the
two-photon resonance occurs at A,~0.49 GHz due to
the residual Doppler shift of the excited homogeneous
atomic group. These effects are fully discussed in Sec.
III B, where the experimental magnetic-field-induced
SFM results are presented.

The final-ground-state coherence also displays a
Lorentzian line shape and is centered at the same two-
photon resonant frequency as the population in the final
level, indicating that the velocity-selected atomic group
also provides the main contribution to the coherence.
This result is interesting because it appears to contradict
earlier theoretical work [52] in which this coherence term
is also calculated and in which it is concluded that the
coherence must vanish due to the velocity averaging over
the inhomogeneous Doppler components. Our calcula-
tions and experimental SFM results oppose this previous
conclusion that only DFM is possible in a coupled three-
level atomic system.

Figure 4(b) also shows the modifications that occur in
the ground-state population when w,+w, is two-photon
resonant due to excitation of velocity-selected population
through the intermediate and final atomic levels. The en-
suing refractive index variations for frequencies w; and
@, are shown in Figs. 4(c) and 4(d). These narrow,
frequency-dependent variations in the refractive index
modify the overall phase-matching condition for the
magnetic-field-induced SFM, which produces a modula-
tion in the SFM power across the coherent line profile.
To illustrate this, consider the phase mismatch Ak given
by

Ak =ky—ky —kym — 27 | 220 | An(@2)
ke — ko 2o — 27
3 1 2 k] }\'2
= Ak, +Ak, (19)

where n =1+ An is the refractive index as given in Egs.
(17) and (18). For collinear plane waves, the dependence
of the generated SFM power on the phase mismatch is
(53]

L%sin*(AKL /2)
(AKL /2)?

where L is the effective interaction length for the
nonlinear-optical effect. We assume that Ak,L /2~3.0
for our experimental interaction lengths and estimated
refractive index for @, in the sodium vapor when v, +,
is not two-photon resonant. The additional phase
mismatch produced by Ak, and further Ak, when
®;+, is tuned through the two-photon resonance varies

Plo;+w,) ) (20)

12
104

SEM Power 84

(arb. units)

0 T T
-0.5 0 0.5 1

Detuning A , (GHz)

FIG. 5. Calculated final-ground-state atomic coherence in-
cluding the effects of phase matching. Parameters are the same
as for Fig. 4.

the generated SFM power according to Eq. (20). The
product of the mismatch factor due to the refractive in-
dex changes and the magnitude of the coherence |p5|® is
proportional to the SFM power and is shown in Fig. 5,
where an induced subhomogeneous dip is now apparent
on the line profile. This feature does not appear on the
incoherent final-level population p;; line profile since
phase matching does not affect the atomic populations.

III. EXPERIMENT

Our experimental apparatus consisted of two cw
single-mode  frequency-stabilized ring dye lasers
(Spectra-Physics 380D, Coherent 699-21) whose un-
focused beams (=4-mm diameter) were combined and
passed collinearly through a heat-pipe oven containing
the sodium vapor and argon buffer gas. The effective in-
teraction length defined by the vapor column was 10 cm.
The oven was typically operated at a low temperature of
~120-130°C and with buffer gas pressures of =1 mbar.
Magnetic fields of up to 0.4 T could be applied trans-
versely to the oven using an electromagnet which had
10-cm-long pole pieces. The 330-nm cascade fluorescence
from the 4P states, which monitored the population ex-
cited into the 4D states, and the coherent SFM emission
at 289 nm were detected with filtered photomultiplier
tubes (Hamamatsu R212 and R166UH, respectively, with
two Corning 9863 filters). A monochromator was used as
a wavelength-selective filter when detecting the SFM ra-
diation to discriminate against a strong fluorescent signal
at 285 nm that was apparent on two-photon resonance
when the intermediate 3P states were also resonant. We
attributed this signal to collisional-induced population of
the 5P sodium states from the laser-excited 4D-state pop-
ulation, and subsequent spontaneous emission to the 3S
ground states. The absolute frequency of the laser beam
tuned close to the 3S-3P single-photon transitions was
calibrated via saturated absorption spectroscopy in a
separate sodium cell. The scan of the second laser beam
through the two-photon-enhancing 4D states was cali-
brated by monitoring the transmission of a temperature-
stabilized confocal interferometer with a free spectral
range of 250 MHz. For most of the experiments, phase-
sensitive detection was used to improve the single-to-
noise ratio.
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A. Intermediate states off resonance

1. Microscopic effects

As anticipated for this detuning case, the magnetic-
field-induced SFM displayed microscopic behavior simi-
lar to that of magnetic-field-induced SHG. For each par-
ticular selection of w; and w,, a coherent signal at 289.4
nm was only detected when w, +w, was two-photon reso-
nant with the sodium 3S-4D two-photon transition. The
high-resolution line profiles were Doppler broadened and
were subject to the same atomic selection rules as for
SHG, although for SFM there was additional control
over which of the coherent quadrupole moments was
driven by correct choice of the laser polarizations and
magnetic-field geometry. The magnitude of the SFM in-
tensity increased linearly with P, and P,, the powers of
the beams at frequencies w; and w,, respectively, as the
square of the magnetic-field strength at low field
strengths, and saturated at higher magnetic-field
strengths of =0.1 T.

2. Macroscopic effects

The advantage of tuning ®; close to the single-photon
3S-3P transitions to increase the two-photon absorption
cross section was offset by the requirement to phase-
match the SFM nonlinear-mixing effect. The SFM mac-
roscopic behavior differed from SHG due to the ability to
select the vapor dispersion and phase mismatch with an
appropriate choice of the two fundamental beam frequen-
cies. The main contribution to the dispersion of the sodi-
um vapor, which can be calculated using the Sellmeier
equation [54], arises from the same 3S-3P single-photon
transitions that provide the resonant enhancement. Fig-
ure 6 shows the calculated variation of the phase
mismatch Ak for different values of A, near the sodium
38,,—3P,,, D, line (A=589.6 nm) and the
3S8,,,—3P;,, D, line (A=589.0 nm). In each case, the
value of A, is chosen to complete a two-photon transition
to the sodium 4D states and A; corresponding to the SFM
emission is fixed at 289.4 nm. The dispersion experienced
by the ultraviolet sum-frequency wave is negligible com-
pared to that for the two visible fundamental wave-
lengths. Note that the magnitude of the phase mismatch

Ak >0

9
logw(lO A—‘;) 0]
.

-10 + —
588.5 589 589.5 590
A, wavelength (nm)

FIG. 6. Calculated variation of the phase mismatch Ak with
wavelength near the sodium D lines. N is the atomic density
and r, is the classical electron radius.

ALISTAIR J. POUSTIE AND MALCOLM H. DUNN 47

rapidly increases as w; approaches one of the D-line tran-
sitions.

The measured variation of total SFM power with the
sodium density initially increased as the square of the
atomic density and then showed the same oscillatory
variation as for SHG. The phase-match peaks shifted to
progressively lower sodium densities as w; was tuned
closer to the single-photon transitions and as the coher-
ence length in the vapor became shorter. However, there
is also a zero in the phase-mismatch values at A;=~589.4
nm due to a cancellation of the refractive index contribu-
tions from the D, and D, single-photon transitions. At
this wavelength, the sodium vapor is also nonabsorbing.
We utilized the lack of absorption and the cancellation in
the dispersion to achieve nominal phase matching with
Ak =0 and observed a continual increase in the SFM
power with sodium vapor temperature up to the max-
imum temperature that could be obtained, as shown in
Fig. 7. The use of anomalous dispersion to achieve phase
matching in a vapor was originally suggested by
Armstrong et al. [55] and has been utilized before in
four-wave mixing studies [54,56,57].

The choice of w; not only allows the magnitude of the
phase mismatch to be selected but also allows the sign of
Ak to be chosen. This can be of benefit because alterna-
tive techniques of phase matching such as using a buffer
gas [58] or noncollinear beams [13] become possible when
Ak <0. The use of buffer gas to phase-match magnetic-
field-induced SFM is limited because the process is two-
photon resonant and the 3S-4D coherence is damped by
the phase-disturbing collisions between the sodium and
the buffer gas atoms.

Experimentally, variations were observed in the SFM
phase-matching behavior when the input Gaussian beams
were focused into the oven due to the phase variation
that occurs in passing through the focus [59,60]. When
Ak >0, the SFM power was oscillatory with increasing
sodium vapor density and the densities corresponding to
the peaks and troughs of the phase-matching behavior
agreed well with theory, as shown in Fig. 8. The magni-
tude of the peaks tended to decrease with increasing
atomic density for some particular values of ®;, which
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FIG. 7. Measured (points) and calculated (line) variation in
SFM power with sodium vapor temperature. Magnetic-field
strength =0.004 T, A, =589.388 nm (polarization perpendicular
to the magnetic-field direction), A,=568.458 nm (polarization
parallel to the magnetic-field direction), confocal parameter of
laser beams equal to the interaction length.
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FIG. 8. Measured (points) and calculated (line) variation in
SFM power with sodium vapor temperature. Magnetic-field
strength =0.1 T, confocal parameter of beams equal to the in-
teraction length, laser polarizations relative to magnetic-field
direction as in Fig. 7. (a) A;=588.790 nm, A,=569.016 nm, (b)
A;=588.933 nm, A,=568.882 nm, (c) A,=589.500 nm,
A,=568.354 nm.

was probably due to increased sodium dimer absorption
for the fundamental beams. When Ak <0, the SFM
power displayed one large peak as a function of sodium
density that was several times the magnitude of the oscil-
lations for Ak >0, as predicted by the theory. The abso-
lute sodium density corresponding to the experimentally
measured main peak in the SFM power did not generally
agree with the expected theoretical value, as shown in
Fig. 9. We were able to account for this by including an
additional phase mismatch that resulted from a slight re-
sidual noncollinearity in the alignment of the two focused
fundamental beams [30,13]. In Fig. 9 the required angle
between the beams to match the theory to the experimen-
tal result was calculated to be © =14 mrad. Other exper-
imental measurements with different laser wavelengths or
different beam angles to change the contribution of the
additional phase mismatch were consistent with this ex-
planation of the beam noncollinearity producing the ap-
parent disagreement between collinear theory and experi-
ment.

In general, the advantage of utilizing anomalous
dispersion to phase-match the magnetic-field-induced
SFM nonlinear-optical process is that it should allow the

0 T s —— T T T i
200 220 240 260 280 300 320 340
Temperature (°C)

FIG. 9. Measured (points) and calculated (line) variation in
SFM power with sodium vapor temperature for Ak <O.
Magnetic-field strength =0.075 T, confocal parameter of beams
equal to the interaction length, A;=589.090 nm, A,=568.736
nm, laser polarizations relative to magnetic-field direction as in
Fig. 7.

optimum phase-mismatch value to be chosen for any in-
teraction lengths, vapor densities, and laser beam focus-
ing parameters by the appropriate choice of the input
wavelengths.

B. Intermediate states on resonance

When the intermediate states in the two-photon excita-
tion are brought on resonance, several considerations are
introduced in the microscopic and macroscopic behavior
of the magnetic-field-induced SFM nonlinear-optical pro-
cess. Tuning w; and w, within the Doppler widths of the
3S-3P and 3P-4D single-photon transitions couples the
two atomic transitions and allows significant light-
induced population changes to occur within the three lev-
els. These population changes can be homogeneous due
to hole burning and velocity-selective excitation or inho-
mogeneous due to optical-pumping effects in the atomic
ground state. The corresponding refractive index varia-
tions in the atomic vapor determine the phase matching
of the SFM process and the overall output power. For
these experiments the laser beams were unfocused (=4-
mm diameter) to minimize any phase-shifting effects of
the Gaussian beams and to reduce the effects of higher-
order nonlinear-optical effects. The effects of velocity
selection, optical pumping, single- and two-photon satu-
ration, and frequency-dependent phase matching on
magnetic-field-induced SFM are now considered in detail.

1. Velocity-selective excitation

When the laser frequency w,; lies within the 3S-3P
Doppler width and is detuned by A, from line center, the
particular homogeneous group with velocity v =27A, /k,
which is Doppler shifted exactly on resonance with o,
will be preferentially excited. The subsequent excitation
of this group to the final state by the copropagating beam
of frequency w, then produces a narrow Lorentzian
homogeneous population distribution in the final state
with a corresponding linewidth [full width at half max-
imum (FWHM)] of
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A&)3+'(w1+w2)/0121Aa)2 N (21)

where Aw, and Aw; are the homogeneous linewidths of
the intermediate and final states, respectively. These
linewidths may have contributions from power and col-
lisional broadening in addition to spontaneous emission.
The absolute frequency of w, to achieve two-photon reso-
nance depends on the relative Doppler shift of the initial-
ly excited homogeneous group. This results in any
ground-state atomic structure with splitting 8w, appear-
ing as (w,/®;)8w, in the two-photon absorption spec-
trum. Similarly, the on-resonance two-photon excitation
is also sensitive to structure in the intermediate atomic
state and produces splittings of 8w;(w;+®,)/®w;. These
velocity-selective effects are shown in Fig. 10, which is an
experimental two-photon line profile of the cascade
fluorescence at 330 nm when ), is resonant with the sodi-
um D, line. The four observed lines correspond to two-
photon transitions from the two hyperfine levels of the 3S
ground state to the single 4D, ,, final state via the two
hyperfine levels of the 3P, ,, intermediate state. The ob-
served splittings agree well with the theoretical splittings
of a—c=b—d=(v,/v\)0v,=(1.038)(1772) MHz
=1839 MHz and a—b=c—d =8v;(vi+v,)/v,
=(2.038)(190) MHz=387 MHz. Note that the reso-
nance linewidths are collisionally and power broadened
due to buffer gas collisions and laser intensities of several
times the single-photon saturation intensities. The mag-
nitude of the homogeneous line dominates over any
Doppler-broadened excitation when w; lies within the
single-photon Doppler width [46] and the background in-
homogeneous signal apparent in Fig. 10 arises due to
velocity-changing collisions thermalizing the initially
homogeneous velocity selection and collisional redistribu-
tion [38,39].
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FIG. 10. Experimental two-photon spectrum of the sodium
3S-4D transition using the 3P, ,, state as the resonant intermedi-
ate state. No magnetic field applied, 1 mbar argon buffer gas,
vapor temperature =393 K, I,=400 mWcm™?, I,=800
mWem™2  Laser frequency v, tuned midway between the
38, (F=1)—3P,,, and 3S,,,(F=2)—-3P,,, single-photon

transition frequencies.
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2. Optical pumping

In addition to these hole-burning effects, the use of on-
resonance single-photon transitions in the two-photon ab-
sorption can induce large changes in the ground-state
hyperfine population distributions by optical pumping
[61]. These ground-state population changes are detri-
mental to the magnetic-field-induced SFM process due to
the significant associated refractive index variations for
the beam at frequency w; which produce phase
mismatching. For example, if »; is tuned midway be-
tween the single-photon transitions from the F=1 and
F =2 hyperfine ground states to a 3P state, then the re-
fractive index contribution can be approximately four
times larger if all the population is pumped into the F=2
sublevel as opposed to an equal population distribution in
the ground states.

We experimentally determined the population redistri-
bution produced by a relatively strong laser beam (=~0.5
Wecem™?) on resonance within the 3S;,—3P;,, transi-
tion Doppler width, which was typical for the on-
resonance SFM experiments. A weak probe beam (<0.5
mWcm™?) from the other single-frequency laser was
tuned to the same D-line resonance. The probe beam was
chopped and copropagated with the strong pumping
beam through the sodium oven. The probe-beam fre-
quency was tuned over the Doppler-broadened resonance
for a fixed tuning of the strong beam and the absorption
of the probe beam was measured with a phase-sensitive

detector. The absorption results shown in Fig. 11
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FIG. 11. Measured absorption of a probe beam on the

38 —3P;,, transition for different pump tunings.
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confirmed that the strong beam was producing very
significant changes in the ground-state hyperfine popula-
tion distribution. With the strong beam tuned onto one
of the hyperfine transitions, most of the population was
optically pumped into the other ground-state hyperfine
level. The absorption lines remained Doppler broadened
in spite of the single-frequency laser excitation due to the
collisional-induced interaction with the whole inhomo-
geneous distribution [62-64]. No evidence of distortion
in the two-photon line shapes due to velocity-selective
optical pumping was observed due to the presence of the
buffer gas [65]. In general, the detrimental effects of opti-
cal pumping were minimized when recording the in-
coherent fluorescence and coherent SFM line profiles by
tuning the laser frequency w; midway between the
hyperfine transition frequencies of the 35 —3P single-
photon transition. For nonoptimum tunings of w; the
optical-pumping effect with the intermediate 3P states on
resonance produced variations in the measured spectro-
scopic line intensities and more importantly reduced the
overall SFM signal strength through refractive index
changes and further phase mismatching. These effects of
optical pumping on the SFM line profiles are experimen-
tally displayed in the next section. Similar but more com-
plicated optical-pumping effects were also evident when
the magnetic field was applied to the sodium oven.

3. SFM line profiles

The variation of the magnetic-field-induced SFM
power with two-photon detuning was examined by hold-
ing laser frequency w, at a fixed detuning from the center
of the Doppler-broadened 3S,,,—3P,,, single-photon
transition and scanning laser frequency w, through the
resonantly enhancing two-photon transitions to the sodi-
um 4D states. The line profiles of the incoherent fluores-
cence at 330 nm, which monitored the population in the
4D states, and the coherent SFM emission at 289.4 nm
were compared under the same experimental conditions.

In contrast to magnetic-field-induced SHG where the
line shapes of the SHG and the cascade fluorescence
closely followed each other, the coherent and incoherent
line profiles for magnetic-field-induced SFM proved to be
quite different. This was due to the frequency-dependent
phase-matching effects on the SFM emission which be-
came unavoidable when the 3P intermediate states were
resonant in the two-photon excitation. Consider the ex-
perimental line profiles shown in Fig. 12, which were
recorded with a small applied transverse magnetic field
and using the resonant 3P;,, state as the intermediate
step in the two-photon transition. For this relatively sim-
ple case, the magnetic splittings of the ground, intermedi-
ate, and final states are less than the effective homogene-
ous width of =400 MHz, (FWHM), which is power and
collisionally broadened, and the large number of indivi-
dual hyperfine transitions are not resolved. Figure 12(a)
shows the population line profile and displays the expect-
ed velocity-selective peaks. The peaks corresponding to
resonance with the 4D;,, and 4D, final states are
marked with arrows. The lower line profile [Fig. 12(b)]
shows the corresponding magnetic-field-induced SFM
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FIG. 12. Experimental line profiles for (a) 330-nm fluores-
cence and (b) 289-nm coherent SFM. Magnetic-field strength
=0.004 T, vapor temperature =393 K, 1 mbar helium buffer
gas, I, =240 mW cm ™~ 2—polarization perpendicular to the mag-
netic field, I, =875 mW cm~2—polarization perpendicular to
the magnetic field. Laser frequency v, tuned midway between
the 3S,,(F=1)—3P;,, and 3S,,(F=2)—3P;, single-
photon transition frequencies.

coherent emission. The coherent line profile is different
in that it now displays subhomogeneous features with ap-
parent holes appearing in the measured SFM power due
to the effect of phase matching on the nonlinear-optical
effect. As discussed in Sec. II, the peak SFM emission
also preferentially occurs for the velocity-selected homo-
geneous group but the total emitted power varies across
the homogeneous line due to frequency-dependent refrac-
tive index changes for the fundamental waves and an en-
suing phase mismatch. These effects were theoretically
modeled in Fig. 5 and the experimental results are in
reasonable qualitative agreement despite the simple
three-level nature of the theoretical model.

The effects of optical pumping on the SFM line profile
are shown in Fig. 13, where the single-photon detuning
A, is varied by selecting different fixed values of w,.
When o, is not tuned to minimize the optical pumping as
discussed in Sec. III B2, there is a significant change in
the ground-state population and a corresponding refrac-
tive index variation for ;. This refractive index change
increases the overall phase mismatch and so less net SFM
power is emitted, as is shown in the line profiles by the
signal being reduced by over an order of magnitude when
®; is not optimally tuned. The emitted SFM power is less
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FIG. 13. Experimental SFM line profiles for v, frequencies of
(a) 38,,,(F=1)—3P;,,, (b) 3S,,(F=1)—3P;,,—0.25 GHz,
(c) midway between the 3S,,(F=1)—3P;,, and
38, ,,(F=2)—3P;,, transitions, (d) 35, ,,(F=2)—3P;,,+0.25
GHz, (e) 3S,,,(F=2)—3P,,,. The vertical axis for each line
profile is the SFM power in arbitrary units. Other experimental
parameters as in Fig. 12.

when the F=2 rather than F=1 ground-state level is
populated by optical pumping because transitions from
the F=2 ground-state level have larger oscillator
strengths and produce a correspondingly larger phase
mismatch. The homogeneous phase-matching effects are
still more apparent for the transitions originating from
the depleted ground-state hyperfine level because the op-
tical pumping is not 100% efficient and this level retains
a larger velocity-selected homogeneous population than
the pumped ground-state level.

A similar line-shape comparison with a larger
magnetic-field strength applied to the sodium vapor and
using the D, resonance for enhancement is shown in Fig.
14. This line shape is more complicated due to the in-
creased number of resolved two-photon transitions, all
with their individual Doppler shifts and absolute two-
photon resonant frequencies. The SFM line profile again
displays the homogeneous phase-matching behavior and
the frequencies of the holes correspond to the frequencies
of the peaks in the population line profile. There is also
significant SFM power where the 4D population is rela-
tively weak. This contribution to the nonlinear process is
produced by those velocity-selected groups which are ex-
actly single-photon resonant to give a large resonant
enhancement to the y'?’ nonlinearity but not two-photon
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FIG. 14. Experimental line profiles for (a) 330-nm fluores-
cence and (b) 289-nm coherent SFM. Magnetic-field strength
=0.05 T, 1 mbar argon buffer gas, vapor temperature =393 K,
laser polarizations both perpendicular to the magnetic-field
direction. Laser frequency v; tuned midway between the
38,,,(F=1)—3P,,, and 3S,,,(F=2)—3P,,, single-photon
transition frequencies.

resonant with the 4D states to excite a significant popula-
tion.

The magnetic-field-induced SFM line profiles were also
affected by the vapor temperature and the buffer gas pres-
sure. Increasing the sodium density via the vapor tem-
perature generally led to an increase in the total SFM
power, which was not continually dependent on the
square of the number density but displayed the associated
oscillatory phase-matching behavior. The magnitude of
the homogeneous phase-matching effects was also
enhanced at higher sodium particle densities as expected
for a macroscopic response of the nonlinear medium.
Larger pressures (= 10 mbar) of buffer gas added to the
sodium oven reduced the overall SFM power through
collisional dephasing of the coherence, and the Doppler-
free line-shape features were no longer resolved due to
further collisional broadening of the homogeneous
linewidths.

4. Single- and two-photon saturation

The laser power dependence of both the coherent SFM
radiation and the incoherent cascade fluorescence become
nonlinear when w; is tuned on resonance within the
single-photon transition Doppler width. The measured
intensity variations of the 330-nm fluorescence and the
289.4-nm coherent SFM emission with laser power at fre-
quencies w; and w, both show marked saturations in the
microscopic response since in general the individual laser
intensities exceed the theoretical single-photon saturation
intensities and there is additional two-photon saturation
[66,67]. The degree of the two-photon saturation is
difficult to estimate because the normal perturbative ap-
proximations are not valid in this case where the inter-
mediate states in the two-photon absorption are resonant
[68]. The intensity of the 330-nm fluorescence, which is
proportional to the population in the final 4D sodium
states, appears to approximately vary as the square root
of the laser power at frequency w,, which is expected for
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a saturated inhomogeneously broadened transition [47].
The intensity variation with the laser power at , is simi-
lar but there is an additional reduction in the fluorescence
intensity with decreasing laser power, which is probably
due to absorption over a shorter length in the sodium
oven. The SFM intensity behavior with laser power is
more complicated due to the phase-matching considera-
tions. The dependence of the SFM power on the laser
power at @, is no longer proportional to [I(w,)]'/? and
the dependence on the laser power at @, shows a marked
decrease with decreasing power, also due to a shorter
effective interaction length for the nonlinear-optical
effect. These saturation effects also act to limit the ob-
tainable magnetic-field-induced SFM output power with
the intermediate states on resonance, in addition to the
macroscopic phase-matching effects, and must be mini-
mized to increase the overall conversion efficiency.

C. Improved conversion efficiency

The power conversion efficiency of the magnetic-field-
induced SFM nonlinear-optical process was very low
(=107 under the experimental conditions described in
the preceding section. However, the conversion
efficiency was increased by several orders of magnitude
through optimization of the sodium atomic density, the
input beam intensities, the magnetic-field strength, and
the single- and two-photon detunings.

The intensity of the incident laser light was increased
by focusing both fundamental beams collinearly into the
oven to a spot size of 200 um. This increased the intensi-
ty of each beam by =~400 times and gave a confocal pa-
rameter for the Gaussian beams that was approximately
equal to the length of the sodium vapor zone.

The sodium density was increased from =10!! to
~10" cm™3, which should have increased the SFM
power by a factor of 10° for all other parameters being
fixed. However, as the sodium vapor density was in-
creased the linear absorption of the laser beam at fre-
quency w; tuned near the 35 — 3P single-photon transi-
tion frequency became extremely high and all of this
beam was absorbed in the first few millimeters of the
oven, so that the effective interaction length for the non-
linear process was greatly decreased.

Increasing the strength of the transverse magnetic field
to a large value of =~0.4 T produced beneficial effects for
the linear absorption and dispersion of the sodium vapor.
The Am;==+1 3S,,,—3P;,, transition frequencies were
symmetrically split by several Doppler widths for this
large magnetic-field strength and the residual linear ab-
sorption for light polarized perpendicular to the
magnetic-field direction and tuned midway between these
transitions was greatly reduced. This allowed the
effective interaction length to be increased from a few
millimeters at low magnetic-field strengths to approxi-
mately half the length of the oven. For a 10-cm oven
length, a 0.4-T magnetic field, and a sodium density of
~2X 10" cm™3, we experimentally measured the linear
absorption coefficient to be a=0.22 cm ! at the peak of
the transmission near the midpoint frequency of the
Am ;=21 sodium transitions. The main contributions to

the refractive index of the sodium vapor were also due to
the same magnetically split single-photon transitions, and
close to the midpoint frequency there were cancellation
effects in the dispersion arising from each group of al-
lowed sodium transitions. This allowed phase matching
to be maintained by having a relatively low and controll-
able refractive index for the beam at frequency ®; by tun-
ing near the midpoint frequency. At this frequency there
is significant single-photon resonant enhancement (A; =7
GHz) but o, lies outside the single-photon Doppler width
so that the SFM is entirely an inhomogeneous process
and the laser powers do not exceed the saturation intensi-
ties.

With the experimental parameters N =2X10'* cm 3,
B=0.4T, P(w;)=170 mW, P(w,)=210 mW, o, tuned
between the magnetically split 3S,,,—3P;,, transitions
and o, tuned onto two-photon resonance with the 4D
states, a maximum coherent SFM power of 4.6 uW was
generated. This corresponded to a power conversion
efficiency of 1.2 X 1077 in spite of the use of a weak quad-
rupole transition in the excitation scheme. This cw con-
version efficiency compared favorably with the 3X 10~ *
energy conversion efficiency previously obtained in
electric-field-induced SFM with higher-power pulsed
lasers and using only dipole transitions in the atomic ex-
citation route [7].

For fixed w;, tuning w, through the two-photon reso-
nance produces two Doppler-broadened peaks
(FWHM =4.5 GHz) separated by =25 GHz, which arise
from the two groups of Am ==x2 quadrupole transitions
that resonantly enhance the SFM emission when the laser
polarizations are perpendicular to the magnetic-field
direction. However, for fixed w, tuning o, by only =200
MHz completely eliminates the SFM signal, which is in-
dicative of a critical frequency-dependent phase-
matching condition being achieved on the single-photon
D-line transition. Maximizing the overall SFM power re-
quires careful optimization of the laser frequencies, the
sodium density, and the magnetic-field strength.

IV. CONCLUSIONS

We have experimentally and theoretically studied
magnetic-field-induced SFM and the role of the inter-
mediate states in the nonlinear-optical process. With the
intermediate states nonresonant, the microscopic behav-
ior was similar to SHG but the macroscopic response was
modified due to the ability to select the sign and magni-
tude of the phase mismatch with the appropriate single-
photon laser detuning. Phase-shifting effects due to the
focused laser beams were observed in the SFM phase
matching, which agreed well with the theoretically ex-
pected behavior. The optimum phase-match conditions
were realized so that the SFM power continually in-
creased with the sodium particle density.

Bringing the intermediate states onto resonance
significantly altered the SFM behavior. The two-photon
excitation and SFM nonlinear process became velocity
selective due to hole burning in the single-photon
Doppler width and homogeneous features were resolved
in the line profiles. The SFM output power was modulat-
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ed across the line profile due to homogeneous refractive
index variations and ensuing phase mismatching. Our
simple theoretical three-level model successfully account-
ed for this interplay of microscopic and macroscopic
effects. Additional complications in interpreting the line
profiles arose due to frequency-selective optical pumping
in the 3§, ,, ground state.

Careful control over these experimental conditions al-
lowed the SFM conversion efficiency to be increased by
many orders of magnitude. The conversion efficiency
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could potentially be increased much further by utilizing
more favorable atomic transitions and higher-power exci-
tation.
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