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Coherent radiation at the 1.28-p, m el.ectric-dipole-forbidden 6 P3/2-6 P f/& transition in
thallium vapor has been produced by the simultaneous application of a magnetic field and
two collinear, overlapping laser beams nearly resonant with the 6 P f/g-7 S f/p and 6 P3/p-
7 S f/2 transitions, respectively. The effect of the magnetic field is to mix hyperfine levels—atomic polarization effects are negligible. The optical difference-frequency power gen-
erated at low magnetic field varies as the square of the magnetic-field component normal
to the laser-beam propagation direction.

Two types of optical-wave-mixing effects which
have been studied extensively in the last 10 years
are the following: Three-wave mixing in a crystal
lacking inversion symmetry, ' and four-wave mix-
ing in an atomic vapor. ' Both of these processes
are allowed in the electric-dipole approximation.
It is well known, however, that in the E1 approxi-
mation the mixing of three electromagnetic waves
is forbidden by parity conservation in both atomic
media and in crystals having inversion symmetry.
If the higher-order M1 and E2 moments are taken
into account, these restrictions do not exist. In-
deed, optical three-wave mixing via both the M1
and E2 interactions have been reported. In a
cooled (15 K) and magnetically polarized (40 kG)
InSb crystal, difference-frequency generation
(DFG) associated with a far-ir (90 cm ') M1 Ram-
an spin-flip transition was observed. ' Recently,
uv sum-frequency generation (SFG) associated
with the 5'S», -6'D», E2 transition has been ob-
served in atomic sodium vapor excited by two
noncollinearly propagating laser beams. 4

It is generally recognized that, given two colli-
neaxly propagating laser beams, the presence of
Zeeman-level polarization in a medium allows
three-wave mixing to occur via either an M1 or
E2 interaction. ' However, for an unpolarized
medium, an important effect which has not been
considered before is the strong symmetry-break-
ing influence of a transverse magnetic field, i.e.,
an applied field transverse to the direction of
propagation of the waves. Such a field may mix
adjacent hyperfine energy levels in each of the
two atomic states between which the M1 or E2
moment is induced. It may thus allow coherent
M1 or E2 radiation to be emitted along the com-
mon direction of propagation. In this Letter we
report optical DFG at the 7793-cm ' frequency
associated with the O'Pz/2 6 P3/2 transition in
atomic thallium. The thallium vapor is excited

by two collinear laser beams in the presence of
a weak static transverse magnetic field. We at-
tribute the observed DFG to the mixing of adja-
cent hyperfine levels; atomic polarization effects
are negligible.

Consider a medium made up of atoms, each
having a ground state I a), and excited state ib)
of the same parity, and other states In) of oppo-
site parity. We first assume that each state is
nondegenerate. The atoms, all of which are ini-
tially in the ground state, are irradiated by two
laser beams having the electric fields 2ReE,
xexp[i(k, .X —&u,t)j and 2ReE, exp[i(K, x —est)],
respectively, where w, —col= &„„ the b-a transi-
tion frequency. The laser irradiation induces a
macroscopic atomic excitation at the b-a transi-
tion frequency. If, for example, the b-a transi-
tion is M l-allowed, the macroscopic excitation
may radiate coherent M1 radiation of frequency
&u„and propagation vector k, -k,. However, if
the states la) and Ib) each contain several degen-
erate Zeeman levels Im, ) and im, ), respectively,
the net magnetization induced in the medium at
~„ is the coherent sum of the magnetizations as-
sociated with the various im, )- im, ) transitions.
From symmetry considerations" it may then be
shown that in the absence of laser saturation ef-
fects the magnetization M(&u„) induced at the fre
quency ~~ is given by

M(&u~, ) = aNE, &&Es*, (l)
where In I

—=5R„h 2y~, 'Q„p,„p„,(a, —&u„,) ', N
is the atomic number density, p, ,(JR, ,) is the Fl
(Ml) matrix element between states i and j (=a,
b, n), h is Planck's constant divided by 2n, y„, is
the linewidth of the b-a transition, and the sum
is taken over n. For coherent emission of fre-
quency ~,= &u„and wave vector k, to occur, phase
matching requires that k, = k, —k, . For small
enough N, dispersion of all three waves may be
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neglected; this condition was, unless otherwise
stated, satisfied in each of our experiments. For
negligible dispersion, phase matching occurs
when beams 1 and 2 propagate in the same direc-
tion. However, only the component of M normal
to k, may radiate coherently; thus, Eq. (1) pre-
dicts that no DFQ will occur. If we quantize along
the direction of propagation z, we see that only
Erg=0, +2 transitions are induced by the Haman
interaction with the two waves; however, it is
well known that only urn= +1 transitions may ra-
diate along z.' Thus the absence of DFG, as pre-
dicted by Eq. (1), may be viewed as an outcome
of the conservation of the z component of angular
momentum of an atom interacting with two elec-
tromagnetic quanta. '

Next consider the effect of applying a static
transverse magnetic field H during the optical ir-
radiation. The symmetry argument leading to
Eq. (1) now fails because the Hamiltonian contains
the term —H SR. Symmetry considerations show
that an additional magnetization M'(~„) may be
formed in the medium; to lowest order in H, E„
and E„ it is given by

M'=NAPPE,

(E,* H)+ yE,*(E, H)

+ 5H(E, E,*)). (2)

The magnitudes of p, y, and 5 are of the order of
I a%;,(1&v;,)

' I, where j = a or b and i is the near-
est (hyperfine) level for which 5R,, c0. Since M'
is normal to R„DFG may occur, and according
to Eq (2), i.ts intensity will vary as IE, I'

I E,I'll'.
The effect of II may be quite large — for a magnet-
ic field strong enough to cause level shifts compa-
rable to the hyperfine splitting of either states
la) or I b) (a few hundred gauss in Tl), we expect

M' to be comparable to M, = ONE, E,. We speak of
the DFQ as being induced by the static magnetic
field, since for the case considered it disappears
in its absence. The DFQ has the interesting prop-
erty that its phase depends on the direction of H;
for according to Eq. (2), M' reverses phase if H

is reversed in direction. Although we have de-
scribed the DFG in terms of M1-allowed radia-
tion, the even-parity E2 moment will contribute
to the radiation as well if it is allowed by the se-
lection rules for the b-a transition. Symmetry
considerations show that for E2 as well, the in-
tensity of the coherent emission is proportional
to H'. The extension to magnetically induced M1
or E2 SFQ is straightforward.

Although the applied magnetic field also polar-
izes the ground-state Zeeman levels, the result-

ing difference-frequency magnetization should be
of the order of r,M„where r, = p~H/kT. Here p.,
is the Bohr magneton, T is the temperature, and
0 is the Boltzmann constant. In the thallium ex-
periment described below (T-=1000 K, H(100 G),
r, is no larger than 2&&10 '. On the other hand,
the hyperfine-mixing effect results in a magneti-
zation of the order of r~, where r, = pBJI/hW,
and AW, is the b-state hyperfine splitting. [For
thallium we may ignore the a-state (6'P„,) mix-
ing, since the 6 P,» hyperfine splitting b, W, /b
=21 GHz)) 6W~/b =500 MHz. ] Thus we obtain

r, /r, =-4 &&10', and it is clear that the mixing ef-
fect dominates over the polarization. It is other-
wise for the InSb experiment, in which the polari-
zation caused by the magnetic field is responsible
for the M1 DFQ. '

The basic experimental setup we have used to
observe DFQ in atomic thallium vapor consists
of two dye lasers, an oven-heated fused-silica
thallium vapor cell, and a 3-nsec-risetime de-
tection system consisting of a germanium ava-
lanche photodiode and a wideband amplifier. A

magnetic field of variable direction is produced
in the cell by two orthogonal Helmholtz coils (for
the transverse components) and one solenoid (for
the longitudinal component). The dye lasers are
pumped simultaneously by the same nitrogen las-
er; one (~,) is tuned near the 26 478-cm '6'P„,—

7'S„, transition frequency ~„and the other (u&, )

near the 18685-cm '6'P3g2 7 S g2 transition fre-
quency &,-&„. Each of the 5-nsec-long, 10-JL(,J
laser pulses has a linewidth of less than 0.3 cm '.
They are focused by a 30-cm-focal-length lens in-
to a volume of diameter d =-0.03 cm and length f
—=3 cm at the center of the thallium cell. When
the frequency difference between the two lasers
is adjusted to coincide with the 7793-cm ' 6'P3(2-
6'P]g2 splitting, a collimated DFG 1280-nm pulse
is emitted during the laser excitation along the
common direction of propagation of the two beams.
This optical pulse is detected efficiently by imag-
ing the center of the thallium cell onto the surface
of the Ge detector. The wavelength of the pulse is
determined on a grating spectrometer; it must be
distinguished from the 1300-nm superradiant
burst' which occurs under certain conditions as
a result of a 7'Pz/2 7 Sz/2 atomic inversion.

The following are the observed DFQ properties:
(a) For fixed H, the DFG power varies as pj'

(Fig. 1), as predicted by Eq. (2) when the phase
mismatch cp in the wave-mixing region has a neg-
ligible effect. Using y =2pcr, fXlw, (cuo2 —&u, ') ',
where c is the speed of light, x, is the classical
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FIG. 1. DFG signal vs. Tl number density K. Condi-
tions: (&u, -~o)/2~c=+5 cm ', H =90 G. Laser line-
widths and peakpowers: 0.03 cm ~ and =100 W, re-
spectively. Vertical scale: each unit =—5 pW peak DFG
power. The straight line drawn has a slope of 2 on the
log-log plot. The error bar represents a typical stan-
dard deviation of the signal.

electron radius, and f=—0.13 is the 6'P», 7'S», -
oscillator strength, ' we find y =0.5 (and sing&=-y)
for the largest N of Fig. 1.

(b) If H is aligned along either E, or Em, then
the polarization of the magnetic vector associated
with the DFG is along H if E, and E, are parallel,
but normal to H if E, and E, are perpendicular.
This polarization dependence is predicted by Eq.
(2).

(c) For H in a fixed direction transverse to the
direction of propagation, the DFG power varies
as H' (Fig. 2). For sufficiently low incident las-
er intensities, the DFQ power is linear in the in-
tensity of either input laser, in agreement with
the IE, I' IE,I'H' dependence predicted by Eq. (2)."
For higher laser intensities, the dependence is
modified by the production of stimulated Raman
scattering (see below).

(d) From Eq. (2), we expect a DFG peak power
P =c 12mdk, l nNE, E,K...H/b, W„ I'. Because of the
resonance enhancement we may estimate a by in-
cluding only the 7'S„, level in the sum over inter-
mediate states. Using p,„~p„,=10 " esu cm,
%~,=—3R~ ~= ps, y„=9&&108 sec ' (the Doppler-
broadened linewidth), we find a -=10 "cm'/G for
the conditions of Fig. 1, and we expect P/1V'

I
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FIG. 2. DFQ signal vs H. Conditions: N =5 &&10

cm, (~,-0)/2rc =+45 cm '; the incident lasers have
—= 1 kW peak powers, 0.3 cm ' linewidths, and are line-
arly polarized normal to each other; and H is directed
along E,. Circles: II&0; crosses: 0&0. The error
bars are standard deviations of the data, each obtained
from an average of about 15 oscilloscope traces. The
straight line is drawn with a slope of 2 on the log-log
plot.

IOO

=—10 ' W cm'. This agrees with the experiment-
al value of 3 &10 "W cm'.

(e) The presence of a static electric field as
large as 500 V/cm has no observable effect on
the DFG.

(f) No DFG is observed in a longitudinal magnet-
ic field as large as 300 Q.

We note that the use of two lasers is not re-
quired for the excitation of the 6'P&g2 6 P3g2 su-
perposition. For sufficiently large N, a single
laser of adequate power and of frequency near Qpp

excites the superposition through the production
of forward stimulated Raman scattering of wave-
length around 535 nm. We have indeed observed
the DFG when only a 378-nm dye laser was used;
this process may be viewed as parametric down-
conversion. When the incident-laser-beam polar-
ization is linear, the Stokes transition is unpolar-
arized, and the dependence of the DFG intensity
on the magnitude of a transverse H is qualitative-
ly similar to that shown in Fig. 2. For an inci-
dent peak laser power of about 5 kW, N =—10"
cm ', H=100 G (transverse), and (&u, —wo)/2mc
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=-70 cm ', we obtain about 80 mW at 1280 nm.
Under these conditions, the DFG efficiency is
considerably reduced because phase matching no
longer occurs within the divergence of the stimu-
lated Stokes, (y =-70 rad for collinear propaga-
tion. )

We note that the dependence of the polarization
of the DFG on that of the incident laser depends
on the type of multipole moment responsible for
the DFG. For the O'P, &,-6'P„2 Tl transition,
both M1 and E2 moments have nonvanishing ma-
trix elements. A theoretical calculation" indi-
cates that the transition probability of M1 is 35
times larger than that of E2. Preliminary meas-
urements of the DFG polarization and power de-
pendence on the incident-laser-beam polariza-
tions is in qualitative agreement with Eq. (2),
with P/5 —= 2, y/6 —= —4. From more careful meas-
urements of the polarization dependence, it should
be possible to ascertain the ratio between the E2
and M1 transition probabilities. This technique
should be applicable to other atomic spectra as
well.

In conclusion, we have observed DFG in an
atomic vapor in the presence of a static magnetic
field. Our technique does not require the use of
noncollinear propagation to lift the symmetry
which ordinarily suppress es three-wave mixing
in an isotropic medium. The extension to magnet-
ically induced SFG is straightforward. " Finally,
we note that we have made preliminary observa-
tion of DFG on some E1-forbidden transitions in
other atomic media: in particular, the 539-nm
7 Szg2 6 S]g2 transition of Cs and the 497 -nm
6 Sy(2 5 Sy g2 tr ans ition of Rb. The phys ical effect
appears to be different from that observed in Tl,
however. In particular, the DFG occurs in the
absence of a magnetic field, nor is it enhanced in
its presence. Further study of these effects is
under way.
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