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We wish to report on experimental observa-
tions of a new type of optical double-quantum
transition' in which an atom passes from one
Zeeman sublevel to another by virtual absorp-
tion and successive re-emission of optical pho-
tons. A remarkable property of these transi-
tions is that the energies of the optical photons
involved are on the order of 10" times larger
than the energy difference between the initial
and final states of the Zeeman transition. Spon-
taneous two-photon transitions have been ob-
served recently' in the decay of the 2$», state
of He+. Stimulated two-photon transitions be-
tween discrete atomic states' and. multiple-quan-
tum photoionization' have also been observed.
In previous work it has been necessary to use
high-intensity laser beams to induce optical
multiple-quantum transitions. The present
experiment uses the rather weak light fluxes
which are produced by ordinary resonance lamps.
The double-quantum transitions are still ob-
servable because of three factors: The inter-
mediate states in the double-quantum transi-
tion are nearly resonant; the initial and final
states in the transition are different Zeeman
sublevels of a long-lived optically pumped at-
om; and a sensitive coherent detection system
is used in the spectrometer. The double-quan-
turn transitions studied in this work are quan-
titatively related to the light shifts' caused by
virtual transitions in optically pumped atoms.
The spectrometer used in this experiment is
sensitive enough to detect light shifts as small

as 1 part in 10 of the natural linewidth of the
Zeeman resonance. This experiment is also
closely related to the Raman effect. ' In the
Raman effect one observes the sidebands intro-
duced onto light following optical double-quan-
tum transitions between different initial and
final states. In this experiment the occurrence
of an inverse Raman process is detected by
observing the reorientation of the atoms.

The basic concepts of the experiment are
illustrated in Fig 1. A beam of monochromat-
ic light is incident on an atom which is in the
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FIG. 1. Double-quantum transitions between two Zee-
man levels caused by optical photons.
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sublevel i of its ground state. The frequency
(d of the light is several Doppler widths removed
from one of the optical absorption frequencies
of the atom. When the light is amplitude mod-
ulated at the ground-state transition frequen-
cy ~;jp one finds that the atom makes a tran-
sition from the level i to the level j of the ground
state. The mechanism for the transition is
the following: The amplitude-modulated light
contains a carrier frequency & and two side-
band frequencies &+&i . The atom absorbs
a photon at the carrier frequency & and is ex-
cited to the virtual state m. Then one of the
sidebands of the modulated light stimulates
the atom to re-emit a photon of frequency &

+&z and fall down to the state j. The frequen-
cies are such that energy is conserved in the
process, and the polarization of the incident
light must be such that angular momentum is
also conserved.

The actual experiment was performed with
optically pumped rubidium vapor. Since alka-
li atoms have rather complicated hyperfine
structure in the ground state and in the excit-
ed states, there are many possible double-quan-
tum transitions of the type illustrated in Fig.
1 involving different intermediate states gpss and
different combinations of sideband and carrier
frequencies. The amplitudes of all of these
double-quantum processes add coherently to
produce the final transition amplitude. How-

ever, it can be shown that to a high degree of
approximation, the net effect of all double-quan-
tum transitions within the Zeeman multiplet
Il of the ground state can be represented by
an effective Hamiltonian of the form 5H p, ,
where p, is the dipole moment operator of the
atom and 5H is a small fictitious magnetic field,
defined by the expression

ll-4J(J+ 1) 0 xd*&
x

Here ~ is the wavelength of the exciting light,
and ~ = 2Tzc/l. is the corresponding angular fre-
quency. The absorption oscillator strength to
the 'Pg doublet is f~, &u+ is the average fre-
quency separation between all of the hfs com-
ponents of the 'P~ excited state and the hfs
multiplet I' of the 'S, i, ground state. The elec-
tronic angular momentum of the 'P~ excited
state is J. The gyromagnetic ratio of the 'S»,
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FIG. 2. The spectrometer for coherent detection of
optical double-quantum transition.

ground state is g~, p, o is the Bohr magneton,
and e'/mc' is the classical electron radius.
The energy density of the light beam averaged
over a few optical cycles is u, and is the
complex polarization vector of the exciting light.
Although the introduction of a fictitious mag-
netic field may seem to obscure the physics
of the situation, it is actually a great concep-
tual help in understanding the design of this
experiment. As far as the Zeeman coherence
of the atom is concerned, the effects of the
fictitious magnetic field are indistinguishable
from those of a real magnetic field, and intu-
ition gained from magnetic resonance work
can be applied directly to effects caused by
optical double-quantum transitions. In partic-
ular, this experiment can be described as a
Zeeman resonance experiment with a fictitious
oscillating magnetic field. The use of Eq. (1)
also allows one to make quantitative estimates
of the signal strengths which can be expected.

The experimental apparatus used to detect
the optical double-quantum transitions is sketched
in Fig. 2. Rb" vapor in a 100-ml Pyrex flask
was optically pumped by Rb" resonance radi-
ation. The flask was placed in the center of
a solenoid 40 in. long and 12 in. in diameter.
The solenoid was surrounded by two concentric
cylindrical Mumetal shields. With this arrange-
ment, Zeeman resonance linewidths were on
the order of 40 Hz as monitored by observing
the absorption of the pumping light. Off-res-
onant light was obtained by passing Rb" light
through a heated Rb filter cell, thus leaving
only I" = 2 hfs component of the Rb" resonance
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light. ' After passage through lenses, a prism,
a 7947-A interference filter, and a. circular
polarizer, about 10' photons were incident
on the optically pumped vapor. The equivalent
transverse magnetic field 5H [see Eq. (1)j was
on the order of 10 ' G. The Rb85 light was 100/~
square-wave modulated with a 10 000-Hz sig-
nal from a frequency synthesizer. If M were
several orders of magnitude larger, it could
be used to induce Zeeman resonances direct-
ly. However, for very small effective magnet-
ic fields one can obtain a considerable enhance-
ment in signal power (on the order of 10' in
this experiment) by simultaneously applying
a real, coherent, rf magnetic field. Thus,
a real 9990-Hz transverse rf field was also
applied to the absorption flask. The strength
of 9990-Hz rf was attenuated empirically until
the Zeeman resonance was half saturated. When
the static magnetic field was swept through
the resonance, a typical increase in the absorp-
tion of the vapor was observed as is indicated
in Fig. 2. However, the fictitious magnetic
field due to the optical double-quantum transi-
tions alternately increased and decreased the
transition probability so that a 10-Hz ripple
was present on top of the usual resonance sig-
nal. The 10-Hz ripple was detected with a phase-
sensitive amplifier and recorded on chart pa-
per. A typical recorder trace is shown in Fig. 3.
The 10-Hz signal disappeared when the Rb"
light was blocked or when the 10000-Hz modu-
lation was removed from the lamp. It also dis-
appeared when the circular polarizer was re-
moved from the beam, when the 9990-Hz rf
was absent, or when the Rb" pumping light
was turned off. The signal strength was essen-
tially independent of the temperature of the
Rb'7 filter cell once the cell was hot enough
to absorb all of the I" =3 hfs component of the
Rb" light. The signal amplitude and the sig-
nal-to-noise ratios were in agreement with
order of magnitude theoretical estimates. We
conclude that the observed signals do indeed
represent optical double-quantum transitions
between the Zeeman sublevels of the ground
state.

Although these measurements were carried
out with light, analogous experiments could
clearly be performed with microwaves replac-
ing the light and different hfs states of the atom-
ic ground state replacing the excited state.
A spectrometer analogous to the one sketched
in Fig. 2 could then be used to carry out extreme-

FIG. 3. A recorder trace of an optical double-quan-
tum transition probability versus magnetic field. The
integration time was 10 sec.

ly precise measurements of microwave Bloch-
Siegert' shifts due to neighboring hfs multiplets,
or, conversely, one could make extremely pre-
cise absolute measurements of microwave mag-
netic field amplitudes. It is also clear that
analogous effects should occur if the light is
amplitude modulated at the hfs frequencies of
the atomic ground state. ' Thus an important
application of this technique would be in the
design of sensitive detectors of hfs-modulated
alkali resonance light. In such a system opti-
cally pumped atoms would mix the light mod-
ulation frequency with a reference microwave
frequency. Since the difference frequency would

appear as a low-frequency amplitude modula-
tion of the optical-pumping light beam, the
only source of noise would be the shot noise
of the light beam.
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