Cavity Lases When Occupied,
on Average, by Less Than One Atom

A conventional laser cavity
contains many excited at-
oms, each contributing to the ra-
diation field through stimulated
emission. Stripped to its bare
essentials a laser would be a sin-
gle atom interacting with a sin-
gle mode of the electromagnetic
field. A group at MIT recently
built a laser that was very close
to this minimal configuration.!

The “single-atom laser” built
at MIT by Kyungwon An, James
J. Childs, Ramachandra R.

Dasari and Michael S. Feld con-
sists of a cavity through which a
beam of excited two-level atoms
passes. The researchers found that
the radiation field could be main-
tained in the cavity even when the
beam density was so small that the
cavity was occupied on average by
one atom or less. Designed by An
for his PhD thesis, the laser is pat-
terned after the single-atom maser de-
veloped in 1985 by Dieter Meschede
and Herbert Walther (both from the
Max Planck Institute for Quantum
Optics in Garching, Germany) to-
gether with Giinther Miiller (Univer-
sity of Wuppertal, Germany).?

Although building the single-atom
maser, or micromaser, was in itself
quite a feat, constructing its optical
cousin posed substantial additional
challenges. The much shorter wave-
lengths required quite a different de-
sign, with an ultrahigh @, single-
mode cavity strongly coupled to a two-
level atom. (@, which is defined as
the ratio of the photon frequency to
the linewidth of the cavity, measures
how effectively a cavity can store en-
ergy.) To strengthen the atom-field
coupling, the electromagnetic field
mode had to be confined to a small
volume by proper design of the cavity
geometry. And the researchers had
to find an atom with a sufficiently
long free-space lifetime to assure ade-
quate time for interaction.

While the microlaser relies on the
same physical principles as the micro-
maser, it offers additional capabili-
ties, such as the ability to observe di-
rectly—and count—the photons emit-
ted by the cavity. Measurements on
a microwave cavity are much less di-
rect, because it’s difficult to detect a
single photon in the microwave re-
gion (the energy is too low).

Vacuum Rabi oscillations
At the heart of the design of a micro-
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maser or microlaser is the interaction
of a single atom with a quantized
mode of the electromagnetic field.
(See the article by Serge Haroche
and Daniel Kleppner in PHYSICS TO-
DAY, January 1989, page 24.) Quan-
tum electrodynamics predicts that an
atom will interact even with the vac-
uum field. When an excited two-
level atom is in a cavity tuned to the
frequency of the atomic transition,
the quantized modes of the vacuum
field are altered by the cavity. The
altered atom-—field interaction can af-
fect the spontaneous emission rate.
In a low-Q cavity, spontaneous emis-
sion is irreversible, with effectively a
continuum of vacuum states available
to the radiating photon, but in a high-
@ cavity, such emission becomes re-
versible. The excited atom can then
exchange energy with the cavity field
at quantized frequencies, which are
proportional to a characteristic rate
known as the vacuum Rabi frequency.

Associated with the Rabi oscilla-
tion in the time domain is a fre-
quency splitting of the normal-mode
spectrum for the atom—cavity system.
Three years ago at Caltech, Rob
Thompson (now at the National Insti-
tute of Standards and Technology in
Gaithersburg, Maryland), Gerhard
Rempe and Jeffrey Kimble reported
directly measuring the vacuum Rabi
splitting.3

The atom-field coupling is named
after I. I. Rabi because he developed
a semiclassical theory for the strong
interaction of a two-level quantum
system with an electromagnetic field
at radio frequencies. In the 1960s
Edwin T. Jaynes (now at Washington
University, Saint Louis, Missouri)
and Frederick W. Cummings (now at
the University of California, River-
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1 field model. (Adapted
from ref. 1)

side) gave a fully quantum theory, in-
cluding a quantized electromagnetic
field.*

The micromaser and microlaser ex-
ploit the phenomenon of quantized
Rabi oscillations. In such a system
one passes a beam of two-level at-
oms, raised to their excited state,
through a cavity that is tuned to the
frequency of the atomic transition.
As each atom traverses the cavity, it
will tend to give up a photon to the
cavity via interaction with the cavity
field. The emitted photon will inten-
sify the interaction of the cavity with
the next atom that flows through, so
that the next atom is even more
likely to make the transition to its
ground state, leaving behind a sec-
ond photon. In this way the photon
field of the cavity builds up. At
some point it reaches an equilibrium
with a fixed average number of pho-
tons in the cavity; any additional pho-
tons added to the field just compen-
sate for the losses from the cavity.
The MIT experimenters estimate
that at equilibrium, with their micro-
laser emitting photons at the rate of
10 million per second (about equal to
the flow rate of atoms through the
cavity), an average of 11 photons
were stored in the cavity.

The microlaser

The optical cavity at the heart of the
MIT microlaser consists of two con-
cave mirrors facing one another
across a separation of 1 millimeter,
each with a radius of curvature

equal to 10 centimeters. The sides
are open, and the beam enters on

the side, traversing the cavity perpen-
dicular to the mirror axes. The MIT
group had to build a very high-Q cav-
ity, or equivalently, one with a high



finesse. (The finesse is a measure of
the number of bounces a photon
takes between the mirrors before it
escapes the cavity.) Fortunately one
can now purchase so-called super-
cavity mirrors that have the required
smoothness, figure (that is, trueness
of shape) and reflectivity for high fi-
nesse. The cavity used by the MIT
group has a finesse of 8 x 10%, sev-
eral thousand times that of a conven-
tional laser resonator.

To fully exploit the high-@ cavity,
which has resonant behavior over a
very narrow frequency band, the MIT
researchers had to make their system
highly stable. For example, they had
to hold variations in the mirror spacing
within 0.001 angstroms and use a feed-
back system to keep the pump laser in
sync with the atomic resonance. To en-
sure that the atom can resonantly inter-
act with the cavity mode throughout its
transit time through the cavity, the
MIT group uses a beam of barium at-
oms in which the spontaneous emission
rate for the 791-nm transition from the
3P, to the 1S, state in 1**Ba is small.
(The lifetime of the excited state is 3
microseconds, compared with the tran-
sit time of 0.2 microseconds.)

Feld and his colleagues detected
the photons from the cavity with an
avalanche photodiode whose counting
efficiency was 36%. From the aver-
age number of photons detected, they
inferred the average number of pho-
tons in the cavity mode. These num-
bers are plotted in the figure on page
20 as a function of the average num-
ber of atoms in the mode. The solid
line represents the predictions of a
one-atom quantized field model. The
agreement is good at low average
numbers of atoms but worsens at
higher numbers, indicating the grow-
ing influence of collective atom—field
interactions.

The microlaser operates on such a
small scale that it begins to chal-
lenge the standard definition of a la-
ser. There is no clean threshold at
which the system goes from emitting
a few photons to many. Further-
more the process by which an atom
emits a photon is not stimulated
emission, but rather Rabi oscillation.
Finally, the microlaser does not fit
the picture sometimes discussed in
the theoretical literature: a cavity con-
taining a single atom, which one re-
peatedly pumps. Rather, it features
a succession of atoms flowing
through the cavity, with only a sin-
gle atom interacting with the cavity
at any given time.

The road ahead

The microlaser is the latest in a num-
ber of intriguing experiments that

are exploring the
phenomena of cav-
ity quantum elec-
trodynamics. In-
cluded on the
wish list for fur-
ther exploration
are novel, nonclas-
sical states.
Walther, Rempe
and colleagues at
the Max Planck
Institute for Quan-
tum Optics have
already shown
that the radiation
in a micromaser
follows nonclassi-
cal statistics.’
Kimble and his
Caltech group
similarly found
that laser light
passing through
an atom—cavity
system became
“antibunched,”
that is, it exhib-
ited nonclassical
statistics, once it
emerged from the
cavity.?® One
ought to be able then to see a photon
number state, with a well-defined
number of photons in the state and
no information whatsoever about the
phase. If one formed a photon num-
ber state in an optical cavity, one
would expect the number of photons
emitted in a fixed period of time to
be nearly constant.

Other experiments that attract re-
searchers include quantum nondemo-
lition measurements, exploration of
squeezing, formation of trap states
and synthesis of arbitrary quantum
states. To explore such nonclassical
phenomena, Kimble tells us, one
needs to be in the regime of large co-
herent coupling between atom and
field. Quantitatively the criterion is
that, even with a single interacting
photon, the system should undergo
several cycles of Rabi oscillations;
thus the product of the Rabi fre-
quency (also a measure of the atom—
field coupling) and the atom transit
time must be several times .

While micromasers and micro-
lasers involve resonant processes,
other schemes under development ex-
ploit nonresonant atom-field interac-
tions to probe fields stored in micro-
wave cavities. If an atom crosses a
cavity slightly detuned from the
atomic transition, the atom-field in-
teraction does not produce an ex-
change of energy, but it does alter
the atomic wavefunction. Serge Har-
oche, Michel Brune, Jean-Michel Rai-
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mond and their colleagues at Ecole
Normale Supérieure have recently de-
vised a technique to detect this ef-
fect.” The cavity is sandwiched be-
tween two oscillatory fields that form
a Ramsey interferometer, so that the
effect of the cavity field on the
atomic wavefunction is recorded as a
shift in the interference fringes.

In addition to the single-atom laser of
the MIT group, the term “microlaser”
has also been applied to condensed mat-
ter structures with dimensions on the or-
der of an optical wavelength. (See the
article by Yoshihisa Yamamoto and
Richart E. Slusher in PHyYSICS TODAY,
June 1993, page 66.) These other micro-
lasers also open a door to further explo-
ration of cavity QED.
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