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Lasers do what they do because of stimu- 
lated emission, an event in which an ex- 
cited atom or molecule is induced by a pho- 
ton to release that photon's identical twin. 
Arrange to have many atoms producing 
photons by stimulated emission, and a 
chain reaction of light is the result, with all 
photons at the same wavelength traveling in 
phase. Normally, this requires a rearrange- 
ment of the populations, so that more atoms 
are in the excited energy level 
than in the ground state, which is 
called population inversion. Over 
the past few years, however, theo- 
rists have emphasized that it is in' 
principle possible to have lasing 
without inversion (LWI), owing 
to subtle quantum interference ef- 
fects in the lasing atoms (1-4). 
Indeed, recent experiments by 
several groups have demonstrated 
that LWI is feasible (5-8). 

But who cares? After all, we 
have plenty of lasers that operate 
with inversion. One reason to 
care is that inversionless lasing 
puts us on the verge of a new field. 
of research in laser physics and 
quantum optics. For example, as 
we seek the holy grail of a table- 
top x-ray laser, we are frustrated 
by the rapid decay rate of highly 
energetic (x-ray emitting) states, 
and it is difficult to sustain a 

have more atoms that could potentially ab- 
sorb than atoms that could emit a photon). 
But what are these funny atoms that emit 
light but do not absorb it? Consider an 
atom in which the laser field is coupled to 
two levels rather than to just one lower 
level. Let us assume that this atom is pre- 
pared in a "coherent superposition" of the 
two lower levels I b) and I c). The complex 
probability amplitudes for absorption of 

way, let us ask how an atom manages to ab- 
sorb, or emit, light. It  essentially acts as a 
tiny oscillating electronic current (like the 
antenna on a radio transmitter but smaller) 
induced by the incident light field. ~ t tenu:  
ation of an incident field is then the result 
of the radiation from this current interfer- 
ing destructively with the incident light 
(Fig. 1, A and B). 

Having seen how light is absorbed by 
the set of levels la) and 1 b), we are in a 
position to understand why light is (poten- 
tially) not absorbed when we have two 
atomic transmitters, one associated with 
the 1 a) to I b) transition, and the other with 
the 1 a) to I c) transition. When an atom is 
in a coherent superposition of compound 

(doublet) lower levels, it is like 
having two tiny coherent oscilla- 
tors within one atom: The con- 
tributions from these two emit- 
ters are out of phase by 180" and 
cancel each other (Fig. 1C). 

The situation is different if 
the atom begins life in the ex- 
cited state 1 a). Now, when we in- 
duce or stimulate the atom from 
1 a) into 1 b) and 1 c), the phases of 
the oscillators are determined by 
the field so that emission by the 
atomic transmitters will not can- 
cel but rather add (Fig. ID). 

LWI and related effects may 
look good on paper, but can they 
be observed? In fact, these ideas 
have been verified experimen- 
tally (9). At the "Lasers '92" con- 
ference (5) and in recent articles 
( 6 8 ) ,  three groups have inde- 
pendently reported amplification 
in a noninverted atomic vapor as 

population inversion. We have, a result of induced coherences in 
to date, been able to generate co- a ground-state manifold (Fig. 2). 
herent soft x-rays with giant laser The three experiments were not 
systems such as NOVA at Law- Flg. 1. (A) Absorption by a two-level atom: Induced dipole radiation in- designed to generate intense 
rence Livermore National Labo- terferes destructively with incident radiation. (B) Emission by a two-level high-frequency light or x-rays, 
ratory, which can dump large atom: Induced dipole radiation interferes constructively with incident ra- but are to be viewed as proofs of 
amounts of energy into a lasing diation. (C) Absorption cancellation by ,a three-level atom in a coherent principle. 

superposition of lower levels: Induced dipole radiations of the two CO- the most simple ex- medium in a short time' If we herent emitters cancel each other and the incident single-mode radia- 
could just "ignore" the unexcited tion remains unaffected. (D) Emission by a three-level atom in the ex- ~eriment, from a conceptual 
(lower level) atom-that is, if we cited state: Induced dipole radiations of the two emitters are in phase point of view, is that of the Texas 
could obtain lasing without the with incident single-mode radiation and lead to amplification. group (5, 7). Two strong con- 
need of an inverted medium- tinuous wavelaser fields forced 
then maybe ye  could avoid the "sledge- light from levels 1 b) or 1 c) to the upper level the sodium atoms into a coherent superpo- 
hammer" approach to the problem. 1 a) are given by & and %. To find the to- sition of two lower levels with a fixed 

As the name implies, LWI allows us to tal probability of absorption from this co- phase by means of a Raman-type process. 
extract energy from the lasing medium herent superposition, we must add the am- After a small amount of population was 
even if we have more atoms in the lower plitudes before squaring because we are pumped into the upper level by a short 
level than in the upper (that is, even if we ending in a common state. This gives rise pulse, a weak probe was amplified without 

to interference terms, which under certain inversion because of the coherence be- 
M. O. Scully is in Department Of Physics, Texas conditions cause the total probability to tween the doublet. In the Miinster experi- 
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Laser Houston Advanced Research Cen- vanish. On the other hand, the probability ment (6) with samarium atoms, a short 
ter, Woodlands, TX 77381; and at the Max-Planck- of emission from an atom in the upper level Raman pulse was used to initiate a ground- 
lnstitut for QuantenoPtik, D-8046 Garching, Germany. invokes the sum of the squares 1 &bl = and state coherence. An applied magnetic field 
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version in a dressed basis. 
However, there is more 
to the story. 

In the original work 
of Harris (2). LWI was . ,, 
based on quantum Fano- 
interference. for which 
there is no dressed state 
descri~tion. Likewise. the 

Fig. 2. (k, ~exas, (B) Miinster, and (C) Amsterdam experiments on -lied Raman cdher- 
LWI. The heavy lines are the coherence-generating fields, the dashed ence scheme, as studied 
lines indicate pumping into the upper lasing level, and the thin lines experimentally by the 
are the probe transitions. Texas group, has no sim- 

ple dressed state or hid- 
started to oscillate with a period deter- den inversion description. In all cases, 
mined by the level splitting. Inversionless however, atomic coherence and interfer- 
amplification or absorption of a probe pulse ence explains the physics, and we empha- 
was observed depending on the phase of size the utility and generality of this ap- 
the oscillating coherence. In the Amster- proach. The interplay between atomic co- 
dam experiment (8) on cadmium, a pulse herence effects and quantum optics is a rich 
was again used to lift the atoms from the field of fundamental and applied research 
ground state into a coherent superposition and'will be an exciting area of scientific ac- 
of two intermediate magnetic sublevels, tivity for some time. 
and noninversion amplification of a probe 
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-mnsparency, as predicted by Harris and co- 
w o r k e r s ( 1 0 ) , i s a c a s e i n p o i n t . ~ h e ~  P~lyketideBiosynthesis:Molecular 
proved that when a strong field is present 
on one transition, such as b + a of Fig. lC, 
a weak probe will not be absorbed on the c 

Recognition or Genetic 
+ a transition. In this way, they can render 
an opaque medium transparent. Further- 

Programming? 
more; the medium will be highly dispersive, 
and thus, this effect may be used to slow 
down the group velocity of short light 
pulses (I 1) or to make a high-precision 
magnetometer (12) based on the Zeeman 
level shifts induced by tiny magnetic fields. 

It is also possible to use atomic coher- 
ence to generate a large index of refraction 
(1 3), to produce large nonlinear optical co- 
efficients (14), and even to quench quan- 
tum noise (15). In fact, it may be noted 
that such a ~hase-coherent atomic en- 
semble is in a real sense a new state of mat- 
ter, which has come to be known as 
"phaseonium." 

The physics behind LWI and related ef- 
fects as explained here is based on atomic 
coherence and interference. To some ex- 
tent, it is possible and profitable to recast 
this picture in terms of so-called "dressed 
states," such that one state (called the anti- 
symmetric state) does not engage in absorp- 
tion (or emission), while another (symmet- 
ric state) does. If the lower laser-level 
population is put into the nonabsorbing an- 
tisymmetric state, any small amount of 
population placed in the excited state 
could be said to lead to lasing with inver- 
sion to the empty symmetric state. In this 
sense, LWI would be lasing with hidden in- 
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Polyketides are a large and diverse family 
of natural products, most of which are pro- 
duced bv Actinomvcete bacteria and bv 
fungi. Two classes of polyketides have been 
extensivelv studied-the mlvcvclic aromat- 
ic polyke;ides, typified by '&e antitumor 
antibiotic tetracenomycin C (1) and the 
blue-pigmented octaketide actinorhodin 
(2), and the partially reduced, branched- 
chain fatty acid lactones, known more gen- 
erally as macrolides and represented by the 
broad spectrum antibiotic erythromycin A 
(3) (Fig. 1). Complex polyketides are syn- 
thesized by a mechanism analogous to the 
chain-elongation steps of fatty acid biosyn- 
thesis, with acetate, propionate, and bu- 
tyrate forming the fundamental building 
blocks (1-3). The oxidation level and ste- . . 
reochemistry of the growing polyketide 
chains are adjusted after each condensation 
step in the chain-elongation process (1-3). 

The application of molecular genetics to 
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polyketide biosynthesis has yielded dra- 
matic insights into the organization and 
function of these biosynthetic systems and 
has allowed the isolation of polyketide 
synthase proteins. Two landmark develop- 
ments stand out. Malpartida and Hopwood 
have reported the cloning of the entire set 
of actinorhodin biosynthetic genes from 
Streptornyces coelicolor-a 26-kilobase gene 
cluster (4). The polyketide synthase (PKS) 
genes, identified both by complementation 
of known mutations as well as by targeted 
gene disruptions, showed sequence similar- 
ities to conserved domains of the genes for 
fatty acid biosynthesis. More recently, Katz, 
at Abbott Laboratories (5), and Leadlay, at 
the University of Cambridge (6), each 
cloned and sequenced the genes from 
Saccharopolyspora erythraea responsible for 
synthesis of the parent macrolide for eryth- 
romycin, 6-deoxyerythronolide B (4). The 
eryA gene is organized into three large (10- 
kilobase) open reading- frames containing a 
series of domains, each responsible for one 
of the individual steps of reduced polyke- 
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