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of left- and right-handed molecules. Until 
recently, the question had apparently never 
been raised whether it is possible to prepare 
superpositions of chiral wave functions, 
which can be written in a general form 

Chiral molecules, as well as achiral racemic 
mixtures, are everywhere. Yet it is well 
known that the wave functions representing 
the true stationary states of molecules that 
are observed to be handed should in fact be 
invariant under inversion, and therefore not 
exhibit chirality (1, 2). Such stationary 
states are rarely seen, and the quantum dy- 
namics of the chiral states has never been 
observed. However. recent develo~ments in 
ultrashort-pulse lakr methods mHy enable 
the preparation and experimental investiga- 
tion of a large class of states of chiral mol- 
ecules that resemble the achiral stationary 
states in being linear combinations of left- 
and right-handed states (3). In addition, 
such experiments could provide an opportu- 
nity to observe the microscopic processes by 
which the "stationam" achiral states are de- 
graded, and handed kites stabilized, by in- 
teractions with the  surround^ medium. u 

The quantum mechanical description of 
chiral molecules begins with a symmetric 
double-well potential (1, 2). That the two 
wells have equal depth is a reflection of par- 
ity conservation; the fact that, to a very 
good approximation, nature has no funda- 
mental preference for either the left- or the 
right-handed isomer of a particular mol- 
ecule. The left-handed isomer is represent- 
ed by a wave function vL(x), localized in 
one well, while the wave function vR(x) for 
the right-handed isomer is localized in the 
other. The "chiralitv coordinate" x in these 
states is some complicated combination of 
the actual coordinates of the atomic nuclei. 

a form which includes Eqs. 1 and 2 as spe- 
cial cases (3, 6). The question of what ex- 
periments would allow one to demonstrate 

tially left-handed should, in principle, con- that a state has the form of Eq. 3 was posed 
vert back and forth to the right-handed before but left unanswered (2). 
form with a tunneling frequency that equals We have put forward the suggestion that 
26. The wave function at time t would be specific sequences of optical phase-con- 

trolled femtosecond light pulses could be 
W(X, t, = 6t + i ~ ( ( 3 s i n  & (2) & to b&,, prrpare and measure superposi- 

But, the tunneling frequency is tiny. It tions of chiral wave functions (3,7). Whiie 
ranges from several megahertz for small mol- phase-locking has long been put to use in 
ecules down to essentially zero for large forming sequmces of multiple radio fre- 
ones. Because interactions of the molecule quencp pulses for magnetic resonance spec- 
with its environment, even if that environ- troscopy (a), as well as in n a n d  and 
ment is highly rarefied, are unavoidably picosecond optical spectroscopy (9), its 
larger than 6, the timedependent superpo- emergence as a viable capacity in the femto- 
sitions (Eq. 2) have never been seen in na- second domain is relatively new (7). Our 
ture. In effect, the presence of a surrounding suggestion is to use one pair of phase-locked 
medium is believed to stabilize the handed pulses to prepare the superposition of chiral 
states WL(X) and UTR(X) (4,.5). wave functions and another to monitor the 

Even if states represented by Eqs. 1 or 2 superposition in a special type of chiral mol- 
had been prepared, everyday spectro- 
scopic measurements of chirality would be 
insensitive to the fact that they represent 
superpositions of the left- and right- Fluorescence 
handed chiral wave functions. Such ex- i"te"sw 
periments typically measure the popula- 
tion difference between left and right, 
which is zero for v+(x) and ~ ( x )  and the 
value cos 26t for ~ ( x ,  t) at a specific time t3 + 112 per i i  t3 + full period 
t, results that would not distinguish Eqs. 1 
and 2 from appropriate physical mixtures 

ve 

t t  
The stationary states referred to in the pre- 
ceding paragraph are symmetric and anti- 
symmetric linear combinations of left- and 
right-handed states; that is, specific super- 
positions of the chiral wave functions hav- 
ing the forms 

Because the potential energy barrier be- 
tween left- and right-handed wells is finite, 
the two states in Eq. 1 have energies differ- 
ing by a small amount, 26 ti. The chiral 
wave functions vL(x) and vR(x) should not 
be indefinitely stable. Via the quantum me- 
chanical tunneling, a molecule that is ini- 
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Preparation and detection of superpositions of handed moiawks. (A) A left-handed molecule 
is co~ied onto the excited electronic-state mtential bv a ~ulse at t.. (8) At L. one half-~eriod law. 
the excited-state wave function is now right handed. i\ second p~~s;! cohe;ently adds part of that 
wave function to the original left-handed ground-state wave function. A superposition has been cre- 
ated. (C) At 4, the first detection pulse creates a copy of the superposition onto the excited-state 
potential. (D) A second pulse is applied after one half-period. The overlap of blue and red wave 
functions is proportional to the fluorescence intensity shown in red above. (E) The second detection 
pulse occurs at a full period. The overlap is maximal. 
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ecule that is susceptible to the process of 
photoracemization. 

Initiallv, the molecule is re~resented bv , , 
the nuclear wave function yL(x) in the left- 
hand well of the electronic eround state (see " 

figure). A short pulse of light creates a copy 
of WI (x) in the excited electronic state. W e  , - . . 
can actually carry out such a transfer of am- 
plitude because the pulses are essentially in- 
stantaneous as far as the nuclei are con- 
cerned. The  new wave function is a super- 
position of the original wave function, with 
a little removed, plus a copy on  the excited- 
state potential curve. The  superposition will 
change with time due to the presence of the 
excited-state wave function. In molecules 
prone to photoracemization, of which sev- 
eral examples have already been identified 
(1 O), there is a reduced or absent barrier in 
the excited electronic state. Suppose that 
the excited state potential well is harmonic, 
with angular frequency CO. Due to parity con- 
servation, that well must be centered over 
the eround-state barrier. at x = 0. A won- 
derfll thing happens to WL(x) in the excited- 
state potential. If we wait half a period, or 
X/CO , vL(x)  turns into vR(x)  by moving to 
the other side of the wotential well without a 
change in shape. The ground-state wave func- 
tion does not chanee because the e l a ~ s e d  - 
time is negligible compared to the tunnel- 
ing time scale &'. Thus, we have a superpo- 
sition of the form in Eq. 3, but with the glar- 
ing deficiency that vL(x) and vR(x)  are in 
different electronic states. 

That  deficiencv can be rectified bv wut- , 
ting a copy of vR(x)  back in the electronic 
ground state, using a second pulse that is 
phase-locked with the first. A second pulse, 
delaved bv X/O, results in a ground-state , . 
wavk function of the form 

The  constant F is a small uarameter.de. 
termined field strength. The quantum me- 
chanical phase cp is determined by the opti- 
cal phase shift between the two pulses of the 
phase-locked pair. The  wave function (Eq. 
4) has the form of Ea. 3. Because there is a 
fixed optical phase shift between the light 
pulses, the preparatory pair of pulses sets up 
a superposition of chiral wave functions in 
the electronic eround state. - 

In order to  detect the superposition of 
chiral wave functions we  robe the mol- 
ecule by exciting it electronically with a sec- 
ond pair of phase-locked pulses and moni- 
toring the resulting fluorescence as a func- 
tion of time delav between the two ~ u l s e s  of 
the detection pulse pair. The  induded fluo- 
rescence would have a n  interference contri- 
bution that is directly proportional to the 
overlap of the original ground-state wave 
function with a copy of that wave function 
that was propagated in the excited-state po- 
tential for the interpulse delay. How this in- 

terference process makes the presence of the 
left-right superposition manifest is indicated 
in the figure. 

T h e  interference contribution to the 
fluorescence induced by the probe pulse-pair 
depends strongly on  the delay time between 
the two subpulses of the probe pulse-pair. 
For delays much shorter than the time scale 
of nuclear motion, the propagated and 
unpropagated versions of the nuclear wave 
function are nearly identical, and hence 
overlap strongly. Such short delays give a 
large interference signal, and the large in- 
terference spike recurs for delays corre- 
sponding to full periods of excited-state mo- 
tion. But those spikes would be observed 
even without having superposed a right- 
handed wave function with the original left- 
handed state. With the superposition state, 
however, a second series of interference 
peaks is predicted. These come at intrapulse 
delays that correspond to odd numbers of 
half-periods of motion in the excited elec- 
tronic state, and arise because the left- 
handed portion of the wave function over- 
laps the right-handed portion of the original 
function, and vice versa, after evolving for 
half of a period on the excited-state poten- 
tial curve. 

There would be n o  interference spikes at  
all if the optical phases of the two probe 
subpulses were not locked, and the half-odd 
peaks would be absent if the wave function 
did not consist of a linear superposition of 
left and right. So, measuring the interfer- 
ence contribution to the fluorescence in- 
duced by the probe pulse-pair would provide 
a test of left-right superposition, which al- 
lows experimental differentiation between 
the state (Eq. 3) and a corresponding physi- 
cal mixture of I CL 1 left-handed molecules 
and I CR 1 right-handed ones. 

One  pair of states that do not produce 
emission for half-period intrapulse delays is 

and these have an especially interesting 
property. Upon spatial inversion, the two 
states (Eq. 5)  switch roles, so they are cer- 
tainly chiral. Yet each one predicts equal 
population of left- and right-handed states. 
Besides failing to exhibit half-odd peaks that 
would betray their nature as superpositions 
of chiral wave functions, they would also fail 
to distinguish themselves from a racemic 
mixture in a conventional measurement of 
optical activity: Those measurements sim- 
ply determine I CL I - I c~ I 2 ,  which is zero 
for the states in Eq. 5. Equally interesting, 
the shapes of the two enantiamers look 
identical. In fact all wave functions where 
the coefficient of vL(x)  differs from that of 
vR(x) by a phase have mirror images that 
are indistinguishable when ordinary optical 
properties are measured (1 1 ). 

W e  have described the preparation and 

detection of su~er~os i t ions  of handed states 
L L 

under ideal circumstances. There will be 
some complicating factors, however. T h e  
excited state is not harmonic; the wave 
functions will spread as they propagate. 
Such spreading would tend to smear out the 
interference peaks. 

Another feature of "nonidealityn that is 
quite interesting in its own right is the pro- 
cess by which interactions with the sur- 
rounding medium, be it a condensed phase 
or a gas, degrade any superposition of 
handed states. Tha t  process could be ob- 
served directly by repeating the measure- 
ments described above for a range of delay 
times between excitation and detection. 
Preliminary calculations suggest that for 
handed molecules embedded in a low-tem- 
perature solid, a superposition state survives 
for tens to hundreds of femtoseconds, long 
enough for its degradation to be measured 
with currently available pulse durations. 
Thus, the proposed strategy affords a means 
of measuring the physical processes respon- 
sible for the interruption of tunneling (4, 5) 
separately from the tunneling process itself. 

Finally, the idea that handed coherences 
may be constructed and their quantum in- 
terference verified expands our vision of 
chirality. Previously, our view of chirality, 
with the exception of atoms (1 2 ) ,  had been 
governed by shapes. Here we have superpo- 
sition states that are chiral in a sense that 
goes beyond the simple criterion of molecu- 
lar shape. 
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