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The topic of atomic coherence is reviewed. Conditions necessary for observing
coherence are discussed. The McCall-Hahn areatheorem is addressed and the transient
coherent effects of self-induced transparency, free induction decay, photon echo, and
angular momentum orientation are described. Recent applications of these effects are
cited.

PACS numbers: 42.50.Md, 42.50.Hz

I.INTRODUCTION

The recent availability of high intensity, ultrashort (< 200 fs) pulses has led to alarge number of
experimental investigations of transient optical coherence effects. Transient coherent effects are now
reproducible enough to be used as tools for measuring relaxation rates, molecular structure, and chemical
reaction dynamics. This paper reviews the topic of coherence asit relates to atom-field interactions,
outlines the conditions necessary for observing coherence, describes the most common transient coherent

effects, and mentions some of their recent applications.

I1. COHERENCE

The term coherence is normally associated with quantities that exhibit oscillatory behavior. Inthis
paper, two or more objects are coherent if their phaseof oscillation can be related in atraceable, non-
random way. Asexamples, consider optical temporal and optical spatial coherence. Optical temporal
coherence exists if, at the same position, the phaseof a passing electric field at two different times can
berelated. Optical spatial coherence existsif, at the same time, the phase of the electric field at two
different positions can berelated. The oscillating quantities do not have to be identical—coherence can
exist between an atom and an electric field. In thiscase the electric field drives the atom’s electrons and
creates an oscillating dipole moment. Coherence betweenthe field and dipole moment implies that the
phase of the dipole moment is related to the phase of the electric field. Atomic coherence occurs when
the dipole moment of one atom isrelated to the dipole moment of another atom as when a group of
atomsis exposed to the same electric field [1]. Atomic coherence is the source of the effects described

in this paper.



The dipole moment induced by an electric field plays akey role in the mathematical description of
atomic coherence. The interadion between the field and anindividual atom, as described by the dipole
moment, can be calculated quantum mechanically. Assuming theresponse of the single atom represents
the response of an entire group, one can usethe quantum mechanical dipole moment to obtain an
expression for the macroscopic polarization density. The polarization density acts as a source term in the
Maxwell wave equation, contributing back to theelectric field that originally induced the dipole moment
[2].

The quantum expectation value of the dipole moment is given by
{y}z <lP LQXPP):_[T ex ¥ d7x, (1)

. wherep = ex isthe classical value of the dipole moment and P is the state vector describing the
molecular system while under the influence of the external electric field. The state vector must be a

solution to the Schrodinger equation given by
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In Eq. (2), H isthe system Hamiltonian given by H = H, + H,. H, describes the internal energy of
the isolated molecule and H, describes the interaction energy between the molecule and the external
field: H, =- - E. Thecoherenceliesinthep - E expression where the phase and direction of p. are
assumed to remain linked to the phase and polarization direction of E. Coherence is also assumed when
the same p istaken to represent all atomsin the group. Under these conditions, a non-zero dipole
moment density P is created which contributes energy back to theincident electric field.

E is assumed to be weak compared with the internal fields that bind the molecul e together such that
|p - E| < hw, where hw, characterizes the transition energy between two H, eigenstates. Because the
contribution of H, to the energy of the system issmall compared with that of H,, a solution to Eg. (2) can
be composed from atime-dependent superposition of the stationary eigenstates associated with H,. The

assumed state vector for the system is given by

V=g (t) pi(r) + cz(t) pa(r) + ...+ eu(t) palr), ©)



where @, (r) are the time-independent eigenstates of H, and c,(t) are coefficients whose square
maghitudes represent the probability of the system being in gate n. The c-coefficients can al'so be
interpreted asrepresenting the probability of transitions beween states. For example, if a moleculeis
initially in state n = 1, |c,(t) |* represents the probability of atransition fromn=1ton= 2.

Substituting Eg. (3) into Eq. (1), one canfind an expression for (u) in terms of the c-coefficients.
The same arrangement of c-coefficients that describes the dipolemoment also appears in the elements of
the system’ s density matrix. The connection between the dersity matrix and the dipole moment permits
one to use the density matrix in place of the dipolemoment in calculations. By using the density matrix,
onhe can introduce incoherent relaxation mechanisms (like collisions) that cannot be practically
incorporated into Eq. (2) [3].

I11. OBSERVING COHERENCE

Observing a coherent interaction in the laboratory requiresconsiderable efort as the electric field
must meet several stringent criteria. The two most important conditionsinvolve the field' s temporal and
spatial character. The simplest solution to the equationsin section 11 assumes a cw or constant amplitude
electric field. The constant field creates a population inversion that oscillates between 0 and 100 percent
at the well known Rabi frequency Q; = uE/M. If, instead of a cw field, thefield is pulsad, Qg isa
function of time given by Qx(t) = pE(t)/h. Unlike cw electric fields that are characterized by a Rabi
frequency, pulsed fields are better described by apulse area A. The pulse areaisthe timeintegral of
Q:(b):

A(z)= [ (tar = %j E(z,t)dt". @

To observe coherent effects, the observation time for acw field or the pulse duration for a pulsed
field must be shorter than the time constant of any decay mechanisms. In addition, the experimental
field must not vary too much from the plane wave field assumed in theory. When the field has a non-
uniform spatial profile, Q; or A may vary widely across the field’ s cross sedion, making a clear
observation of coherence nearly impossible.

Besides arranging a suitable electric field one must also prevent noisy processes from destroying the
coherence. The two chief incoherent processesare radiative decay and collisions. Spontaneousradiative

transitions disrupt coherence because their contribution to the electric field is random in direction, phase,
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and frequency. To arrange anobservable coherent interaction, one must ensure that theinteraction time
T between the field and the atoms is shorter than the radiativedecay constart T,. For transitions between
metastabl e states, this condition is easily met.

Preventing collisions is more dfficult. Collisions can reorient an atom’s dignment with the electric
field or change the atom’ s velocity so that the atom is Doppler shifted out of resonance with the field.
Collisionsinterrupt the phase of the atom’ s dipole moment sothat . is no longer in step with E or the
dipole moments of the atoms around it. Collisions can remove the atom from the interaction by
promoting it to a different state. Of the collision typeslisted, phase interrupting collisions are the most
prevalent. To observe coherence when collisions are present, T must be shorter than the mean time
between collisions T,. This mean timecan be estimated from the inverse of the homogeneous linewidh
Av, suchthat T, = 1/Av, [4]. Av, isahaf width at half maximum (HWHM) value.

Even without radiative losses and collisions, a caherent interaction may be unobservable because of
destructive interference. Interference between two states results in a sinusoidal oscillation in the
population inversion much likethe interference between two sinusoidal signal results in abeat pattern
that isitself sinusoidal. Any additional state, even a degenerate one, brings with itits own dipole
moment that also contributes to the interference. The inclusion of athird state reduces the amplitude of
the state population oscill ations and disrupts the once pure sinusoidal character of the oscillations. As
even more states are added the coherent interaction becomesindistinguishable from an incoherent one
[5]. In certain cases, a degenerate system can bereduced to an ideal two-state system. The R(0) or P(1)
transitions between the rotational and vibrational levels of a diatomic molecule in its electronic ground
state are one such case. By using acircularly polarized field, the Am, selection rule (+1 for one circular
polarization, -1 for the other) bypasses the degeneracy and changes what could be a four-state system
back into atwo-state system.

The two-state limit is not as restrictive as one might at first think since the word “ state” does not
necessarily mean bound state. A recent paper haspredicted coherent oscillations between dissociative
molecular states[6]. Aninitial laser pulse excites molecules into a low-energy dissociative state. A
second pulse then promotes molecules from the low-energy gate into a higher-energy dissociative state.
Coherence between the two dissociative states causes upper state number density to oscillate as a
function of the second pulse’ s energy. Because the upper and lower levels of the system lie inrepulsive
electrical potentials, the energy gap between the stateschanges with time as the atoms that compose the

molecule beginto separate. This requires the duration of the second pulse to be extremely short—210 to



20 fs—so that significant separation does not occur while the pulseis present. The statesin a coherent
interaction need not even be those of a conventional atom or molecule: Rabi oscillations have been
directly observed between exciton states in a semiconducor [7] as has exciton self-induced transparency
[8].

Even given an ideal two-state system, destructive interference can still make coherence
unobservable. If the electricfield spectrum is broad enoughto excite atomsacross a transition’ s entire
bandwidth, the interference caused by the continuum of dipole oscillation frequencies will become
completely destructiveinatime T,”. Thevalue d T,’, aso called the inhomogeneous dephasing time,

can be estimated from the inverse of the HWHM inhomogenecous linewidth Av, such that T,” =
f1n(23 /Av,. Conditions for observing coherent effects are optimal whent < T,, T,, T, (sharp line

limit) andwhen T,” <t < T,, T, (broad line limit). The terms sharp and broad refer to the transition’s
spectral linewidth compared with the spectral linewidth of the field. In the sharp line limit, the electric
field interacts with all portions of the absorption linewidth, but because t is much lessthan T,’, the
coherent interaction is finished long before destructive interference setsin. In the broad line limit, the
field interacts with only a fraction of the absorption linewidth associated with T,” so that T and the

inhomogeneous dephasing timeof the atoms regponding to thefield are similar.

IV. TRANSIENT COHERENT EFFECTS

The coherence effects associated with a pulsed electricfield are more numerous and more diverse
than the simple Rabi flopping associated with a cw field. Given a pulsed system, the simplest observable
coherent effect is the oscillation of the final excited state population with pulse area. This oscillation can
be described with the area theorem. Other coherent effects include self induced transparency, free

induction decay, photon echoes, and orientation

A. Area Theorem

Inthelate 1960s, S. L. McCall and E. L. Hahn solved the Schrédinger and Maxwell wave egquations
simultaneously for a non-degenerate, decay-free, two-levd system and derived and experimentally

verified what is known as theMcCall-Hahn area theorem [9][10]:
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where A isthe pulse area defined in Eq. (4), and « isthe inverse Beer’' s absorption length. Thearea
theorem shows that for a pulse with an area less than 1, the change in area with distance is always
negative and that the medium will absorb the pulse. For a pulse whose areais greater than i, the change
in areawith distance is positive so that A increases until it reaches a value of 2x. When A = 27, the area
no longer changes with distance suggesting absorption free propagation. Beyond 2m, the pattern repeats
with 3w acting as the next threshold between decreasing and increasing area.

The oscillation in absorbed energy with pulse areashows that in any regime where coherence plays a
role, greater pulse energy or longer exposure to the pump field does not necessarily mean greater
absorption. Anillustration o this can be found in arecently proposed experiment [11] whose goal isto
produce a complete inversion in an excited electronic state. A positively chirped laser pulse pumps
molecules out of the ground electronic state and into therepulsive potential region of an excited
electronic state (Franck-Condon principle). Astherepulsive potential forces the atoms apart, the energy
gap between the excited and ground states shrinks. Simultaneously the photon energy associated with
the positively chirped pulse increases. The short resonant interaction time needed to create the inversion
is achieved over the limited overlap time between the pulseand energy gap spectrums. Calculations
show that without the chirp, the interaction time istoolong, resulting in aless than complete inversion.

McCall and Hahn showed that a self-consistent solution to the combined Maxwell-Schrédinger

equations and the area theorem exists only for electric fieldswith a pulse envelope given by
E=E,; sech[[t—zfv)f’?], (6)

where v is speed of the pulse through the medium. Pulses with envelope functions other than theone
described by Eq. (6) were shown to undergo reshaping through the coherent interaction with the medium
so that the steady state pul se shape was alwaysconsistent with Eq. (6). However, experiments with high
intensity, ultra short pulses showed that reshaping did not occur, calling into question the validity of the
areatheorem. Recent simulations [4] have reconfirmed the accuracy of the area theorem by showing that
reshaping takes place through the mechanism of free induction decay (described later). The areatheorem
does break down when the pulse durationis so short that the slowly varying envelope approximation,
upon which the area theorem is based, no longer holds. In this case, Rabi flopping occursat the carrier
wave frequency and high frequency componentsnot predicted by the area theorem are added to the

transmitted pulse [12].



B. Self induced transparency

Self-induced transparency (SIT) refersto an A = 2r pulse’ s ability to travel through a medium
without being absorbed. SIT was the first demonstration of atomic coherence at optical frequencies|[8].
For a conceptual understanding of SIT considersthe 2wt pulse as being made up of two it pulses. The
medium absorbs the first half of the 2r pulse while the second half of the pulse extractsit. SIT can occur
in amedium with decay mechanisms provided the energy exchange takes place faster thanthe T,, T,
and T, time constants. Some decay inevitably occurs, and the pulse loses energy. To maintain the 2n
areawhile losing energy, the pulse broadensintime. Eventually the pulse temporal width becomes
comparable to the incoherent decay time at which point the pulseis rapidly absorbed [13]. The distance
traveled before absorption setsin, called the critical length, is given by

3%

Zy = U

VR
where Z; isthe critical length and T is a characteristic time given by /T, = UT, + 2/T,.

A characteristic feature of SIT that distinguishes it from themore common saturation transparency is
the substantial slowing of the pulse’s propagation speed through the medium. The continuous cycling of
the energy between the medium and the field during SIT can reduce the phase velocity by a factor of
100. Thisisnot so, however, for ST in the sharp line limit. In the sharp line limit, alarge portion of the
field energy lies outside the absorber’ s bandwidth sothat most of the photons pass undisturbed through
the medium at thenormal ¢/n speed [13].

Aninteresting application of SIT isits potential use as a passive mode locking mechanism [14].
When a7t pulse passes through an excited gain medium, it induces a 100% depl etion of the inversion.
(Thisis consistent with conceptual description of SIT given earlier.) The cross-sectional dimension of
the pulse must then be adjusted so that when it reaches the passive mode locker—an unpumped section
of the gain medium—its new areais 2n. The 21 pulse passes unabsorbed through the passive medium

while the medium attenuates all other field configurations.

C. Freeinduction decay

When a laser pulse creates an incoherent excited state, the excited atoms radiate energy away
through spontaneous emission (fluorescence). The fluorescence is randomly polarized and emitted in all

directions. When alaser pulse creates a coherent excited state, the excited atoms still radiate but they do
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so in phase and in the same direction. Becausethis fluorescent signal is coherent, destructive
interference rapidly setsin, causing the fluorescence to dsappear much faster than the fluorescence from
an incoherently excited state. The rapid decay o the coherent signal is called free induction decay
(FID). FID isthe result of the finite bandwidth over which oscillation occurs and is linked tothe
inhomogeneousdephasing constant T,”. The addition of a FID signal to the transmitted high intensity,
ultra-short pulses mentioned in section A allowed the pulses to meet the requirements of the area
theorem despite the absence of pulse reshaping. AD can be practically used to gain insight into the
dynamics of molecules. One group of researchers used a 50 fs pulse at 3 um to pump two vibrational
modes in solute water molecules. The combined FID signal from the two modes showed quantum

beating, allowing the researchers to obtain structural and dynamical information [15].

D. Photon echoes

Photon echoes are the product of at least two pump pulses. Theinitial pump pulse, usually witha
/2 area, creates an excited state population. Theexcited state begins re-radiating the absorbed energy,
but because of FID, the radiation stops almost immediately. The energy remaning in the upper stateis
essentially trapped because the destructive interference caused by inhomogeneous dephasing prevents
the energy from being released. Thisisanalogousto the trapping and guiding of energy in aphased
array radar. Anindividual element of the radar, if isolated, radiatesits energy in al directions. When
placed in agroup of radar elements oscillating coherently but with different frequencies and phases,
interference channels the energy of each element into a Sngle beam that sweeps across the horizon. A
second sweep occurs becausethe discrete frequencies at which the elements oscillate eventually returnto
acommon phase. For coherently excited atoms, radiation occurs across a continuous bandwidth. A
continuum of frequenciesinitially starting in phase will take an infinite amount of time to come back into
phase. Assuming no incoherent dephasing (collisions), the only way to access the trapped energy isto
reverse the direction of dephasing. This can beaccomplished with a second pump pulse that has area.
The t pulse reversesthe dephasing direction so that the oscillating excited state atoms return totheir
initially common phase. The result is athird pulse called the echo pulse [16]. The delay timet,, between
the first and second pump pulses determines when theecho pulse appears. When incoherent decay
mechanisms are present, along t,, results in aweak echo pulse since decay processes remove energy
from the excited state. Pulse echo measurements then becomeatool for determining incoherent

relaxation rates [17]



E. Orientation

While coherence determines the final excited state population created by a pump pulse, it does not
affect the rate at which atoms or molecules |eave the excited state once the pulse has passed. Coherence
will however affect the measurement of such arate. Asan example, consider pump pulse passing
through a diatomic gas. The pulse encounters ground state mol ecul es whose rotational angular
momentum vector (J) is distributed uniformly in all directions. Assuming the pump pulseislinearly
polarized, it will preferentially interact with those molecules whose bond axis lies in the plane of
polarization. If the absorption process inaeases the magnitude of J without significantly altering its
direction, the excited state will be composed of moleculeswhose J vectors lie along the same axis.
Without collisions, the excited molecules will remain in an aligned configuration. If the absorption of a
probe beam is used to assess the excited state popul ation, the measured absorption will depend on how
well the probe beam’s polarization is aligned with preferred orientation of the excited state molecules.
The change of probe beam absorption with time caused by collisions allows one to separate elastic from

inelastic relaxaion rates [5].

V. CONCLUSON

Coherent effects are becoming more common and more visible as access to lasers with pulse
durations shorter than typical collisional relaxation timesincreases. Transient coherent effects such as
SIT, FID, photon echo, and orientation are now common enough to be used as laboratory tools for
examining rapid dynamical processes. A familiarity with atomic caherence and the conditions under

which it appears will therefore prove highly useful to the contemporary experimentalist.
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