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Quantum beat spectroscopy is a Doppler-free time domain
method based on the creation of molecular coherenceswith
alaser pulse and the measurement of their subsequent time
evolution. Fourier transformation of the time evolution
allows a spectrum in the frequency domain with lifetime-
limited resolution to be recovered. This article gives an
account of the technique applied in high resolution mode
which allows the study of isolated molecules, radicals and
complexesin extensive detail and with great accuracy.

1 Introduction

The structure and dynamics of molecular electronic states form
a broad field of study with relevance to many areas of
chemistry, such as the theory of molecular structure, dissocia-
tion, photodissociation, and reaction dynamics. The traditional
tool of choice for study in this field has been high resolution
spectroscopy, predominantly in the conventional frequency
domain, where the absorption (or emission) is dispersed and
recorded. With the development of the laser, high intensity,
monochromatic and tunable light sources have become availa-
ble, with bandwidths of <1 MHz being routinely obtained from
continuous-wave lasers. However, trandating this bandwidth
into spectral resolution is not trivial due to Doppler broadening
caused by molecular motion and, for larger molecules, spectral
congestion resulting from many quantum states being popu-
lated. A partial solution to these problems is to entrain the
sample in a supersonic expansion of a buffer gas, alowing the
molecule to be studied at very low temperatures. Typica

rotational and vibrational temperatures are on the order of 5 and
50 K respectively, dramatically reducing spectral congestion.
Thetrandationa temperatureis evenlower at ~1 K and results
in pronounced narrower spectral lines. Reducing the linewidth
to less than ~50 MHz at visible wavelengths is however still
somewhat challenging. While this resolution may still be
sufficient to learn a great deal about the structure of an
electronic state, it may not be possible to discern small but
important effects such as nuclear hyperfine splittings. Although
techniques such as saturation spectroscopy and two photon
methods are available to circumvent Doppler broadening, a
simpler and more direct approach is possible, in which thetime
dependence of the system is observed following the coherent
excitation (simultaneous excitation with a fixed phase relation-
ship) of molecular states. This is quantum beat spectroscopy
(QBS).

Asits name implies, QBS is based on a quantum phenome-
non: the preparation and subsequent time evolution of a
coherent superposition of eigenstates. Quantum beat measure-
ments are performed in a manner analogous to pulsed nuclear
magnetic resonance (NMR) spectroscopy. In pulsed NMR, a
short radio frequency pulse is used to excite nuclear spin states
(resonances) and the time evolution of the excited spin statesis
recorded in the form of the free induction decay. A Fourier
transformation is then performed, alowing the traditional
frequency domain spectrum to be recovered from the time
domain data. In QBS, energetically closely spaced levels are
simultaneously excited with a short light pulse and the time
evolution of the system is recorded, often as a fluorescence
decay. The time evolution, which for fluorescence detection is
an exponential decay, exhibits superimposed oscillations, the
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frequencies of which correspond to the energy splittings
between the coherently excited levels. These are the quantum
beats. Similar to pulsed NMR, the Fourier transform (FT) is
taken to obtain the familiar frequency domain spectrum. Asthe
frequencies of the quantum beats lie in the radio frequency
range, the measurement is effectively Doppler-free.

The first quantum beats were independently observed by
Aleksandrov,* and Dodd et al.2in 1964 in atoms using shuttered
spectral lamps for excitation. In its first 15 years, QBS was
amost exclusively applied to measurementsin atomsin order to
determine parameters such as g-factors and hyperfine structure.
Reference 3 reviews these applications in more detail. Driven
by the development of reliable tunable (dye) lasers and
supersonic molecular beam methods, QBS was applied to the
study of polyatomic molecules, in which quantum beats were
first observed in 1979 by McDonad and coworkers4 The
following years saw the application with nanosecond laser
pulses to a number of molecular systems, reviews of which are
available in the literature.56 More recently, experimental
developments have a'so alowed QBS to be applied to unstable
polyatomic molecules and radicals, with the first work being
published in 1996.78 With the advent of pico- and then
femtosecond lasers, ultrashort pulses have also been applied to
QBS type measurements, particularly in work pioneered by
Zewail and coworkers,® but with the exception of rotationa
coherence spectroscopy (RCS) the goal here has aways been to
achieve high temporal asopposed to spectral resolution. In other
branches of the physical sciences, QBS has been used to study
the physics of solid state samples, 10 and laser systems based on
the quantum beat principle have been proposed.1! It has also
been applied to the investigation of the nature of molecular
coherences themselves as well as their manipulation and
response to fast perturbations,1213 motivated by the possible
applications to selective chemistry and quantum computing.

The purpose of this review isto provide a genera and up to
date introduction to the application of QBS for high spectra
resolution measurements. Older work, which has been dis-
cussed in other reviews,56 will in general not be addressed here.
The review is structured as follows: Sections 2 and 3 treat the
theoretical background for QBS and the experimental setup
required. The applications of QBS to the study of electronic
excited states and vibrationally excited ground state levels are
discussed in Section 4. As the coherence width of pico- or
femtosecond laser pulses (5 GHz—10 THz) exceeds the typical
Doppler width, in which case measurements can usualy be
made using conventional spectroscopic techniques, nanosecond
laser pulses excitation isalmost always used, an exception being
the RCS technique discussed in Section 4.4. The applications
are illustrated with a number of examples, mainly from our
laboratory.

2 Theoretical aspects

In this section we provide a brief and simple account of the
theory of QBS. For a more detailed treatment the reader is
referred to previous reviews.35.6 As an introductory remark, we
note that an analogy may be drawn between quantum beats and
the Y oung’ s double slits experiment, where the presence of two
indistinguishable channels leads to interference effects. In the
case of molecular systems monitored by fluorescence emission,
insight into the time evolution of coherently excited states is
provided by the four level system shown in Fig. 1. Initialy the
molecule occupiesthe state | g), whiletwo closely spaced levels
|a) and |b) areexcited states energetically well separated from
|g). The system is subjected to alight pulse resonant with the
ground to excited state transition. If the coherence width of the
light pulse, which is determined by the time-energy uncertainty
Av ~ 1(2At), exceedsthe small energy difference between |a)
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|9)
Fig. 1 Diagram of the four level system. A photon isabsorbed by the ground
state |b) and excites a superposition of states |a) and |b) whose energy
separation is AE = hm,,. Emission of a second photon leaves the systemin
the fina state |f).

and |b), |Eq — Ep| = hwap, both transitions [a) « |g) and
|b) « |g) are simultaneously excited, or more precisely
coherently excited. For such a case of coherently excited levels
|a) and |b), quantum mechanics tells us to write a super-
position to describe the prepared state i.e.

|W(0)) = cqla) + cp|b). (1)

If the excitation intensity is constant over the range hay,, then
the coefficients c, and ¢, are proportional to thetransition dipole
matrix_elements /g = (alu|g) and g = (b|ulg),
respectively. Having characterised the initial superposition
state, we must now describe itstime evolution. Thisis achieved
with help of the time-dependent Schrodinger equation, the
solution of which for the eigenstate | a) isfor example |a(t)) =
|a)e-iEln = |a)e-iet, Applying this solution to the initial
superposition state, we write its time evolution as

|W(t)) o< tag| @) e~ (@at 1/t + pipg | DYe—(@tw/2)t,  (2)

where the introduction of the phenomenological constants v,
and y, accountsfor the decay of states |a) and |b) respectively.
It is now apparent that the system is described by two
components oscillating at two distinct angular frequencies. We
now assume that both levels |a) and |b) decay radiatively to
the ground state level |f) so that the fluorescence intensity is
given by the sguare of the transition dipole matrix element

ln(t)oe | (Fl [ W(D)) ]2, ©)
which after substitution of egn. 2 can be evaluated as

Inn(t)oc | Uagl 2| tiral 28778 + | Ung| 2| iy | 26— %t
+ | Uaglloglisalln | € 0=+ 1Y2 cos(wapt + 6).  (4)

Examination of this expression shows that it consists of two
parts, one incoherent term (first two terms) describing the
independent decays of the two states |a) and |b) and one
coherent or cross term (last term) which decays at the average
rate of the two states and, most importantly, is modulated at the
angular frequency wa. The modulation frequency is the
difference of the two angular frequenciesin egn. (2), i.e. @ap =
| @a — |, and the coherent termin egn. (4) isthereforetermed
the quantum beat. The angle @isincluded in egn. (4) to describe
the phase of the quantum beat, which depends on a number of
factors such as the excitation and detection polarisations and
transitions. When the transition moments and decay rates are
equal, as is often the case, a particularly simple expression is
derived for the four level system. In this case egn. (4)
becomes

la(t) o< [1 + cos(@ant + O)]e~7, ®)

clearly illustrating the contributions of the incoherent and
coherent termsto the fluorescence decay. In thisspecial casethe
quantum beat is 100% modulated. It is important to point out
that the derivation above indicates that quantum beats are a



single particle phenomenon. As with the Young's dlits experi-
ment, averaged observation of asingle atom or molecule would
yield the same result as with an ensemble. Thisis an important
difference to pulsed NMR where the relevant entity, the sample
magnetisation, is an ensemble property.

Considering the Fourier transform of egn. (4), we note that
the product of two functions in the time domain yields the
convolution of the two corresponding Fourier transformsin the
frequency domain. As the Fourier transform of a simple
exponentia is a Lorentzian, the quantum beat will appear as a
feature at frequency va, = 2mws, With Lorentzian lineshape of
full width half maximum (FWHM) vewum = (%2 + ®)/2. This
demonstrates that the resolution of QBS is limited only by the
lifetime of the excited state levels and it is possible to increase
the resolution even beyond this limit in favourable cases.6 Fig.
2 illustrates the results with data obtained in our laboratory for
Zeeman quantum beats in CS,. As illustrated in the level
diagram, the M = +1 sublevelsof aJ = 1rotational level inan
electronic excited state were coherently excited (see Section
4.1). The fluorescence decay is clearly modulated at only one
frequency, shownintheFT tolieat 1.05 MHz, corresponding to
the energy splitting between the two M sublevels. Moreover the
FWHM of the pesk is 106 kHz, which corresponds to the
excited state lifetime of 3.0 us. The stronger feature at zero
frequency is due to the unmodulated exponentia terms in the
fluorescence decay.
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Fig. 2 Zeeman quantum beat recorded for the R(0) line of the 17U transition
in CS; in an external field of ~15 Gauss. The laser polarisation was
perpendicular to the magnetic field direction and prepares a coherence
between the M = +1 sublevels as shown in the level diagram. This is
manifested by asingle quantum beat on the fluorescence decay; thereal part
of the Fourier transform is aso shown. The less than 100% modulation,
which isobserved in virtually all quantum beat measurementsin molecules,
is due to incoherent emission from the excited states.

The treatment above considers a simple quantum beat system
which is applicable to some atomic systems. For molecules,
which have more degrees of freedom and thus a higher density
of states, it ispossible that anumber of states may be coherently
prepared, resulting in several quantum beats. If N levels are
coherently excited, then 2 N(N — 1) quantum beats are possible
(analogous to the number of handshakes among N people).
Furthermore there may be more than one initial state and,
particularly important for fluorescence detection, multiple
detection channels to numerous final states. In order to
adequately describe such systems, egn. 4 must be adapted to
include sums over the initial and final levels, and over the
coherently excited states. A further complication is introduced
by the possibility that the quantum beat phase 6 varies over
different detection channels. Hence in general, a density matrix
formulation is used to model quantum beats in molecules. This

has the advantage that it can aso be applied to systems
subjected to time-dependent perturbations. The reader is
referred elsewhere for a description of these methods.14
However, the bottom line is that providing a pair of states can
be excited from a common ground state |g) and detection
occurs to a common final state |f), a quantum beat is observed
(cf. Fig. 1). If this is not entirely the case then incoherent
emission accompanies the beat structure so that the latter is not
100% modulated. An instructive example is found in the
fluorescence emission from the S; state of acetone. Incoherent
excitation with no fixed phase relationship, which is usually
applied, is followed by fluorescence decay with a ‘boring’
exponential form, however coherent excitation of many states
yields the beautiful fluorescence decay and quantum beat
spectrum shown in Fig. 3. In summary, QBS provides asimple
and direct, Doppler-free method for measuring small energy
differences between quantum states with lifetime-limited res-
olution.
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Fig. 3 Fluorescence decay and quantum beat spectrum recorded following
coherent excitation of the O — 1oy rotational line in the 233130
vibrational band of the S, «— & transition in acetone. The quantum beats
here are between eigenstates resulting from mixing between excited singlet
and triplet state levels.

3 Experimental details
3.1 Basic requirements

The major obstacle to overcomein order to successfully record
guantum beats is spectral congestion. Overlapped spectra
features|ead to amixture of incoherently and coherently excited
levels and hence a low modulation depth and many beat
frequencies. For atoms and small diatomic molecules this is
generaly not a problem and quantum beat spectroscopy can be
performed without special preparation, for example in the
elemental vapour.3 However in polyatomic molecules the room
temperature spectra are too congested to alow individual
transitions to be resolved and a cooled sample must be used. By
using a supersonic expansion of amixture of the sample seeded
in a carrier gas, rotational temperatures of a few K may be
achieved and simpler, well resolved spectra can be obtained. A
pulsed jet is generally used to reduce sample consumption and
demands on the vacuum pumps. A further advantage of a jet
entrained sample is that collisions are minimised, reducing
dephasing destruction of the molecular coherences.

In order to prepare coherences, the coherence width of the
excitation light pulse must be of the order of the splittingsto be
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measured. For nanosecond lasers it is necessary to distinguish
between the coherence width and spectral bandwidth. For
example a standard commercia pulsed dye laser has a spectral
bandwidth of 1-2 GHz but a pulse length of ~5 ns,
corresponding to a coherence width of ~100 MHz. For dense
spectra, spectral congestion problems may arise as the laser
bandwidth is substantially larger than the coherence width. For
the example above, two transitions separated by 400 MHz
would not be resolved in the frequency domain. Recording the
fluorescence decay of this single feature will yield the
incoherent sum of two beat patterns, making analysis difficult.
By applying Fourier transform limited pul ses, this problem may
be avoided (Section 3.2).

In detecting quantum beats, a technique is required which
samples the time evolution of the excited coherences. For-
tunately nature has provided such a mechanism in fluorescence
decay. The simplest manner in which quantum beats can be
detected is therefore to record fluorescence decay curves using
aphotomultiplier tube (PMT) and atransient digitizer or digital
sampling oscilloscope. For molecules with a very low or zero
fluorescence yield or for studies in the electronic ground state,
adouble resonance method is utilised, often in conjunction with
the versatile resonance enhanced multiphoton ionisation
(REMPI) technique. The REMPI method has the advantage of
allowing convenient isotope specific detection when used with
time-of-flight detection (see Section 4.5).

3.2 Experimental refinements

Fig. 4 shows a schematic of the experimental setup used in our
group for the investigation of electronically excited states. The

/9; HW plate

120 MHz

Fig. 4 A schematic of the apparatus used to take quantum beat
measurements in electronically excited states. A molecular beam seeded
with the sample is expanded into vacuum, where it crosses the excitation
laser pulse and detection axis at right angles. The vacuum chamber is
surrounded by three pairs of Helmholtz coils (not shown) to null the Earth's
magnetic field. For measurements in which specific polarisations are
required, a half wave (or quarter wave plate) and sheet polariser determine
the excitation E- and detection EP polarisations, respectively.

sample is entrained in a pulsed supersonic molecular beam
which is crossed at right angles by the excitation laser pulses.
The fluorescence decay is detected in a direction mutually
perpendicular to both sample and excitation beams. The most
important refinement in our apparatus is the use of laser pulses
with a Fourier transform limited bandwidth, i.e. having a
spectral bandwidth equal to their coherence width, generated by
an excimer pumped pulsed dye amplifier seeded by aring dye
laser. The pulses have a bandwidth of ~120 + 15 MHz and a
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duration of 3.5+ 0.5 nsfollowing frequency doubling and allow
the resolution problem discussed above to be overcome. With
such excitation it is possible to move seamlessly from using the
frequency domain to record spectral features split by more than
120 MHz to the time domain using QBSto record any splittings
smaller than this value. This ability is particularly useful when
studying larger molecules. Two other useful features can be
seeninFig. 4. A half wave or quarter wave retarder is available
to generate specific linear or circular excitation polarisations for
measurements where thisisrequired. Similarly a sheet polariser
allowsthe possibility of polarised detection. Our apparatus also
incorporates three pairs of Helmholtz coils to null the Earth’'s
magnetic field. For the generation of either static or switched
magnetic or electric fields, Stark plates of Helmholtz coils can
be built into the chamber.

Finally we note that many species of interest are unstable and
require special experimental techniques to be produced in a
supersonic jet. A number of possible methods have been
suggested,”8 most of which involve the dissociation of a
precursor at the start of the supersonic expansion. This yields
the species of interest either directly or by reaction with another
component of the gas mixture. The supersonic expansion
stabilises and coolsthe molecule or radical so formed. Precursor
dissociation is generally achieved either by laser photolysis,
electrical dischargeor pyrolysis. In our group we have used both
the discharge and pyrolysis methods.

4 Application of QBS to chemistry

Before discussing the applications of QBS to molecules, it is
useful to consider the possible origin of energy splittings which
can be coherently excited by a nanosecond laser pulse, i.e.
~200 MHz or less and hence much smaller than rotational or
vibrational structure. Two broad categories of phenomenaarein
general responsible. The first of these concerns the splitting of
a single rovibronic level into subcomponents due to either
effects internal to the molecule, such as nuclear hyperfine
interaction or the application of external fields. Here QBS may
be used to measure electric and magnetic dipoles, and nuclear
hyperfine constants. These parameters yield information on the
molecular and electronic structure of the molecule under study.
Quantum beats in this category are characterised by their
anisotropic nature, which is manifested by the dependence of
their modulation and phase on the experimental geometry, i.e.
the direction and polarisation of excitation and detection as
illustrated in Fig. 5 for the case of Zeeman split hyperfine beats
from 13CS,. The anisotropic nature of these beats stems from
angular momentum coupling considerations.14 The second
category deals with the coupling of a single rovibronic level in
a‘bright’ electronic state, to which transitions from the ground
state carry oscillator strength, with rovibronic levels of ‘dark’
background states, to which transitions from the ground state
carry no oscillator strength. These quantum beats are isotropic
and have no dependence on the excitation and detection
geometries. Their analysis yields information on the intra-
molecular dynamics mechanisms and the resultant energy flow.
The discussion below starts with the applications of QBS in
excited electronic states in Sections 4.1-4.3. Section 4.4 deals
with picosecond excitation where the coherence width is ~10
GHz and hence allows coherent excitation of molecular
rotational levels, while Section 4.5 treats the recent application
of QBS to the electronic ground state.

4.1 Zeeman and Stark quantum beats

Applying an external magnetic or electric field lifts the
degeneracy of the M sublevels via the Zeeman or Stark effects,
which are dependent on the magnetic or electric dipole
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Fig. 5 Fourier transforms of fluorescence decays recorded for an R(0)
transition in the 10V system of 13CS; in the presence of an external field of
~6 Gauss directed along the laser propagation axis. The upper and lower
traces were recorded with unpolarised detection but with laser polarisations
parallel and perpendicular to the detection axis, respectively. The FTs show
the anisotropic nature of Zeeman quantum beats (beat a) and Zeeman split
hyperfine quantum beats (beats b—€), in that the beat phases depend on the
experimental geometry.

moments, respectively. In general these splittings are small, and
conventional spectroscopic techniques at optical frequencies
require strong fields and large dipole moments to resolve the
Zeeman and Stark components. The measurements may also be
complicated by the presence of electric or magnetic dipolesin
the upper and lower electronic states, which can make
assignment difficult. In contrast QBS provides a method to
directly measure the energy splittings between the M compo-
nentsin the excited state. This technique has the advantage that
it is specific to the excited state and that much weaker fields
may be used or, conversely, that smaller moments may be
measured for agiven field. Furthermorein the case of nonlinear
interactions, asfor the Stark effect, the beat frequenciesare very
sensitive to the rotational constants and provide a method to
refine the values obtained from conventional spectroscopic
methods and hence obtain a more accurate structure.s In order
to prepare Zeeman or Stark coherences, states of different M
must be coherently excited. Normally an experimental geome-
try ischosen in which the excitation (and detection) polarisation
is perpendicular to the external field. In this case the selection
rule for the M subcomponents is M £+ 1 «— M, preparing
coherenceswith AM = 0, 2. The AM = 0 coherences normally
have zero frequency while the AM = 2 coherences yield the
energy splittings between the M components.

One example of Zeeman quantum beats deals with the
ultraviolet spectrum of CS,.16 The upper electronic state of the
U system isthe £ = 0 component of a 3A;, state and should
therefore have no magnetic dipole moment, nevertheless
rovibronic levels in this state are found to exhibit Zeeman
splittings. At the fields used in the study (~1 mT = 10 Gauss),
the Zeeman effect is linear and the M sublevels experience a
energy shifts of

Ez = gsusBM, (6)

where g; isthe Landé g-factor of thelevel in question, ug isthe
Bohr magneton and B is the magnetic field strength, re-
spectively. Fig. 2 givesalevel schemefor arotational statewith
J = 1 and shows the single coherence excited via a R branch
excitation step. For states of high J, a number of AM = 2
coherences are excited, but due to the linear Zeeman effect the
beat frequencies are identical. Fig. 2 shows the single beat

frequency on the fluorescence decay and the corresponding FT.
By measuring the dependence of the beat frequency on thefield
strength, the g-factor of the excited rovibronic level is obtained.
Important to note is the very high resolution of the method: the
beat frequency of only 1.05 MHz isvery well resolved inthe FT
and g-factorsas small asg = 0.02 can easily be measured with
fields of only ~15 Gauss. In this study, anadysis of the
rotational state dependence of the g-factor on rotational
guantum number J, revealed the origin of the excited state
magnetic moment. This is the spin uncoupling mechanism, in
which interaction between the rotational and electron spin
angular momenta mix states with AX = 1. Details of other
recent work on Zeeman quantum beats may be found else-
where.17-19

Stark quantum beats are measured in a similar manner, with
an external electric field being applied instead of a magnetic
field. However for an isolated state, the Stark shift is quadratic
infield, in contrast to the linear low field Zeeman effect. For an
singlet state rotational level, the Stark shift is givens by

E(J,M) = Z(A<J>+ B(JM2)u2E2, @

where A(J) and B;(J) are factors dependent on the molecular
geometry, w; are the projections of the dipole moment on the
principal axes, and E is the electric field strength. Equation (7)
shows that levels with the same absolute M remain degenerate
and as a consequence for arotationa level J, J(J — 1) equally
spaced Stark beats will be observed. For molecules where the
electric dipole moment lies on one of the principal axes (e.g.
linear or C,, molecules), the dipole moment can be determined
from measurements on a single rovibronic level. This has been
performed for a number of such species and we refer to the
previous reviews for a list.56 Another recent study may be
found elsewhere.20 However a more complete example is
provided by propynal, a molecule with Cs symmetry where
Stark quantum beats were used to measure the electric dipole
moment and its orientation in the S, state.2 Thiswas achieved
by taking measurements on anumber (asarule of thumb at least
as many as the number of components to be determined) of
rotational levels. Propynal provides another interesting applica
tion for Stark quantum beats, the measurement of asymmetry
doublet splittings.22 In a near symmetric top such as propynal,
these can be very small (afew MHZz) but cannot be measured by
QBS as the rotational selection rules prevent their coherent
excitation. The Stark effect mixes the M sublevels of the
asymmetry doublets and quantum bests between these levels
become alowed. The effect is quadratic at very low fields but
quickly becomes linear, and by measuring the field dependence
of the quantum beat frequencies, the zero field asymmetry
splittings can be very accurately determined.

4.2 Hyperfine quantum beats

As with the Zeeman studies, the use of QBS to investigate
nuclear hyperfine structure in molecules is also derived from
studies in atoms. Nuclear hyperfine structure arises from
coupling of nuclear spin angular momenta | to the rotational
angular momentum J. The common coupling mechanisms are
either magnetic (interaction of nuclear and electron spins) or
electric (interaction of nuclear quadrupole and electronic field
gradients) in nature. For a molecule with a single nuclear spin,
the total angular momentum in the molecule is written as the
vector sum F = J + |. Quantum beats can be detected after
coherent excitation of multiple hyperfine levels and thus
provide a convenient manner for measuring these splittings,
which normally have a magnitude of 100 MHz or less.
Consideration of the general optical selectionruleF+ 1, F «—F
for the excitation and detection stepsrevealsthat AF = 2,1,0
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hyperfine beats may be observed. As the hyperfine interaction
takes place within the molecular frame the polarisation
dependence of hyperfine quantum beats differs somewhat from
that for Zeeman and Stark beats. Accordingly the modul ation of
hyperfine quantum beats is found to be proportional to the
second Legendre polynomia of the cosine of the angle 6
between the excitation and detection polarisations P, (cos 6) =
2(3cos? 6 — 1). Thisfunction hasvaluelat 6 = 0and —0.5 at
6 = 90° and iszero at the magic angle 54.7°. Nuclear hyperfine
structure is a very sensitive and direct probe of electronic
structure and we illustrate the data that may be obtained from
nuclear hyperfine quantum beats with two examples.

Thefirst of theseisthe U system in CS; discussed above for
the Zeeman quantum beats where the nuclear hyperfine
structure of the 13C (I = 1/2) substituted isotopomer was aso
investigated.16 In this molecule each rotational level withJ = 1
is split into two hyperfine components with F = J = 3. Thisis
illustrated in the level diagramin Fig. 5 for astate withJ = 1
with F = 3/2, 1/2 (the presence of an external magnetic field
further splitsthe M sublevelsin thiscase). The splitting between
the hyperfine levels was measured by QBS and its rotational
state dependence confirmed the presence of the spin uncoupling
mechanism discussed above. The second example shows how a
comparison of the hyperfine structure in the A2Z+ state of the
OD radical and its van der Waals complex Ar-OD recorded by
QBSwas used to elucidate the nature of the bonding in the A2=+
state of the Ar-OD complex.23 This state is anomalously
strongly bound (~21000 cm—1) although the X2I1 electronic
ground state is ‘normal’ for a van der Waals complex. The
reason for this had long been considered to be anal ogous to that
for the exciplexes such as XeCl or ArF, which are bound in the
excited state but not in the ground state (hence their efficiency
as a laser medium). The deuteron has spin | = 1 and its
hyperfine structure is an excellent probe of the bonding in the
complex, the geometry of whichis ArDO despite the name. OD
and Ar-OD were produced for this study using an electric
discharge nozzle. Fig. 6 shows an example of the data obtained.
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Fig. 6 Nuclear hyperfine quantum beats recorded for the P»/Q1(3/2) linein
avibrational band of the A2Z+ — X2I1 transition in the Ar-OD van der Waals
complex. The inset shows the fluorescence decay which exhibits weakly
modulated quantum beats. Following Fourier transformation the beat
frequencies between hyperfine levels in the A2X+ state are clearly visible.

Analysis of the hyperfine structure showed a number of
coupling mechanisms to be active of which one is particularly
simple to analyse. This is the Fermi contact term, a quantum
phenomenon the strength of which is proportional to the
unpaired electron spin density at the deuteron. The Fermi
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contact term wasfound to be 7% lessin the complex thanin free
OD, indicating the donation of electron density from the Ar
atom onto the OD moi ety and confirming the chemical nature of
the bonding in this electronic state of the Ar-OD complex.

Examples of other recent work on hyperfine quantum beats
may be found elsewhere.18.19.24.25 | n gddition, it isalso possible
to study the effect of external fields on nuclear hyperfine
structure. The magjority of studies have used external magnetic
fields and an example recorded for the V system of 13CS; is
shown in Fig. 5. Here the Zeeman split F = 3/2and F = 1/2
hyperfine statesfor an excited state J = 1 level were coherently
excited. The excitation/detection geometry was chosen so that
AMEg = 0, 2 coherences could be prepared. Thisallows Zeeman
beats with AF = 0, AMg = 2 (beat @), AF = 1, AMg = 0
(beats c and d) and AF = 1, AMg = 2 (beats b and €) to be
observed as shown in the two FTs. The latter also illustrate the
anisotropic nature of hyperfine beats in that they were recorded
under identical conditions but with different excitation polarisa-
tions. In the case of more complicated hyperfine systems, the
excitation/detection geometry is usually chosen so that only
AMEg = 0 beats are observed, splitting each zero field hyperfine
beats into components of different Mg and allowing the g-
factors of the excited states levels to be obtained. These are of
interest as they yield further information on the nature of the
structure of the excited electronic state, being sensitive to
admixture of states of different multiplicity for example. Such
measurements were performed in some detail for the OD/
Ar-OD systems,23 wherethey also allowed further refinement of
the hyperfine parameters, as the Zeeman effect in this case
becomes non-linear at very low fields.

4.3 Multilevel guantum beats

The examples above discussed the quantum beats obtained
following excitation of components of asingle rovibronic level.
However another source of closely spaced levelsis often active
in polyatomic molecules: the coupling of levels in a bright
electronic state with a manifold of dark background levels.
Indeed it was for such cases that quantum beats were first
detected in molecules.# The most studied examples consist of
molecules with asinglet ground state, although multilevel beats
have also been detected in radicals.8 For a molecule with a
closed shell ground state the origin of these beatsis as follows.
Thefirst excited singlet state S; has acompanion triplet state T,
lying lower in energy. For polyatomic molecules, the vibra-
tional state density increases exponentially with energy so that
the triplet state vibrational levels form a dense manifold at the
energy of the S, origin. The isolated bright singlet state levels
can then couple with this triplet state manifold, via the spin—
orbit interaction, to form an envelope of closely spaced
eigenstates. Three cases have been identified depending on the
density of the triplet state levels and coupling strength,26 of
which the intermediate case is particularly well suited to study
with QBS. Typical triplet state densities here are tens to
hundreds of vibrational levels per wavenumber. Analysis of
these quantum beats, which differ from Zeeman, Stark or
hyperfine beats in that they are isotropic, yields information on
the density and identity of the coupled states and the strength
and nature of the coupling mechanism. Our examples of
multilevel quantum beats can be split into two categories.

In the first the excited eigenstates are not so congested and
discreet quantum beats can be observed in the FT. Here
counting the quantum beats created over a given coherence
width provides a ssimple method for estimating the number of
coupled states as the number of quantum beats ngg isrelated to
the number of eigenstates N by nog = N(N — 1)/2 ~NZ/2.
Furthermore the fluorescence decay rate yields the average
eigenstate lifetime. In the case of the S, state of propynal2? the
rotational state dependence of the number of coupled states and



eigenstate lifetime wasinvestigated and the results for 3 excited
rovibronic states are shown in Fig. 7. The observed linear
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Fig. 7 Breakdown in the symmetry restrictions governing the coupling
between abright singlet state and dark triplet statesinthe S, «— S electronic
transition in propynal (HCCCHO). The three decays are from single
rovibronic stateswith J=N = 2, 4 and 6 which lie within an energy range
of ~10 cm—1. The corresponding FTs show a dramatic increase in the
number of quantum beats (from 5 to 60) with rotational quantum
number.

dependence of ngé with rotational quantum number J = N
revealed a dramatic breakdown in the spin—orbit coupling
symmetry restrictions due to mixing of states within the triplet
manifold. The increase in triplet state admixture was aso
demonstrated by the observation of a correlated increase in the
eigenstate lifetime with rotational quantum number. In another
illustrative study, the dynamics of the S, state of acetaldehyde
and its perdeuterated isotopomer were investigated.28 For both
species, quantum beat counting showed that the number of
coupled states increased linearly with rotational quantum
number J and the same behaviour was observed for the
eigenstate lifetime data. A number of vibronic bands were
investigated, right up to the dissociation barrier which islocated
onthe T, potential energy surface. Thework showed clearly that
the T, manifold remains discreet up to the barrier and that the
dynamics below this energy are governed by S; < S coupling.
By following the eigenstate decay rates versus excess energy
abovethe S; origin, the position of the dissociation barrier could
be accurately located. These results are depicted in Fig. 8 and
show a gradual increase in the decay rate with energy,

8- I
'
1
. 1
61 i
1
[ t :
S 4
E\ ‘
2-
\ 3
0 .___..___.t ______ Sttt '--.." :
0 " 100 2000

Excess energy/cm-1

Fig. 8 The decay rates (y = 1/7) of single rovibronic levelsin the S, state
of perdeuterated acetaldehyde (CDsCDO) plotted against excess energy
above the 0° level. A schematic of atypical delay at low excess energy,
illustrating quantum beats due to mixing of singlet states with dark triplet
states, is shown in the inset on the lower left. A barrier to dissociation lies
on thetriplet state surface at an excess energy of ~2000 cm—1. |ts presence
is manifested by the rapid rise in decay rate; a schematic of atypical decay
at this energy is shown in the inset at the top right.

terminated by avery rapid rise at the energy of the barrier itself.
Above this energy the excited state dynamics are dominated by
dissociation on the T, surface.

In the second category of multilevel quantum beats, the
coupled states are so dense that discreet quantum beats can no
longer be distinguished and the fluorescence decays take on a
biexponential form (Fig. 9, bottom). This can be rationalised by

T T
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Fig. 9 Fluorescence decays recorded in the 6a63 vibrational band of the
S| « S trangition in pyrimidine for different upper state rotational levels,
fromtheleft withJ = 0, 2 and 5 respectively. Coupling of singlet and triplet
levelsresultsin eigenstates and the decays exhibit atransition in appearance
from exponentia (single eigenstate), through quantum beats (few eigen-
states) to biexponential (many eigenstates). The arrows in the lower decay
illustrate the concept of fast and slow components in a biexponential

decay.

considering the time evolution of many multilevel quantum
beats. Initially all beatsarein phase and alarge (coherent) signal
is expected. However, the many beats of different frequencies
rapidly begin to interfere destructively and the initial, coherent
part of the signal falls off. Afterwards the form of the decay is
determined by the (incoherent) emission of the individua
eigenstates. Under these conditions, the form of the decay may
be written as??

I(t) = At + A, 8

where the subscripts f and s represent the fast and slow decay
components, respectively. As mentioned above ysisthe average
lifetime of the eigenstates, whereas ¥ is determined by the
spectral width of the excited eigenstates. Furthermore the ratio
of the two components AdAs is proportional to the number of
coupled eigenstates. An example where the analysis of
biexponential decays provided detailed information on the
intramolecular dynamics is for the S, state of pyrimidine,3°
resultsfrom which aredisplayed in Fig. 9. In thiswork the A¢/As
ratio was found to increase linearly with J, showing the number
of coupled states to increase with rotational excitation,
paralleling the example above, also attributed to mixing within
the triplet state manifolds. Analysis of the form of the
fluorescence decays allowed the densities and lifetimes of the
background triplet states to be estimated.

Thus careful analysis of multilevel quantum beats can yield
useful information on the intramolecular dynamics and energy
flow in molecular excited states. We note here that multilevel
beats have been observed in a number of systems, recent
examples include references 18, 19 and 31. Furthermore the
effect of other factors on intramolecular dynamics such as
internal rotation32:33 has also been investigated.
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4.4 Rotational coherence spectr oscopy

We have stated that QBS is particularly useful when applied to
the investigation of structures hidden within the Doppler
linewidth and that it ismore convenient to study features split by
more than the Doppler width by conventional spectroscopic
techniques. Since, however, rotationa constants, which are
fundamental parameters for molecular structure determination,
scaleinverse proportionally to the molecular size, it isclear that
as the size of the molecule or molecular system to be
investigated increases, a certain point is reached beyond which
the rotational structure becomes so congested that it can no
longer be resolved even in a cooled and skimmed molecular
beam. Conventional methods utilise modeling of the rotational
envelope to estimate the rotational constants of such systems,
but a time domain method closely related to QBS using
picosecond laser pulses could be a better choice. This is
rotational coherence spectroscopy (RCS) developed by Felker
and Zewail34 on which we give a brief account below.

RCS is usualy introduced with a semi-classical explanation
based on the excitation of atransient alignment in the sample by
a laser pulse, fast on the rotational timescale, and the
observation of its subsequent recurrences due to the periodic
nature of molecular rotation. However the theoretical treatment
in Section 2 has prepared us to deal immediately with the
guantum mechanics behind this phenomenon. The coherence
width of a 50 ps laser pulse is 10 GHz and thus spans a
substantial part of the rotational envelope in alarge polyatomic
molecule and hence excites many rotational transitions simulta-
neously. More specificaly, the laser bandwidth is sufficiently
broad to coherently excite multiple upper state rotational levels
simultaneously from many ground state rotational levels. For
the simplest case of aparallel polarised transition, the rotational
selection rulesare J + 1, J « J and K < K and for a given
ground state level J, the following coherences between upper
state rotational levels of the same K can be prepared: (J — 1) <
JJos @+ and(J— 1) « (J+ 1). Inthe case of aprolate
symmetric top, the angular frequencies of these coherences are
47BJ, 4nB(J + 1) and 4xB(2J + 1), respectively. Taking into
account the multiple initial state levels, we see that many
coherences are excited in the upper state, however their angular
frequenciesare all multiples of asingle fundamental wo = 4nB.
Time resolved detection of the system, which is most simply
achieved using polarised fluorescence detection, will probe
these coherences as rotational quantum beats. Extension of egn.
(4) shows that the fluorescence decay takes the form

A+ Y [A oot +O)]ke ™ ©

Owing to the large number of rotational beats, the cosine terms
above are generally out of phase and average to zero. However
atimest = 2mm/wo, Where mis an integer, the term cos njawot
= 1for al i and hence arecurrence takes place as al rotational
guantum beatsregain the same phase. Similarly at timest = (2m
+ 1)7t/ o apartial recurrence takes place with some beats having
positive and some negative phase. A more detailed treatment
shows that these partia recurrencest = (2m + 1)w/wp have
opposite phases to the full recurrences at t = 2mum/awo. The
fluorescence decay therefore exhibits recurrences with alternat-
ing intensity and phase and atemporal spacing of 2/, = 1/2B
between the full recurrences. Thusthe rotational constant B can
be obtained directly from the time resolved emission and the FT
is not required for RCS. These recurrences are termed J-type
and asimulationisgivenin Fig. 10. A pertinent example of this
case is the stilbene molecule.34

If we now consider perpendicular polarised excitation and
detection transitions, we see that the rotational selection rulesJ
+1,J« Jand K+ 1 « K alow the preparation of the
coherences discussed above AJ = 1, 2; AK = Oaswell asextra
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Fig. 10 A simulation of RCS measurements in a symmetric top showing J-
type rotational recurrences. The sharp features arise from the presence of
many simultaneously excited rotational quantum beats with frequencies
which are a multiple of a single fundamental @y = 4xnB. The spacing
between the full recurrences is simply 1/2B (see text).

oneswith AJ = 0; AK = 2and AJ = 1, 2; AK = 2. Thelatter
result in two new types of recurrence, K- and A-type, the
spacings of which are given by 1/4(A — B) and 1/4A
respectively. Thus if either K- or A-type recurrences can be
observed in addition to J-type then both the rotational constants
are obtained. For asymmetric tops the analysis of rotational
coherences is somewhat more complicated. We refer the reader
to reviews of the RCS method where detailed accounts of the
analysis procedure can aso be found and where structure
determinations of small and large molecules, dimers and
hydrogen bonded systems and clusters are presented.34 It is
worth noting that a number of detection techniques have been
used for RCS in addition to fluorescence detection. These
include pump—probe ionisation, in which one laser pulse pumps
the state of interest and a subsequent second pulse probesit, and
fluorescence depletion as well as time-resolved ionisation
depletion methods. The latter two methods aso have the
advantage in alowing coherences in the ground state to be
investigated.

4.5 Quantum beats in the electronic ground state

The examples above illustrate applications of QBS to the study
of electronic excited states. However it is also most desirable to
apply thismethod to the electronic ground state and in particular
to vibrationally excited levels. The long lifetime of these states
is attractive in that it results in excellent resolution in the FT.
However a problem is posed here with the detection since IR
emission is extremely weak and is difficult to record with
sufficient temporal resolution. To overcome this problem we
have applied the IR-UV double resonance method in the pump—
probe mode. A home built IR optical parametric oscillator
(OPO) is used to prepare coherences in asingle rotational level
of a selected molecular vibration. The time evolution of the
coherences is then probed by scanning the delay of the UV
probe pulse obtained from a dye laser and the signal isrecorded
after applying one of the following two modes. The first is
excitation to an electronically excited level followed by
fluorescence detection, while the second involves resonance
enhanced multiphoton ionisation (REMPI) with detection of the
ions so created. The samplein the double resonance work isalso
entrained in a supersonic expansion and a novel molecular
beam/IR-pump beam geometry is employed. This allows the



time evolution to be measured over along observation time (the
vibrationally excited levels being very long lived) and dramat-
ically increases the resolution in the quantum beat measure-
ments. A more detailed description of the double resonance
apparatus can be found elsewhere.35 The data obtained using
this technique is mainly of a spectroscopic nature as the
examples below indicate, however it is clear that molecular
dynamics can be explored as well. Examples in this context
include the investigation of multilevel quantum beats in the
electronic ground state arising from eigenstates formed by
coupling discrete overtone level s with background levels which
are of great interest to chemical dynamics but have yet to be
detected.

In our first example, QBS in combination with an external
electric field was used to measure the el ectric dipole moment in
thev, = 1 state of propynal.36 The recorded time evolution of
the vibrationally excited state is shown in Fig. 11. The apparent
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Fig. 11 Stark quantum beats recorded for the 2y, rotational level in the C-H
stretch 23 vibrational band of the electronic ground state of propynal. The
inset showsthe FT. Studying the field dependence of the quantum beats for
different rotational transitions, allows the magnitude and orientation of the
molecular electric dipole moment in the v, = 1 level to be determined.

decay of the signal is due to movement of the sample and isa
consequence of an older experimental geometry with collinear
pump and probe beams. Inspection of Fig. 11 reveals a single
deeply modulated quantum beat. The deeper modulation in the
double resonance experiment is due to the use of single
transition detection as opposed to the multiple detection

channels in fluorescence detection. From analysis of the data,
the magnitude and orientation of the el ectric dipole moment was
obtained, allowing the dependence of the dipole moment on
vibrational stateto be assessed. The advantages of the QBS over
conventional absorption in the ground state are similar to those
mentioned for the electronically excited state (see above).

In the second example we examine the use of QBS for
messuring hyperfine structure. Recent work in our group has
demonstrated the use of the double resonance quantum beat
method for measuring the nuclear quadrupole hyperfine
splittingsin vibrationally excited states of the diatomic HCI and
the polyatomic molecule pyrimidine.35 Fig. 12 shows the time
evolution observed after coherently excitingthev = 1;J = 1
level of H37Cl as well as the corresponding Fourier transform.
The time evolution demonstrates the deep modulation of the
beats obtained by the double resonance method and clearly
shows here the presence of two beat frequencies, which is
confirmed in the FT. We note that the signal decreases much
less than for the propynal results (Fig. 11) due to the novel
molecular beam/pump beam geometry. The use of REMPI
detection allowed results to be conveniently obtained for both
H35Cl and H37Cl isotopomers and the quadrupole coupling
constant eQq as well as the magnetic hyperfine parameter
C,(Cl) were determined with typical errors of 10-200 kHz. The
pyrimidine system, results for which are also shown in Fig. 12,
was studied using both LIF and REMPI detection. Owing to the
lower beat frequenciesin this case, the time evolution could be
recorded over a substantially longer observation time than for
the HCI measurements and consequently provided a superior
resolution in the FT. Following anaysis of the results,
quadrupole coupling parameters with uncertainties between 10
and 20 kHz were obtai ned—an accuracy similar to that foundin
amicrowave study. Furthermore thiswork showed that the time
evolution of the IR excited levels can be recorded over along
observation window (at least over 60 us), indicating that even a
further improvement in the resolution is possible.

5 Conclusions

Quantum beat spectroscopy is a time domain method in which
coherences are excited and their time evolutions are recorded. It
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Fig. 12 Nuclear quadrupole hyperfine beatsin the electronic ground states of HCl and pyrimidine. Upper panels: Time evolutions recorded for vibrationally
excited levels of the § statesin H37Cl (v = 1; J = 1) and pyrimidine (C-H stretch vi3 = 1; Jk,x, = 1i0) using the pump—probe method with REMPI (left)
and LIF (right) detection. Deeply modulated quantum besats are clearly visible. Lower panels: the real part of the FT of the time domain data.
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is an essentially Doppler-free technique with a resolution
limited only by the lifetime of the excited states, or more
specifically the lifetime of the coherences. In this review we
have discussed QBSin its high spectral resolution mode ( < 100
kHz), where it is applied in conjunction with nanosecond laser
pulses and is used to measure small splittings such as those
between M sublevels whose degeneracy islifted by the Zeeman
or Stark effects, nuclear hyperfine levels arising from coupling
of nuclear spin and molecular rotational angular momenta, and
molecular eigenstates formed by coupling of a single bright
level to amanifold of dark states. We have shown that QBS can
be applied to both electronic excited states, usualy in
conjunction with fluorescence detection, and the electronic
ground state using pump—probe double resonance method
generally with REMPI detection. The analysis of quantum beat
data, particularly when applied as a complementary method to
conventional spectroscopic methods, allows extensive informa-
tion to be obtained on a wide range of molecules, transient and
radical species, and complexes. Examples include structural
parameters such as magnetic and electric dipole moments, and
magnetic and electric quadrupol e hyperfine coupling constants,
and quantities relevant to the study of intramolecular dynamics
and energy flow such as state densities and coupling strengths.
In considering future work, applications of QBS will include a
broader investigation of radicals and transient species, energy
flow in the electronic ground state particularly with respect to
chemical dynamics and dissociation, and the application of
QBSto novel systems such as molecular clusters and solid state
samples.

In closing this review a few remarks on coherent excitation
with ultrafast laser pulses, which may be regarded as the high
temporal resolution mode of QBS, are appropriate. We have
briefly discussed one aspect of this areain our account of RCS
in Section 4.4 where picosecond laser pulses are used to
coherently exciteamanifold of rotational levels, therecurrences
of which are used to extract structural parameters for systems
ranging from moleculesto clusters. More rel evant to the broader
chemical community is the use of femtosecond laser pulses,
whose broad coherence width allows coherent excitation of
molecular vibrational levels. This allows polyatomic molecules
to be easily prepared in vibrational superposition states, which
are often referred to as wavepackets, the time evolution of
which can be followed by a second femtosecond pulse, using a
pump—probe scheme. Such experiments allow bond fission and
bond formation to be followed, opening the window for real-
time observation of chemical dynamics. Indeed a pioneer of this
work, Ahmed Zewail, received the 1999 Nobel prize for
Chemistry in recognition of his seminal contribution to this
exciting field.
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