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Received: 8 April 1998 / Accepted: 3 June 1998

Abstract. We demonstrate the application of a pulsed magnetic field for the creation and manipulation
of coherences in molecular systems, using quantum beat spectroscopy for the detection of the dynamics
of the molecular superposition states. In all cases, the experiments are performed on energy levels in
electronically excited states of the (jet-cooled) CS2 molecule populated by a short laser pulse. In the basic
experiment, following excitation of initially degenerate Zeeman sublevels under zero field conditions with
suitable laser polarization, quantum beats are generated at the moment the magnetic field is switched on,
even when the field is delayed by several excited state lifetimes. By quenching of the field, it is shown that
the molecule may be “frozen” in any superposition state of the participating sublevels. Using a combination
of static and pulsed fields with different orientations, the molecule can be prepared in a more general state,
described by coherences among all Zeeman substrates. This is achieved by choosing an appropriate time
delay for the switched field, without any change to the geometrical parameters of the experiment such as
laser polarization or detection direction. Numerical simulations of these dynamical coherence phenomena
have been performed to support assignment and interpretation of the experimental results.

PACS. 42.50.Md Optical transient phenomena: quantum beats, photon echo, free-induction decay,
dephasings and revivals, optical nutation, and self-induced transparency – 33.55.Be Zeeman and Stark
effects – 33.80.-b Photon interactions with molecules

1 Introduction

The preparation of coherences among molecular states and
their manifestation as quantum beats in the emission de-
cay can be utilized as a powerful spectroscopic tool [1–5].
This time-domain method is essentially Doppler-free and
the resolution achievable is limited only by the lifetime
of the coherently excited states. Its versatility for investi-
gating the structure and dynamics of jet-cooled molecules
[4,5], radicals [6] and small van der Waals complexes [7]
has been demonstrated also in conjunction with double
resonance and pump-probe techniques [8,9].

Control of coherences and control of coherent popula-
tion transfer between specific quantum states in molecules
has recently drawn attention in the literature [10]. Excita-
tion schemes have been proposed and demonstrated par-
ticularly in the context of control of chemical reactions
[11,12]. In the present study we are concerned with the
creation and manipulation of coherences by a pulsed mag-
netic field with the aim of further exploring the properties
of quantum beats in molecules. These results are an exten-
sion of our previous optical-radio-frequency study [13,14],
where a pulsed or continuous radio-frequency field was
applied to create coherences between molecular Zeeman
levels and to transfer coherence between these levels.
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The triatomic molecule CS2, which has also been stud-
ied by high resolution Zeeman and hyperfine quantum
beat spectroscopy [15,16] as well as by the above men-
tioned UV-rf double resonance method [13,14], was a good
candidate for the coherence experiments. Laser excita-
tion at ∼ 30 000 cm−1 is used to prepare a single rota-
tional level in either the 3A2 state via the 17U system or
in the 1B2 state via the 6V system [17–20]. Both states
possess lifetimes in the microsecond region which is most
convenient for our purposes. In the basic experiment, the
molecule is pumped by a 3 ns laser pulse to a rotational
state J = 1 under zero field conditions. After a delay of
one or several microseconds, the pulsed magnetic field is
switched on, splitting the magnetic sublevels and creating
Zeeman quantum beats.

2 Experimental

The main part of the apparatus has previously been de-
scribed [3,13]. Briefly, UV radiation at 30 000–30600 cm−1

with Fourier limited bandwidth of 180 MHz and a pulse
duration of 3 ns is generated by frequency doubling the
output of a pulsed dye amplifier. The latter is pumped
by an excimer laser and is seeded by a single mode ring
laser (Coherent 699 Autoscan). In a vacuum chamber,



74 The European Physical Journal D

Table 1. Transitions in CS2 used in the experiments, and the
Lande g-factors and lifetimes of the prepared states.

Band Identification ν̃ [cm−1] gJ τ [µs]

17R R(0)a 30 070.305 0.022 3.0

6V Q(2)b 30 529.1980 0.12 5.8

a Frequency measured in present work, gJ and τ from reference [15].
b Data from reference [19].

the UV pulse is crossed 40 mm below the nozzle with a
supersonic free molecular jet, generated by a pulsed piezo-
electric valve. A mixture of 2.5% CS2 in Ne or Ar at 1 bar
is expanded through a 0.3 mm nozzle. In order to generate
a magnetic field with a fast risetime, a pair of Helmholtz
coils with a diameter of 55 mm and 7 windings per coil was
placed around the crossing of laser and molecular beam.
This set-up yields a magnetic field of up to ∼100 Gauss
with a risetime of < 1 µs using a home built current regu-
lation circuit (700 V, 50 A). Although smaller coils would
offer the advantage of lower inductivity and thus a faster
risetime for the field, a lower limit for the coil size is given
by the requirement of avoiding collisions within the un-
skimmed molecular beam. Emission from the center of the
molecular beam is selected by focusing through a 1 mm
slit aperture and is detected by a photomultiplier tube
(Hamamatsu R329-02). The resulting signal is sent to a
digitizing oscilloscope (Le Croy 9450) and is stored on
computer. The computer also gives the initial trigger for
the pulsed valve and the excimer laser which is fired after
a delay of about 200 µs. The recording of the molecular
emission decay and the rise of the magnetic field are trig-
gered by the UV laser beam which is detected by a second
photomultiplier tube on a secondary reflection. This pro-
cedure diminishes jitter between the laser pulse and the
rise of the field to < 5 ns. Three additional Helmholtz
coils are placed around the vacuum chamber. They are
used to compensate the earth magnetic field and to gen-
erate additional static fields. Table 1 summarizes details of
the electronically excited states of CS2 used in the present
study.

3 Theoretical aspects

Following coherent excitation of magnetic sublevels split
by an external magnetic field B, Zeeman quantum beats
can be observed in the emission decay. Under the linear
Zeeman regime where the energy separation between ad-
jacent sublevels is ∆E = gJµBB, gJ and µB being the
Landé factor for the state involved and the Bohr magne-
ton respectively, the quantum beats occur at the Larmor
frequency ωL = gJµBB/~ and/or at 2ωL depending on
the selection rules (∆M = 1 or ∆M = 2) of the induced
transitions [13]. In the case depicted in Figure 1 we start
from the rovibronic ground state |Ji = 0,Mi = 0〉 of the
CS2 molecule and pump via an R(0) optical transition a
rovibronic state |J = 1〉 in an electronically excited state.
Using σ laser polarization (εL ⊥ B) the selection rule
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Fig. 1. Energy level diagram for excitation and emission of the
CS2 molecule before and after switching of the pulsed magnetic
field, illustrated for a R(0) transition.

∆M = ± 1 allows the preparation of a superposition of
the two states |J = 1,M = +1〉 and |J = 1,M = −1〉
thus creating ∆M = 2 coherences. With π polarized laser
pulses (εL ‖ B) the system is excited to |J = 1,M = 0〉
and no quantum beats are observed. When the laser po-
larization is chosen between these two extremes, i.e. at
an angle α relative to B with 0 < α < 90◦, coherences
among all the three sublevels are produced giving rise to
∆M = 1 and ∆M = 2 Zeeman quantum beats. The same
selection rules apply to the polarization of the emission of
the molecule. Polarized detection can be of advantage by
enhancing the modulation depths of beats simply because
the unmodulated emission is not polarized, or by enhanc-
ing sensitivity to ∆M = 1 or ∆M = 2 coherences (see
below).

The response of the quantum system described above
to a time dependent magnetic field will be treated by the
density matrix formalism. Following e.g. Corney [21] and
Blum [22], we note that the time dependence of the density
operator ρ is given by the Liouville equation

∂ρ

∂t
=

1

i~
[H, ρ], (1)

where H involves the unperturbed Hamiltonian and the
Zeeman operator

H = H0 + gJµBJ ·B. (2)

For a static magnetic field in Z direction, we obtain

∂ρMM ′

∂t
= (−iωL(M −M ′)− Γ )ρMM ′ , (3)

where the relaxation of the system is introduced by the
natural linewidth Γ , assumed to be the same for all
sublevels. For the example in Figure 1, the elements of
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the excited state density matrix have the simple form
ρMM ′ = 〈J = 1,M |ρ|J = 1,M ′〉. After integration of
equation (3) we find

ρMM ′ ∼
∑
i

FMM ′ρii exp [(−Γ − iωL(M −M ′))t]. (4)

Here ρii = 〈Ji = 0,Mi = 0|ρ|Ji = 0,Mi = 0〉 is the
density matrix of the initial states |i〉 in the present case.
The excitation process is described by the matrix

FMM ′ = 〈M |ea ·D|i〉〈i|e
∗
a ·D|M

′〉 (5)

with D being the electric dipole transition moment oper-
ator and ea the excitation polarization vector. The expo-
nential term is related to the free evolution of the excited
state matrix under the influence of the magnetic field and
of the decay of the excited sublevels. The fluorescence in-
tensity can be expressed by

If ∼ Tr(ρLf ), (6)

where Lf represents the fluorescence monitoring operator
given in this case by the detection matrix GMM ′ . Using
equation (4) we thus obtain

If ∼
∑

M,M′,i,f

FMM ′GM′Mρii

× exp (−Γt) exp [−iωL(M −M ′)t], (7)

with the detection matrix

GM′M = 〈M ′|ed ·D|f〉〈f |e
∗
d ·D|M〉 (8)

describing the emission towards the final states |f〉.
In the case of a time dependent magnetic field B(t),

which is taken to be directed along a fixed direction defin-
ing the quantization axis, equation (3) becomes

∂ρMM ′

∂t
=
(
− i

gJµB

~
B(t)(M −M ′)− Γ

)
ρMM ′ , (9)

and integration of this expression yields

ρMM ′ ∼
∑
i

FMM ′ρii exp (−Γt)

× exp
(
− i(M −M ′)

gJµB

~

∫ t

0

B(t)dt
)
. (10)

The second exponential function of equation (10) de-
scribes the explicit dependence of the excited state density
matrix on the magnetic field. By applying equation (6),
we finally obtain the fluorescence intensity as

If ∼
∑

M,M′,i,f

FMM ′GM′Mρii exp (−Γt)

× exp
(
− i(M −M ′)

gJµB

~

∫ t

0

B(t)dt
)
. (11)

The functional form of the switched magnetic field used in
the present study is discussed below in conjunction with
the simulation of the experiment.
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Fig. 2. Geometry of the experimental setup. The laser propa-
gation, detection, and pulsed field BZ(t) directions define the
X, Y and Z axes, respectively. For selected experiments po-
larized detection is used and an addition static magnetic field
BY is introduced.

4 Results

4.1 Creation and destruction of quantum beats

The geometry used in these experiments is shown in Fig-
ure 2. The switched magnetic field BZ(t) is oriented along
the Z axis which is chosen as the quantization axis. The
laser beam propagates in X direction, and is horizontally
polarized LY (σ± excitation), while the emission is de-
tected in the Y direction. Polarized detection may be
achieved using a sheet polarizer if required. In the up-
per trace of Figure 3 we show the results obtained for the
17U R(0) transition at 30 070.305 cm−1. The jet-cooled
molecules are initially excited under zero field conditions
by a 3 ns laser pulse to the magnetically degenerate ro-
tational state |J = 1,M = ± 1〉 which subsequently gives
rise to a simple exponential decay exp(−Γt). After a given
delay time, which in the present example was ∆t = 1.3 µs,
the magnetic field is suddenly switched on, splitting the
three sublevels (see Fig. 1) and creating a pronounced
quantum beat, superimposed on the exponential decay.
This effect is described by the off-diagonal elements of
the excited state density matrix, equation (10), where the

expression 2gJµB/~
∫ t

0 B(t)dt represents the phase differ-
ence ∆ϕ between the time evolution of the two sublevels
|J = 1,M = 1〉 and |J = 1,M = −1〉. After the “δ-pulse”
excitation of the degenerate sublevels but before the onset
of the magnetic field,∆ϕ remains zero. Following the onset
of the field ∆ϕ grows with B as manifested by the appear-
ance of a quantum beat with increasing beat frequency.
After about a microsecond, the magnetic field has reached
its stationary valueB∞ ≈ 100 G and the quantum beat as-
sumes a fixed frequency 2ωL = d(∆ϕ)/dt = 2gJµBB∞/~
which in the present case is ≈ 6.2 MHz. For the chosen
geometry and laser excitation via a R(0) transition, the
onset of B is accompanied by an increase of the emission
intensity relative to that for B = 0 (∆ϕ =0).
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Fig. 3. Creation of coherences: fluorescence decays of CS2 fol-
lowing excitation by a 3 ns pulse via the 17U R(0) transition
at 30 070.305 cm−1 (upper trace) and 6V Q(2) transition at
30 529.198 cm−1 (lower trace). After a delay of 1.3 µs relative
to the laser pulse, the magnetic field BZ(t) is switched on, cre-
ating the “up” and “down” modulated Zeeman quantum beats
respectively.
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Fig. 4. Fluorescence decays of CS2 using the 17U R(0) exci-
tation at 30 070.305 cm−1 and polarized D45 detection. After
a delay of 1.25 µs BZ(t) is switched on producing ∆M = 1
and ∆M = 2 Zeeman quantum beats. The upper trace was
taken with a laser polarization of α = 75◦, the lower trace
with α = 45◦.

A decrease of emission intensity on switching the mag-
netic field may also be obtained, if for example laser ex-
citation via the 6V Q(2) transition at 30 529.198 cm−1

(see Tab. 1) is applied. Under these conditions the mag-
netic field induces a quantum beat which reduces the
emission intensity relative to that of the initially un-
modulated decay as demonstrated in the lower trace of
Figure 3 (B∞ ≈ 10 G). While for R(0) excitation the
coherent emission is initially predominantly directed at
right angles relative to the detector, Q(2) excitation leads
to a favoured emission direction which coincides with the
detector axis (see Fig. 2). It is noted, however, that the
Q(2) case is complicated by the contribution of three ro-
tational transitions to the coherent emission: P (3), Q(2)
and R(1) respectively. Since the P (3) and Q(2) beats al-
most cancel because of their comparable amplitudes but
opposite phases, the R(1) transition, having the greatest
modulation depth and an initial phase corresponding to a
maximum intensity, determines the form of the observed
quantum beat (see simulations below).

Finally by changing the angle α between the laser po-
larization and magnetic field from a perpendicular geom-
etry, ∆M = 1 coherences may be prepared in addition
to the ∆M = 2 coherences observed in the above mea-
surements. The amplitudes of the two sets of coherences
have different dependences on α allowing the fraction of
each present to be varied. In Figure 4 we illustrate the
effect of varying α with a fixed D45 detection geometry
for the R(0) transition. The upper trace shows the decay
recorded with α = 75◦. On switching the magnetic field
1.25 µs after the laser pulse, ∆M = 1 and ∆M = 2 co-
herences are observed with similar strengths. In the lower
trace, recorded with α = 45◦ excitation, the ∆M = 2
coherences are now substantially weaker and are only dis-
cernable by the asymmetric shape of the ∆M = 1 beats.
We note also that for this geometry the beat intensity os-
cillates above and below the zero field intensity (compare
also Fig. 3).

Our next results are concerned with the controlled
elimination of quantum beats. Although our pulsed mag-
netic field has a risetime of 0.3 µs, the fall-off time which
is determined by the time to remove the stored energy in
the coil is much larger (several hundreds of microseconds).
However, a rapid quenching of the magnetic field can be
realized by applying a static magnetic field and nulling it
with a switched field of equal magnitude in the opposite
direction. The field can thus be “switched off” in a con-
trolled manner; in the present case at a particular phase
of the quantum beats. In the examples shown in Figure 5,
the 17U R(0) transition was excited in the presence of a
static field of 16 Gauss producing a coherence between
the |M = +1〉 and |M = −1〉 states which leads to quan-
tum beats of 1 MHz on the molecular emission decays.
After t = 4 µs (upper trace) and 3.35 µs (lower trace)
relative to the laser pulse, the magnetic field was switched
off “freezing” the superposition state |J = 1,M = ± 1〉 at
the maximum (upper trace) or the minimum (lower trace)
of the beat amplitude. The subsequent emission intensity
is unmodulated but still shows the characteristic angular
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Fig. 5. Destruction of coherences. The magnetic field is nulled
after a delay of 4 µs (upper trace) and 3.35 µs (lower trace),
thus “freezing” the relative phases of the superposition state.
Excitation was into the 17U R(0) transition of CS2 and the
initial static field was 16 Gauss.

distribution of the coherent superposition states prior to
the annihilation of the field. Thus by choosing the phase
of the superposition state at which B is switched off, we
select the intensity of the subsequent emission.

Our molecular beam experiment, which provides iso-
lated molecule conditions, further indicates that the fast
rise of the switched field has no perturbing effect on the
phase of the created Zeeman quantum beats. The beat
amplitudes decay without detectable dephasing, in other
words they decay according to the decay constant of the
initially unmodulated decay as demonstrated by the log-
arithmic plots shown in Figure 4. This result justifies
our assumption that the off-diagonal and diagonal ele-
ments of the density matrix equation (10) are damped
with the same decay constant. However switching a mag-
netic field which is inhomogeneous over the sample vol-
ume was shown to produce an ensemble of molecules with
different beat frequencies. After the field onset, the thus
created beats interfere destructively which is manifested
by an apparent dephasing.

4.2 Probing of coherences by switching
the quantization axes

The versatility of the above experiments can be extended
by the introduction of a second magnetic field. We present
here an example where a transient magnetic field BZ(t)
probes the temporal evolution of coherences which have
been generated with a weak static magnetic field BY .
Since BZ(t) is chosen to be orthogonal to BY , it switches
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Fig. 6. Effect on coherences of switching the quantization axis
using a combination of a static and a pulsed magnetic field.
Following excitation of CS2 17U R(0) under a weak static field
of BY = 3 G, the stronger field BZ(t) is switched after 2.25 µs.
D45 detection uncovers the slow beat under BY and the ∆M =
1 and ∆M = 2 coherences generated by the pulsed field (upper
trace). The lower trace shows the numerical simulation.

the quantization axis of the system thus modifying the
emission properties of the initial superposition state. For
these experiments, the setup shown in Figure 2 was mod-
ified as follows. The laser, still directed along the X axis,
now has LZ polarization and a static magnetic field along
the Y axis has been added which defines the initial quan-
tization axis. After a time delay ∆t following the laser
pulse excitation, the pulsed field is switched along the Z
axis and rotates the initial quantization axis. Detection
remains along the Y direction.

For these experiments, the 17U R(0) transition of CS2

at 30 070.305 cm−1 (see Tab. 1) was investigated and the
essentially δ-pulse laser excitation prepared a superposi-
tion of the |MY = +1〉 and |MY = −1〉 levels which are
split in energy by the static field BY . After a variable evo-
lution ∆t, the much stronger pulsed magnetic field BZ(t)
was switched on, rotating the quantization axis into the Z
direction. (We note that the contribution of the BY ≈ 2 G
field is negligible as BZ(∞) ≈ 100 G.) The upper trace in
Figure 6 shows the resulting emission recorded with a de-
lay ∆t =2.25 µs, illustrating that the “axis switching” is
manifested by the appearance of distinct higher frequency
quantum beats. The example displayed here was recorded
using D45 detection in order to illustrate both ∆M = 1
and ∆M = 2 coherences as well as the slow modulation
of the initially prepared superposition state |MY = ± 1〉,
the evolution of which is stopped when the pulsed field is
switched on. The projection of the |MY = ± 1〉 levels onto
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Fig. 7. Probing the initial coherence. Measured data (a) and
numerical simulations (b) of the crossed magnetic field exper-
iment (see Fig. 6) but with delays (0.25, 0.75, 1.25, 2.25 and
4.25 µs) for BZ(t) and unpolarized detection.

a basis determined by the pulsed magnetic field results in
a coherent superposition of the |MZ = +1〉, |MZ = 0〉
and |MZ = −1〉 states. Figure 7a shows the appearance
of the emission after various delays between the laser ex-
citation and the pulsed field recorded using unpolarized
detection. The modulation of the |MY = ± 1〉 superposi-
tion is now not observable, however the magnitude of the
pulsed field-induced quantum beats depends on the delay
∆t and indeed reflects the phase difference between the
initially coherently prepared |MY = +1〉 and |MY = −1〉
states. The presence of the ∆M = 1 beats in addition
to the ∆M = 2 beats is a consequence of the slightly
non-orthogonal geometry due to the weak BY field. In
contrast to the measurements displayed in Figure 7, the
decay in Figure 6a was recorded with polarized detection
which gives rise to an enhanced modulation depth for the
∆M = 1 beats.

4.3 Simulation

To examine our experimental results and to reveal de-
tails of the decay characteristics, we carried out some nu-
merical simulations. This was achieved by obtaining the
derivative of the density matrix using the Liouville equa-
tion, followed by subsequent integration This general pro-
cedure allows us to simulate not only the data obtained
with the switched field but also those with the additional
static field. The axis system was chosen according to Fig-
ure 2 and the excitation/detection polarizations are refer-
enced to this. The magnetic field is treated in terms of its

Cartesian components and we rewrite the Zeeman term in
equation (2) as

HZ = gJµB(BXJX +BY JY +BZJZ). (12)

For the purpose of the simulations, the switched field
BZ(t) was assumed (in close agreement with the exper-
iment) to have the form

BZ(t) = B∞(1− exp [−(t− ton)/τ ]), (13)

where τ is the risetime of the field. As the operators JX
and JY have non-diagonal matrix elements yielding cross
terms in the derivative of the density matrix, numerical
integration of the Liouville equation becomes necessary.
The excitation matrix FMM ′ (Eq. (5)) may be expressed
as [21,23]

FMM ′ =
∑
Mi

(−1)2J−M−M′+q

(
J 1 Ji

−M q Mi

)

×

(
J 1 Ji

−M ′ q′ Mi

)
e−q · eq′ |〈J ||D||Ji〉|

2. (14)

The polarization components of eq are given by

e± 1 = −i sin α/
√

2, e0 = −cos α, (15)

where α is the angle for the polarization with respect to
the Z axis. The detection matrix (Eq. (8)) is obtained
analogously but is summed over all possible final rota-
tional states [21,22]

GMM ′ =
∑
JfMf

(−1)2J−M−M′+r′

(
J 1 Jf

−M ′ r′ Mf

)

×

(
J 1 Jf

−M r Mf

)
e−r′ · er|〈J ||D||Jf 〉|

2 (16)

where

e± 1 = ± sin α/
√

2, e0 = −cos α. (17)

In the simulations we calculate the individual contribu-
tion of each detection channel by approximating the re-
duced matrix elements |〈J ||D||Jf 〉|2 to the Hönl-London
factors [23]

|〈J ||D||Jf 〉|
2 = (2J + 1)(2Jf + 1)

(
Jf 1 J

−K 0 K

)2

. (18)

We first simulated the results obtained solely with the
switched field. Simulation of the 17U R(0) transition (ex-
perimental result given in the upper trace of Fig. 3)
showed good agreement with experiment and illustrated
that the R(0)/R(0) excitation/detection scheme leads to
a 100% beat modulation; the incoherent contributions ob-
served on the experimental decay arise exclusively from
the superimposed P (2) detection step. Figure 8 shows the



H. Ring et al.: Creation and manipulation of coherences 79

3 4 5 6 7 8 9

In
te

ns
ity

Time / µs

Sum

R(1)

Q(2)

P(3)

Fig. 8. Results of the simulation for the 6V Q(2) transition,
the experimental decay for which is shown in Figure 3, illus-
trating the contributions of the P (3), Q(2) and R(1) detection
channels to the total emission.

result of the simulation for the 6V Q(2) transition dis-
played in the lower trace of Figure 3 and reveals the con-
tributions from three rotational detection transitions. It
can be seen that the quantum beat on the Q(2) chan-
nels is of opposite phase to that for the R(1) and P (3)
transitions. Furthermore as discussed above, the Q and P
contributions effectively cancel leaving the R(1) detection
channel to determine the form of the quantum beat.

The good agreement between the simulations and the
experiments led us to extract the exact temporal behavior
of the magnetic field B(t). We used the results obtained
for the 17U R(0) transition and assumed the magnetic
field to have the initial form given in equation (13). The
beating term for the decay was calculated and was then
multiplied with a suitable exponential decay to allow ex-
act agreement with the experimental lifetime and mod-
ulation depth. The form of BZ(t) was then altered until
satisfactory agreement with the experimental results was
achieved. The results are shown in Figure 9, where the
decay (a) clearly shows the agreement between simula-
tion and experiment. The form of BZ obtained is shown
in trace (c). In an independent measurement of the mag-
netic field, a small induction coil was placed between the
Helmholtz coils, yielding trace (b). The excellent agree-
ment between the direct field measurements and BZ(t)
extracted from the beat dynamics also justifies our as-
sumption of an adiabatic description for the creation of
the coherences.

Before presenting the results of the simulations for the
case of the combined magnetic fields, we briefly discuss
in an analytical manner the effect of projecting the pre-
pared coherence onto a different axis system. Under the
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Fig. 9. Temporal behavior of the magnetic field BZ(t). The
experimental data is shown by the dots in the decay (a) while
the line represents the results of the fitting procedure which
provided the BZ(t) curve (c). Trace (b) gives the result of the
measurement from a small induction coil.

initial Y axis quantization, the initial superposition state
is described by

ρY =
1

2

 1 0 exp (iϕ)

0 0 0

exp (−iϕ) 0 1

 , (19)

where the diagonal elements give the population of the
substrates in the order MY = −1, 0, 1. The exponential
factors exp(± iϕ) allows for a phase difference between the
levels which has been acquired during the evolution in the
static magnetic field. Projection of this matrix onto Z axis
quantization yields

ρZ =
1

4

 1 + cosϕ
√

2i sinϕ 1 + cosϕ

−
√

2i sinϕ 2(1− cosϕ) −
√

2i sinϕ

1 + cosϕ
√

2i sinϕ 1 + cosϕ

 . (20)

This shows that the population of the Z axis sublevels and
the coherence between them is dependent on the phase
difference ϕ acquired before projection. Depending on the
delay, population oscillates between the |MZ = ± 1〉 levels
and the |MZ = 0〉 level, as does the strength of the ∆M =
1 and ∆M = 2 coherences.

The lower trace (b) in Figure 6 gives the result of the
numerical simulation for the D45 detection combined field
experiment which shows excellent agreement with experi-
ment. The simulations of the variable delay measurements
are shown in Figure 7. The unpolarized detection was sim-
ulated by calculating the decays for both D0 and D90
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detection and then taking the sum. Analysis of the two
polarizations illustrates the effect of the switched field on
the molecular coherence and its emission. The initial co-
herence is, as noted above, not observable using unpolar-
ized detection as the beat emission for the two orthogonal
polarizations is of opposite phase. However following ro-
tation of the quantization axis on switching on the pulsed
field, the vertical detection polarization carries the major-
ity of the quantum beat emission. The horizontal polar-
ization is only very weakly modulated at the frequency
of the ∆M = 1 beat. As discussed above, this is a con-
sequence of the slight non-orthogonality of the switched
quantization axes.

5 Discussion and conclusions

In this work we have applied a series of experiments to
study the interaction of a rapidly switched magnetic field
on electronically excited levels in CS2. These are accessed
using a short Fourier-transform-limited laser pulse with a
duration (3 ns) more than two orders of magnitude shorter
than the other timescales involved in the experiment and
a bandwidth substantially greater than any of the split-
tings between the excited levels. Thus excitation may be
regarded essentially as that from a δ-pulse, ensuring that
the excited states are prepared with a well-defined relative
phase. The evolution of the resulting coherences is investi-
gated by observing the fluorescence emission of the sample
with polarized detection being used to enhance sensitivity
to specific coherences when required. Two main classes of
experiments were carried out. In the first set, the pulsed
field was used to investigate the creation and destruction
of molecular coherences while in the second the effect of a
rotation of quantization axis on molecular coherences was
investigated.

In the coherence creation experiment, the setup of
which has similarities to that used to investigate the Hanle
effect [2,23–25], the magnetic field was switched on after
the field-free laser excitation. Dependent on the experi-
mental geometry, ∆M = 2 and ∆M = 1, only ∆M = 2,
or no coherences were created. The “freezing” of these
coherences into a superposition state with a fixed phase
was demonstrated with the coherence destruction exper-
iments. The results showed that the rate constants for
the decay of quantum beat modulation and incoherent
(exponential) decay are identical and that the quantum
beat modulation depth is identical when either a static or
pulsed magnetic field is used. This was also found to be
the case, independent of the delay between the field and
the laser. This observation leads us to conclude firstly that
the pulsed field is homogeneous over the interaction region
(no dephasing is observed) and secondly that the interac-
tion of the molecule with the pulsed field is adiabatic on
the time scale of the field risetime. As a consequence, the
induced quantum beat can be exploited to characterize

the temporal form of the pulsed field. Comparison of the
field obtained in this manner with that measured with an
induction coil showed excellent agreement. The quantum
beat method of course yields an absolute measurement of
the field.

The experiments with a combination of static and
pulsed fields were then carried out to further investigate
the response of molecular coherences to fast perturbations.
Laser excitation initially produced a ∆M = 2 coherence in
one quantization axis which was then projected onto a new
(nearly) perpendicular axis by switching on the pulsed
field after a given delay. With unpolarized detection the
fluorescence decay was measured to be exponential (i.e.
unmodulated) until the pulsed field was switched on, when
quantum beats are observed. Importantly the magnitude
of the beat amplitudes was found to depend on the phase
of the initially prepared coherence at the moment the field
was switched on. In the matrix formulation discussed in
the section above this behavior was predicted in that the
populations of the final Zeeman states and the magnitudes
of the resulting ∆M = 2 and ∆M = 1 coherences have
a periodic dependence on this phase. In physical terms,
the pulsed field converts the manifestation of the initially
prepared coherence from that of a rotating polarization
vector (which is not detectable to unpolarized detection)
before switching the field to an oscillation in the fluores-
cence intensity (quantum beat) after switching. The use of
polarized detection allowed us to observe the evolution of
the coherences before and after the switching of the mag-
netic field and showed that the modulation depth of the
quantum beat of the induced beat is not attenuated by
the “axis switching”, which adds further evidence for the
adiabatic nature of the interaction of molecule and field
on this time scale. Furthermore our experiments demon-
strated that appropriate nulling of the fields can provide a
method for preparation of molecules in a more general su-
perposition state, characterized by coherences among all
participating sublevels.

In considering possible future work in this area, a pri-
ority is certainly to study the effect of faster perturbations
on molecular coherences. Although our results indicate
that the interaction of the molecule with the pulsed field
is adiabatic over the sub-microsecond risetime of the field,
it would be interesting to investigate this on a shorter
time scale. The present work has focused on the use of
a pulsed magnetic field, however rapidly switched elec-
tric fields might also be applied i.e. the Stark equivalent
to the present Zeeman studies. Pulsed electric fields have
been previously used by Brewer and others but, in con-
trast to the present work, with c.w. excitation, allowing
effects such as optical nutation, photon echoes and Raman
beats to be studied [26].
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