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A method is described which allows the detection of atomic quantum beats or wave-packet evolution in
low-lying states, phenomena which are usually difficult to observe. The excitation method consists of a
phase-sensitive two-pulse technique. Detection of the excited-state population after the two pulses is achieved
by monitoring rubidium dimer ions which are formed in the associative ionization reaction, Rb*(n)p1Rb
→Rb2

11e2. The dimer ion yield as a function of the wavelength showed strong features, which coincided
with the 8p to 15p atomic resonances. The two-pulse technique revealed atomic fine-structure quantum beats
due to the coherent excitation of thenp2P1/2,3/2 fine-structure states of the atom.

PACS number~s!: 42.50.Md

I. INTRODUCTION

The last 15 years have seen a wealth of time-resolved
studies of atomic and molecular motion and molecular reac-
tion dynamics@1–5#. This is not hard to understand, as time-
resolved studies often give a more intuitive insight into
quantum-mechanical processes. Another aspect is that con-
trol over coherence can affect the outcome of chemical reac-
tions @6#. All these techniques have been made possible by
the advent of fast~picosecond and femtosecond! tunable la-
ser systems. In many experiments a pump-probe sequence is
applied. The first pulse coherently populates a number of
eigenstates, while the second pulse interrogates the wave
packet created by the first pulse. Here it is essential that the
probe pulse is selective in its excitation of the wave packet.
For example, if photoionization is used as a probe for~Ryd-
berg! wave-packet evolution, the wave packet is only ionized
when it is close to the~atomic! core @2,7#. More recently,
two-pulse techniques have been introduced which make use
of the coherence, or phase relation, between the two pulses.
Fleming and co-workers applied this in molecular physics
@8#. They locked the phases of the two pulses and varied the
time delay between them. In their experiments the observ-
able was the total excited population after the two-pulse se-
quence. A variation on this technique for the use in atomic
systems has been developed, which does not require the
knowledge of the phase difference between the two pulses,
but in which the relative phase between them is varied at a
known rate@9–11#. The technique, which has strong analo-
gies with Ramsey’s separated oscillatory field method
@12,13#, greatly enhances the detection sensitivity to illus-
trate dynamics in high-lying Rydberg states. As in Ramsey’s
method, the population after the two separated excitations
has to be determined. The technique has been applied to the
study of electron wave-packet motion in highly excited Ry-
dberg states affected by static electric and magnetic fields

~e.g., @14–16#!. In these experiments field ionization has
been used as a means of observing the excited population
after the two pulse sequence.

Previous quantum beat spectroscopy experiments of Zee-
man splittings in atoms@17# or molecules@18# and of hyper-
fine and fine-structure intervals@19,20# have been performed
by detecting the fluorescence. Other detection methods us-
ing, e.g., resonance absorption or stimulated emission have
been described in@21,22#. Leuchs and Walther were the first
to apply field ionization to observe fine-structure beats in
highern states of sodium@23#. In this paper we present an
alternative detection method to probe the population of low-
lying excited states, namely applying the associative ioniza-
tion reaction as ionization mechanism~see, e.g.,@24#!. This
method is applicable in systems where the excitation ener-
gies of the~atomic! states of interest are sufficiently high to
create an ionized molecule. In the interferometric two-pulse
experiment described below, the pump pulse photoexcites a
coherent superposition of thenp2P1/2,3/2, fine-structure
states in atomic rubidium. After a delay, the excitation from
the probe pulse interferes either constructively or destruc-
tively with that from the pump pulse, depending on the rela-
tive phase between them. Constructive interference produces
excited rubidium atoms in thenp2P1/2,3/2 fine-structure
states, destructive interference pumps the population down to
the ground state. Subsequent collisions with other rubidium
atoms, long after the pump-probe sequence, cause the ex-
cited atoms to associatively ionize, thereby producing dimer
ions which are an indicator of the excited atomic population.
This will occur for levels withn*57 and higher. The dimer
ion formation is monitored as a function of the time delay
between the two pulses, and yields the atomic fine-structure
quantum beats. It is of interest to note the following: the
pump and probe pulse sequence makes it possible to produce
reactants during a very short and well-defined time span
@25#. Using an interferometrically stable delay, one can gen-
erate excited reactants in time windows of picoseconds, be-
fore ionizing or pumping them back to the ground state.

II. THE TWO-PULSE METHOD

This section contains a general description of a two-pulse
wave-packet interferometry experiment in which the phase-
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sensitive detection technique@9,10# is applied. Atomic units
are used, unless other units are explicitly indicated.

An atom is exposed to two identical picosecond light
pulses from a Michelson interferometer, separated by a time
delayt ~see Sec. III!. The first pulse creates a wave packet
uc0& which has evolved in time touct& at timet, when the
second pulse arrives. The second pulse creates a wave packet
uc0& which is identical to the initial wave packet and can
interfere with it. This assumption is only justified if depletion
of the ground state by the first pulse can be neglected, which
is true in this case, since in the experiment the pulse area is
considerably smaller than 0.1p. The similarity between the
initial wave packet, after it has evolved for a timet, and the
second wave packet determines the amount of interference
between the two. After the two-pulse sequence, the total ex-
cited wave function is described by

uC total~t!&5uct&1uc0&, ~1!

or, if written in terms of eigenenergiesvn and amplitudes
an of the eigenstatesun& of which the wave packets are com-
posed:

uC total~t!&5(
n

an~11e2 ivnt!un&, ~2!

where we used

uc t&5(
n

ane
2 ivntun&, for t50,t. ~3!

The excited-state populationP(t) after the two pulses is
given by

P~t!5^C total~t!uC total~t!&

5^ctuct&1^c0uc0&12 Rê ctuc0&

5(
n

2uanu212uanu2cos~vnt!. ~4!

The first terms in Eq. ~4!, ^ctuct&1^c0uc0& or
(n 2uanu2, respectively, describe the population created inco-
herently by the two pulses, and are thus independent of time.
The other term, 2 Rêctuc0& or (n2uanu2cos(vnt), respec-
tively, is a measure of the interference between the two wave
packets, and is time dependent. Thus the excited-state popu-
lation consists of two parts: an incoherent term independent
of t, and a coherent term dependent ont. Note thatP(t)
oscillates between 0 and 4uanu2, with an average value of 2
uanu2.

Inherent in this qualitative model developed so far is the
assumption that the two light pulses have a well-defined rela-
tive phase@8,3#. In the experiment described here, the rela-
tive phases of the two pulses are modulated. This has several
advantages: the modulation establishes a well-defined phase
relationship between the two pulses, and acquisition of the
wave-packet signal at the modulation frequency strongly re-
duces the contribution from other sources. Furthermore,
phase modulation allows the observation of the coherent
term only, as this is the only phase-dependent part of the
signal, and thus the only modulated term. To achieve the

phase modulation, an additional time delayDt (!t) be-
tween the pulse pairs is introduced by ‘‘wiggling’’ a quartz
plate in one of the arms of the Michelson interferometer~see
Sec. III!. The time delayDt is on the order of hundreds of
femtoseconds, and is therefore a minimal contribution tot
itself, which is on the order of tens of picoseconds. In the
experiment we record the square of the time-autocorrelation
rather than its absolute value, because it gives a convenient
analytic expression. An expression for the experimentally
observed signal as a function of the delay timet can there-
fore be obtained by squaring the phase modulated part of Eq.
~4! and integrating it over the 2Dt time window:

I ~t!5E
t2Dt

t1Dt

@2Rê ct8uc0&#2dt8

5E
t2Dt

t1DtF(
n

2uanu2cos~vnt8!G2dt8. ~5!

This equation gives a more intuitive picture of the experi-
ment, since it resembles the expression of a collection ofn
oscillators, each oscillating at their own frequencyvn , and
therefore causing a beating frequency. Extending this idea to
two-photon transitions has been recently discussed by Engel
and Metiu @3#. The amplitude of an eigenstate in the wave
packet,an , is determined by the transition moment of the
eigenstate, and by the intensity of the laser at that frequency.
The eigenenergy,vn , is defined with respect to the ground
state. Decay and dephasing of the eigenstates can in our case
be neglected, considering the conditions in which the experi-
ment is performed~see Sec. IV!. The intensity of the wave-
packet signal as a function of delay time,I (t), is presented
in the recurrence spectra given in Sec. IV of this paper.

We would like to note here that, in this experimental
method, the beating displayed byI (t) does not depend on
the species in which the wave packet is created~e.g., pure
rubidium or a contaminated sample!, but is only determined
by the energy spacing in the absorption spectrum, since
I (t) is the Fourier transform of the absorption spectrum@26#.
Therefore in those cases where a spectrum arises from the
excitation of different initial states, or even of different
atomic or molecular species, the same beating pattern would
be observed.

III. EXPERIMENT

In Fig. 1 the schematic of the experiment, which has been
described in detail elsewhere@11#, is shown. It consists of an
optical setup to generate the two-pulse sequences, a vacuum
system with an oven to create the rubidium beam, and a
quadrupole mass spectrometer to select and detect the ions.

Picosecond, wavelength tunable light pulses, obtained
from a cavity-dumped, synchronously pumped dye laser~3.8
MHz, 130 mW, 6202700 nm with Lambdachrome 6501
~DCM Special! dye, 7.5 ps, and a bandwidth of' 7 cm
21) are frequency doubled in a potassium dihydrogen phos-
phate~KDP! crystal, producing 2.5-ps pulses with an effi-
ciency of'1%. Each UV pulse is divided into two identical
pulses by a Michelson interferometer, and one can be time
delayed with respect to the other~time delay t) using a
translation stage in one arm of the interferometer. A wiggling
quartz plate in the other arm is used to sweep the precise
delay
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~Dt! by '0.4 ps about the ‘‘crude’’ delay~t!, thereby sam-
pling '400 cycles of the optical frequencyn of the laser.
This wiggling quartz plate modulates the relative phase of
the pulse pair at a rate of 6 kHz, which is slow compared to
the repetition rate~3.8 MHz! of the dye laser. The linearly
polarized pulses are focused with a 50-cm quartz lens into
the vacuum system and the polarization of the light is per-
pendicular to the molecular beam~see Fig. 1!.

In our vacuum chamber, rubidium vapor effuses from the
oven through a 0.5-mm-diameter orifice. The rubidium pres-
sure, controlled by an oven temperature of 380 K, is of the
order of 431024 Torr. At this temperature the equilibrium
composition of the vapor contains only 0.02% Rb2, @27#
which accounts for the small dimer background we observe.
We sent a small flow of helium at a pressure of'2 Torr
through the oven to prevent the nozzle from clogging.

Ions which are formed after the two pulses in the field-
free region between the oven and the first grid, pass a second
95% transmitting grid and are accelerated towards the quad-
rupole mass spectrometer~Balzers QMG 511, off axis!. The
resolution of the mass spectrometer was deliberately lowered
to collect all isotopomers of the dimer ions (85Rb2

1
,
87Rb2

1
,

85,87Rb2
1!. A channel electron multiplier connected to a dis-

criminator produces a pulse for each mass selected ion. The
mass selected ion signal is sent to a 6-kHz band pass filter,
whose frequency matches the modulation frequency of the
phase between the two pulses. Therefore only the modulated
component of the signal is detected. The intensity variation
of the wave-packet signal as a function of delay timet, is
obtained after squaring the output of the filter and averaging
it.

IV. RESULTS AND DISCUSSION

While monitoring the Rb2
1 ion signal as a function of

frequency, resonances were observed which coincided with
the 5s→8p through 5s→15p atomic Rb resonances, super-
imposed on a small, featureless background that monotoni-
cally increased with photon energy. Then.9np2P1/2,3/2
fine-structure states easily fall within the bandwidth of our
UV pulses,'13 cm21, therefore limiting our observation of

fine-structure quantum beats in the time resolved spectra to
then.9 states.

The intensity of the dimer ion signal at the atomic reso-
nance, relative to the small off-resonance background, de-
pended strongly upon the distance from the laser focus to the
nozzle: the closer to the nozzle, the stronger the resonant
contribution to the total dimer ion signal~see Fig. 2!. The
ratio between the Rb2

1 count rate at the 10p atomic reso-
nance and the off-resonance Rb2

1 background was measured
while varying the distance between the laser focus and the
nozzle. In Fig. 2 this ratio is plotted as a function of the focal
distance, measured in nozzle diameters. The dimer ion signal
results from either the direct photoionization of rubidium
dimers in the atomic beam, or from the associative ionization
of excited rubidium atoms. The direct photoionization pro-
duces a constant background in the ratio of resonant to non-
resonant ionization signal, which is illustrated by the hori-
zontal line in Fig. 2. In the high density region near the
nozzle associative ionization occurs when a photoexcited ru-
bidium atom collides with a ground-state atom: Rb* (n)p1
Rb→ ~Rb2)*→Rb2

11e2. This is illustrated by the linear
increase in the ratio of the resonant to nonresonant ionization
signal near the nozzle in Fig. 2. The excited collision com-
plex, ~Rb2)* , will promptly ionize when its total energy is
higher than the ionization potential of the molecule
(Vi53.45 eV, with respect to the neutral atoms at infinite
separation@28#!. This occurs when the Rb*1Rb system
crosses the Rb2

1 potential-energy curve@29,30#, as is the case
for our atomic resonances ifn*>7 (l,359 nm!. The de-
parting electron ‘‘traps’’ the system in the Rb2

1 potential-
energy curve. When the mass spectrometer was tuned to the
dimer ion mass, ionization from the atomic 8p through
15p resonances was observed. However, when it was tuned
to the atomic rubidium mass, only signals from the 11p and
higher states were detected. Since the photon energy is too
low for direct, one-photon ionization, the atomic signal must

FIG. 1. Experimental setup, consisting of the following compo-
nents: light source, interferometer, vacuum system and signal acqui-
sition electronics, where SHG denotes second harmonic generator,
BS denotes beam splitter, and QMS denotes quadrupole mass spec-
trometer.

FIG. 2. Ratio between resonant~produced at the wavelength of
the atomic 10p resonance! and off-resonant~produced by detuning
the wavelength of the laser! Rb2

1 count rates as a function of the
distance (X) from the laser focus to the nozzle, measured in nozzle
diameters (d). The horizontal line marks the level of background
rubidium dimers originating from the source. The other line depicts
the quadratic dependence of the collisionally formed dimers on the
atomic rubidium density.
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be produced by either two-photon ionization, or by colli-
sional ionization of the excited atomic fine-structure states
~Rb*1X→Rb11e21X, whereX5Rb or He!. At our laser
fluence, the contribution of two-photon processes is negli-
gible, and the results of the two-pulse experiment described
below will demonstrate that only collisional ionization is re-
sponsible for the observed atomic ion signal. No atomic ions
originating from the lowern states, 8p to 10p, are observed,
since very energetic collisions are required to ionize these
states. All collisional processes which produce either Rb2

1 or
Rb1 occur in the field-free region between the oven and the
first grid, well outside the 100-ps window of the two-pulse
measurement.

In the two-pulse experiment, coherent superpositions of
the np2P1/2,3/2 fine-structure states in the atomic rubidium
interfere with each other, either constructively or destruc-
tively, depending on the relative phase, thereby enhancing or
quenching the ion signal. As has been described in Sec. II,
the average amount of the 6-kHz interference is measured in

the experiment as a function of the delay time,t. In Fig. 3,
in which the averaged interference is plotted as a function of
delay between the pulses, we show some examples of atomic
np (n510215) fine structure quantum beats that were mea-
sured with the two-pulse experiment by detecting the dimer-
ion mass signal, i.e., the associative ionization signal. The
maxima in the spectra are referred to as recurrences, because
they indicate when the time-dependent wave function~the
wave packet! returns to its initial configuration. These recur-
rences represent the familiar fine-structure quantum beats,
which have been measured by various other techniques as
summarized in Ref.@31#. The recurrence times are deter-
mined by the atomic fine-structure splittings:t52p/Dv,
whereDv is the energy splitting of the fine-structure states.
The measured fine-structure splittings recovered by fast Fou-
rier transform from our recurrence spectra for the 10p to
15p states as presented in Table I, are in good agreement
with previously determined values@32#. As has already been
mentioned in the last paragraph of Sec. II, the detection
method used in this work is not selective for excitation of
different initial states or for a contaminated sample. Also the
accuracy of the experiment does not allow determination of
the hyperfine splitting of the ground state or the isotope shift.

One can see the coherent signal decrease at longer delay
times ~above 75 ps!. This is partly caused by the thermal
motion of the atoms, thus by the associated Doppler width,
giving the envelope of the spectra a Gaussian appearance. In
‘‘phase language’’ one would say that if, between the pump
and the probe pulse, the atom moves over a significant frac-
tion of the wavelength of the incident light, it will observe
the probe pulse to have a slightly different phase than the
pump pulse, and a decrease in the coherent signal will occur.
Other sources of dephasing~happening within the 100-ps
time window of the delay scan!, e.g., caused by collisions in
the beam, can be disregarded in view of the low pressures
present in the interaction chamber. Another source of dephas-
ing can arise from imperfections in the delay line of the
Michelson interferometer. This causes the two pulses to fol-
low the same beam path only when they are temporally over-
lapped~at t50), and leads to a reduced phase modulated
signal att.0. The envelope of the spectra is called ‘‘the
instrument function,’’ and can be determined experimentally
from the recurrence spectrum of a single eigenstate, e.g., of
the 8p state, of which the fine-structure splitting is larger
than the laser bandwidth. To observe these lowernp fine-
structure recurrences (n5729!, subpicosecond pulses
~larger bandwidth! are needed. The measured recurrence
spectra were not background free, since the Gaussian profile
was superimposed upon a constant offset for each spectrum.
Therefore the 6-kHz contribution from sources other than the

FIG. 3. Dimer ion recurrence spectra: in this figure several
atomic np fine-structure quantum beats are presented which have
been detected from the Rb2

1 signal formed via associative ioniza-
tion. The spacings between the recurrences are determined by the
atomic fine-structure splittings:t52p/Dv, whereDv is the en-
ergy splitting.

TABLE I. Fine-structure splittings of the2P1/2,3/2 levels in atomic rubidium measured by detection of the
associative ionization reaction products~Rb2

1! and collisional ionization products~Rb1), compared with the
values from Ref.@32#.

10p 11p 12p 13p 14p 15p

This work, Rb2
1 ~cm21) 7.25~4! 4.95~3! 3.52~3! 2.60~2! 1.98~3! 1.52~3!

Rb1 ~cm21) 4.96~2! 3.52~2! 2.60~2! 1.98~2! 1.51~8!

Moore @32# ~cm21) 7.31 4.97 3.54 2.60 2.00 1.53
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modulated quantum beat signal had to be subtracted out, be-
fore the spectra could be normalized. The normalization can
be done att50, since thereu^c(0)uc(t)&u[1. The zero
intensity level has been chosen to be at long delays where the
signal has completely dephased, the top of the envelope has
been defined as the maximum intensity level~unity!, disre-
garding higher intensities att50. At zero delay, the dimer
recurrence spectra in Fig. 3 reveal a small, but distinct spike,
which is produced by direct photoionization of the dimers
originating from the oven and the expansion. Att50 the
pump and probe pulses coincide, and the wiggling of the
phase delay continuously switches the UV on and off. There-
fore all laser dependent signals are modulated at 6 kHz at
t50 and will contribute to the height of the zero-delay peak.

The modulation depth of the recurrences in the spectrum
indicates the relative population of the contributing states.
Considering the bandwidth of our ps UV pulses,'13
cm21, we assume that we equally excite both fine-structure
states (n.9, Dv,7 cm21). Excess amplitude from the
2P3/2 state produces a delay independent background in the
two-pulse experiment. The observed beating is between the
amplitude of the2P1/2 state, and the equal amplitude of the
2P3/2 state. The measured intensity in the experiment di-
rectly reflects the eigenstate amplitudes~squared!, which are
determined by the transition probabilities for exciting the
particular eigenstates in the wavepacket. Indeed in all recur-
rence spectra the well known intensity ratio 2:1 of the dou-
blet terms2P3/2 and

2P1/2 can be recognized in the modula-
tion depths of the spectra, especially at the shorter delay
times ~up to 50 ps!.

For comparison some of then511215 recurrence spec-
tra obtained from measuring the atomic ion signal are shown
in Fig. 4, where exactly the same fine-structure beatings can
be recognized as in the dimer spectra. Compare, in particular,
the height of the peaks at zero delay in these spectra with the
dimer spectra of Fig. 3. If the production of atomic ions was
caused by resonant two-photon ionization, there would have
been an increased zero-delay peak in the spectra of Fig. 4,
similar to those seen in Fig. 3 for the dimers. The absence of
this increased spike in Fig. 4 leads us to the conclusion that
the atomic ions are only produced by collisional ionization of
the excited atoms. That also explains why no atomic ion
signal originating from the lowern states, 8p to 10p, was
observed in the frequency scans, since only very energetic
collisions can ionise these states. Notice that the ratio of the
quantum beats to the background is roughly constant in both
Figs. 3 and 4, reflecting the transition probabilities of the
atomic fine-structure levels.

No structure in the dimer recurrence spectra was observed
when the laser was detuned from an atomic resonance. The
fact that dimers do not give rise to observable recurrences in
this experiment, is probably caused by the high density of
states which is excited in the relatively hot rubidium dimers.
Although this is unfortunate if one is interested in observing
wavepacket motion in rubidium dimer molecules, it facili-
tates the interpretation of the dimer spectra taken at the
atomic resonances, since all recurrent structure is now due to
the fine-structure beats in the atom.

The evolution of the fine-structure wave packets shown in
this work illustrate the peculiar nature of electron spin. The
most classical analogy of the ‘‘motion’’ associated with the

fine-structure wave packet is that of a particle, the electron,
whose spin axis is precessing in time around the angular
momentum vector as it orbits the nucleus. One should, how-
ever, pay attention to the fact that, unlike in~Rydberg! elec-
tron wave packets, a fine-structure wave packet does not lo-
calize the orbital motion of the electron, since only onen
state is excited and therefore a stationaryn state has been
created. It should rather be seen as a kind of alignment effect
which is detected: if the orientation of the electron spin cre-
ated by the second~linearly polarized! pulse is the same as
the evolved one created by the first pulse, a maximum in
intensity is observed.

V. CONCLUSIONS

The application of associative ionization as a means of
measuring the excited-state population arising from an inter-
ferometric two pulse wave-packet experiment of low lying
atomic resonances has been demonstrated. This method en-
ables us to study those states which are otherwise hard to
observe with detection methods such as field ionization. The
measured fine structure splittings are in good agreement with
literature values.
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