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We demonstrate a spectroscopy method that can be applied in an atomic beam, light-pressure-induced
spectroscopy �LiPS�. A simple pump and probe experiment yields a dispersivelike spectroscopy signal that can
be utilized for laser frequency stabilization. The underlying principles are discussed and compared to Monte
Carlo simulations. The shape of the dispersive signal is well described by the simulations. The zero crossing
point of the signal is redshifted with respect to the atomic resonance by �3 MHz �one-tenth of the natural
linewidth� and depends slightly on the laser intensity. The shift of the zero crossing is determined by laser-
induced fluorescence and compared with results of Doppler-free saturation spectroscopy. To check the potential
of LiPS for frequency stabilization purposes, it was used to frequency-stabilize the laser for 400 min. Fre-
quency fluctuations of only 0.12 MHz were measured.
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I. INTRODUCTION

In numerous experiments involving, for example, laser
cooling and trapping, precision spectroscopy, metrology,
atom trap trace analysis, or resonant-ionization mass spec-
trometry, it is of key importance that the laser is frequency
referenced and/or stabilized. Over the years a whole arsenal
of spectroscopy methods �1� has been developed to meet the
needs in the different areas of application. Nonlinear spec-
troscopy techniques such as saturation and polarization spec-
troscopy are widely used. In these methods, a strong pump
laser beam is used to change state populations, which in turn
affect the absorption of a weak counterpropagating probe
laser beam. The shapes of the spectroscopy signals �2–4� are
slightly distorted by the photon momentum transferred to the
atoms in the gas, which leads to a redistribution of the
atomic velocities. On a larger scale this light force is used to
slow down, deflect, or trap atoms �see, e.g., Ref. �5��.

In this short paper we demonstrate a beam-based spectros-
copy technique that exploits the light-pressure-induced redis-
tribution of the transverse atomic velocities to obtain a dis-
persive signal that can be used directly for frequency
stabilization purposes. The basic idea behind this light-
pressure-induced spectroscopy �LiPS� is the following. A
relatively strong pump beam and a weak probe beam, both
having the same frequency, are sent in antiparallel directions
through an atomic beam. The probe beam does not overlap
with the pump beam, but intersects the atomic beam down-
stream from the pump beam. The pump beam induces a dis-
tortion on the transverse velocity distribution of the atomic
beam. This is illustrated schematically in Fig. 1 for a red-
detuned laser coming from the −vtr direction. Because of the
Doppler shift the laser light is in resonance with atoms hav-
ing a transverse velocity of �−v0.

Downstream of the pump beam, the probe beam samples
the modified transverse velocity distribution. Since the probe
beam has exactly the same frequency as the pump beam and

crosses the atomic beam in the opposite direction, it will
experience the induced velocity changes only when the laser
is in �near-�resonance with the unshifted atomic transition,
i.e., both beams interact with atoms with velocities at or
close to zero. For example, for the case shown in Fig. 1 the
probe will interact with atoms of velocities near v0, an unal-
tered part of the velocity distribution, and therefore, with or
without the pump, the absorption of the probe light is the
same. Only when v0�0 is the absorption of the probe beam
modified by the presence of the pump beam.

It will be shown that the difference in absorption of the
probe beam with or without the pump beam yields a disper-
sivelike signal, with the zero crossing slightly red detuned
from the atomic transition frequency. In addition to yielding
a strong dispersive signal, the method has as the advantage
that it may be applied to atomic systems for which it is hard
to produce vapor cells. Moreover, the method is experimen-
tally simple: in contrast to traditional saturation absorption
techniques, no frequency modulation or polarization optics is
needed to obtain the dispersivelike signal.

In the following, the experimental layout of the LiPS
technique will be presented and the method will be applied
to the case of Ca atoms. Ca is chosen because of our inves-
tigations on the possibilities of using atom trap trace analysis
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FIG. 1. Schematic representation of the redistribution of the
transverse velocities in an atomic beam as induced by a red-detuned
laser beam coming from the −vtr direction.
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�6� to observe the very rare 41Ca isotope in natural samples
�7�. In addition, short-lived 39Ca isotopes are candidates for
�-decay studies searching for physics beyond the standard
model of particle physics �8,9�. The simple electronic struc-
ture of the even Ca isotopes simplifies Monte Carlo simula-
tions of the LiPS signals. The determination of the position
of the zero crossing in the signal by means of the Monte
Carlo simulations is verified experimentally by comparison
to Doppler-free saturation spectroscopy and laser-induced
fluorescence.

II. LiPS: EXPERIMENTAL LAYOUT AND RESULTS

The spectroscopy experiments were performed on one of
the atomic beams of Ca atoms in our experiment �7,10�. The
4s2 1S0-4s4p 1P1 resonance transition in 40Ca has a wave-
length of 422.79 nm. This transition has a natural linewidth
�=� /2�=34.63 MHz. The on-resonance saturation inten-
sity Is=59.9 mW cm−2 �5�.

A schematic representation of the setup used for LiPS is
shown in Fig. 2. An oven heated to 570 °C with a 10-mm-
long and 1-mm-diameter exit channel was used to provide
the atomic beam. The vacuum base pressure is maintained in
the lower 10−8 mbar range with a 30 l/s ion-getter pump.
About 10 cm downstream of the oven the LiPS measure-
ments are performed. The pump and probe laser beams enter
and exit the vacuum chamber through antireflection-coated
viewports. For the measurements described here, the pump
and probe beams were separated by 3 mm along the laser
beam axis. The laser beams cross the atomic beam in oppo-
site directions. The absorption signal was recorded using a
photodiode �Thorlabs DET36A/M�. To enhance the quality
of the signals, a lock-in amplification detection scheme was
employed for which the pump beam was amplitude modu-
lated with a mechanical chopper �Scitec Instruments 300C at
3 KHz� and a lock-in amplifier was used �FEMTO LIA-MV-
150-S�.

The laser light was generated by a Toptica TA-SHG 110
frequency-doubled diode laser system, which is capable of

producing about 120 mW laser light at 423 nm wavelength.
For the LiPS experiments only a fraction of this power was
used. The Gaussian beams have 0.8 mm waists �1 /e2 radii�.
The laser frequency was scanned with an acousto-optical
modulator �AOM� �Brimrose TEF-200-100-423� with a cen-
ter frequency of 200 MHz in double-pass configuration. The
AOM was controlled by a voltage-controlled oscillator
�VCO� based AOM driver unit �Isomet D325�. The depen-
dence of the diffraction efficiency of AOM crystals on the
frequency of the applied rf signal was compensated by a
feedback scheme which kept the output power constant over
the whole scanning range of the AOM. A function generator
provided the AOM driver with a triangle-shaped VCO input
signal �0–10 V� at approximately 0.1 Hz. The intensity of the
probe beam is about 5% of the pump beam.

In Fig. 3 the spectra obtained with three different pump
powers �2, 3, and 4 mW� are presented. From Fig. 3 it can be
seen that neither the width, nor the zero crossing, nor the
strength of the LiPS signal depends strongly on the pump
power.

It appears that the zero crossing is red detuned by several
tenths up to one-half of a linewidth ��=34.63 MHz�. How-
ever, in each individual panel the maximum of the saturation
absorption signal is taken as the atomic resonance frequency.
As pointed out before �2–4,11–13�, due to the modification
in the transverse velocity distribution of the atoms caused by
the pump beam, the position of the maximum of the satura-
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FIG. 2. Schematics of the LiPS setup. The AOM is double
passed and is used to scan the frequency of the laser light used for
LiPS. The quality of the spectroscopy signals is enhanced by using
lock-in amplification.

FIG. 3. LiPS and saturation absorption spectra taken at different
pump powers. For each individual panel, the zero of the frequency
scale is taken to be defined as the maximum in the saturation ab-
sorption spectrum. The intensity scale is arbitrary but the same in
all the panels.
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tion absorption peak is blueshifted with respect to the tran-
sition. This issue will be discussed in more detail in the next
sections. The LiPS and saturation absorption spectroscopy
signals were obtained simultaneously by splitting off a sec-
ond probe beam from the initial laser beam. This second
probe was overlaid with the pump beam. The counterpropa-
gating pump and probe were aligned such that they made a
small angle ��2°� with respect to each other.

As a second independent approach to determine the zero
crossing of the LiPS signal, laser-induced fluorescence �LIF�
spectroscopy �1� was performed. The experimental layout of
the LIF setup is depicted in Fig. 4. In order to do this, we
stabilized the laser using the LiPS signal as a reference. By
shifting the frequency of the light used for LiPS with two
AOMs, one of them in double-pass configuration, it was pos-
sible to stabilize the laser in a range of some 120 MHz
around the resonance transition in 40Ca. Approximately 1 m
downstream from the LiPS setup, the atomic beam was in-
tersected by another probe beam and the fluorescence was
measured. To avoid any influence of the LiPS pump beam on
the fluorescence measurement, the laser beam intersects the
atomic beam perpendicular to the plane in which LiPS is
performed. By measuring the fluorescence at frequencies
around the resonance transition, we were able to determine at
which detuning the LIF signal maximizes and so to deter-
mine the detuning at which the LiPS signal crosses zero. To
avoid an artificial shift due to a small deviation from the
optimal 90° angle between atomic and probe beam, both
single- and double-pass experiments were performed. In the
double-pass experiments the probe has been retroreflected
onto itself. From the shift between the apparent peak posi-
tions in the single- and double-pass measurements, the angu-
lar deviation can be calculated �14�. In this way the angle
between laser and atomic beam was optimized.

To check long-term stability of the dispersivelike LiPS
signal, we used it to frequency-stabilize the laser. A
proportional-integral-derivative �PID� controller was used to
lock the laser to the zero crossing. To test the frequency
fluctuation the following experiment was performed. A weak,
tunable probe beam was sent through the atomic beam. This

beam was aligned parallel with the LiPS laser beams, but
sent through the atomic beam just below the plane in which
LiPS was performed, to exclude any disturbance on the LiPS
signal. If the weak probe beam has the same frequency as the
LiPS beams, it is in resonance with the atoms. This results in
a fluorescence distribution in the atomic beam which can be
measured using a charge-coupled device �CCD� camera. The
fluorescence profile was fitted with a Lorentzian line shape
from which the location of the peak could be determined.
When the frequency of the laser shifts, the peak position will
shift as well, so by taking several CCD images of the weak
probe beam fluorescence, the frequency fluctuation in time
could be measured. The peak position was calibrated by a
scan over 10 MHz of the weak probe beam. The results of
this frequency fluctuation measurement are shown in Fig. 5.
It turned out that, over a period of 400 min, the standard
deviation of the data was 0.12 MHz, which is 0.35% of the
natural linewith �. This is more than sufficient for laser cool-
ing and trapping experiments, and comparable to results ob-
tained by other methods.

III. LiPS: MONTE CARLO SIMULATION

We have performed Monte Carlo �MC� simulations to
produce LiPS signals for comparison to the experimental
data. First, the effect of the pump laser on the transverse
velocity distribution of the atomic beam is simulated. There-
after, the absorption of the probe laser and its difference from
the case without pump beam is calculated. The difference in
absorption as a function of laser frequency,

���,P� = A��,P� − A��,0� ,

where A�� , P� is the absorption of the probe beam at a fre-
quency � and a power P of the pump beam, can then be
compared to the experimental LiPS signals. Due to the small
radius ��0.8 mm� of the pump beam, the 4s2 1S0-4s4p 1P1
resonance transition in 40Ca already saturates at low laser
powers. This makes analytical calculations difficult, and we
resort to the relative ease and flexibility of a MC simulation.

We simulate the paths of the atoms through the two lasers
by assigning an initial velocity vector �vx ,vy ,vz� to each
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FIG. 4. Schematic overview of the LIF setup used to determine
the zero crossing of the LiPS signal. The laser-induced resonance
fluorescence is detected using a photomultiplier tube positioned
normal to the plane defined by the atomic and the probe beam. The
PID controller is used to frequency-stabilize the laser onto the LiPS
zero crossing as a reference. See the text for more details.
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FIG. 5. Measurement of the fluctuations of the laser frequency
when the laser is stabilized using LiPS. Error bars on the data points
indicate the uncertainty of the Lorentzian fit �see text for details�.
Dashed lines indicate one standard deviation of the data average.
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atom. These velocities are drawn randomly from three distri-
butions. For the longitudinal z direction we took a Maxwell-
Boltzmann distribution, with parameter a=�kBT /m, where
kB is Boltzmann’s constant, T is the oven temperature, and m
is the mass of the atom. This is a good approximation to the
theoretical distribution suggested by Scoles et al. �15�. For
the transverse velocities we took N�0,�2� distributions, with
�=8 m /s. This is an approximation to the distribution cal-
culated by Greenland et al. �16�. The atom is then allowed to
interact with the pump laser.

The program runs with a discrete time step �t. At each
time step, the time it would take the atom to absorb a photon
is calculated from

ta = − ln�R�/W ,

where R is a random number uniformly distributed on �0,1�,

W =
s0�/2

1 + � �−kvL

��
�2 , � � = ��1 + s0,

is the power-broadened absorption rate; s0= I / Is is the satu-
ration parameter defined as the intensity of the laser beam
divided by the on-resonance saturation parameter, � is the
linewidth of the transition, � is the detuning of the probe
laser with respect to the transition frequency, k is the wave
number, and vL is the velocity component in the direction of
the laser beam.

If ta	�t, the atom will absorb a photon and its velocity
and position are adapted accordingly. Next, the atom is al-
lowed to decay spontaneously or by stimulated emission, and
after that the cycle starts again. The time it would take the
atom to make a spontaneous or stimulated decay is calcu-
lated just as for the absorption, where for the spontaneous
decay W=�, and the process which takes the less time is
chosen. These absorption-emission cycles slightly change the
velocity of the atom and thus cause a difference in the ab-
sorption of the probe laser when the pump laser is on or off.

The absorption of the probe laser is simulated by the same
equations as for the pump laser, but now each time an atom
absorbs a photon the absorption A is increased by 1. This
process is repeated for several thousand atoms at each detun-
ing, both for zero laser power to the pump laser and for
power P. The resulting values A�� , P� and A�� ,0� are sub-
tracted, which yields a dispersive signal that can be com-
pared to the experimental data.

IV. DISCUSSION

To simulate the LiPS, the MC calculations were per-
formed for specific laser frequencies spanning a frequency
range of 200 MHz around the resonance frequency. At each
frequency 50 000 atoms were tracked. The associated statis-
tical uncertainties are indicated in Fig. 6 as a band. This
figure shows the results of the MC simulation for a laser
power of 3 mW �s0=2.5� in comparison to the measured
LiPS signal. Considering the profile of the LiPS signal, there
is clearly good agreement between the simulation and the
experimental data. The MC simulation shows that mainly the
positions of the maximum and the minimum and the wings

of the spectrum depend on the exact shapes of the transverse
velocity distributions, i.e., the widths of the distributions.

The most important feature from a frequency-locking
point of view is that the zero crossing turns out to depend
barely on the width of the initial transverse velocity distribu-
tion. Also, the zero crossing is only weakly dependent on the
pump power; cf. Figure 7. This makes the dispersive LiPS
signal suited for laser-frequency locking. For the laser pow-
ers used �0.75
s0
4� the zero crossing is slightly red de-
tuned by 0.1–0.2 units of �. The MC results are in agreement
with the LIF measurements.

The results from the Doppler-free saturation spectroscopy
show a similar frequency dependence but deviate in absolute
value by about 0.3 units of �. Just as in the present beam
experiments, in Doppler-free saturation spectroscopy the
pump beam modifies the velocity distribution �2–4,11–13�.
Therefore the maximum in the Doppler-free saturation spec-
troscopy signal does not necessarily coincide with the atomic
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FIG. 6. Comparison of the experimental ��� and simulated
LiPS signals as a function of the detuning of the laser frequency.
The dashed line indicates the statistical uncertainty of the simula-
tion. The laser power of the pump beam was 3 mW �s0=2.5�. The
experimental data �taken from Fig. 3� have been frequency shifted
to make the zero crossings match. See text for more details.
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FIG. 7. Position of the LiPS zero crossing in units of the natural
linewidth at different pump powers: �, laser-induced fluorescence;
�, assuming Doppler-free saturation spectroscopy as a reference
for the atomic transition, and solid line, Monte Carlo simulation.
The dashed lines indicate the statistical uncertainty of the
simulation.
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resonance frequency. Earlier studies �11–13� predict a blue-
shift of the maximum of the saturation absorption peak with
respect to the transition in the order of 0.1 units of �. The
remaining shift of 0.2 � �7 MHz� can be well explained by a
small ��1°� angular deviation of our saturation absorption
beams with respect to the atomic beam. To have the satura-
tion absorption spectroscopy pump and probe beam overlap,
there is a small angle of 2° between them, which makes an
accurate �	1°� overall alignment of both beams with respect
to the atomic beam difficult. Given this small angular uncer-
tainty, the saturation absorption spectroscopy data are con-
sistent with the LIF data.

V. CONCLUSION

It has been shown that the absorption of a probe beam
crossing an atomic beam downstream from and in the oppo-
site direction to a pump beam yields a dispersive signal. The
zero crossing of this light-pressure-induced spectroscopy sig-
nal is approximately 0.1–0.2 linewidths redshifted from the

atomic resonance frequency. The position of the zero cross-
ing depends only weakly on beam properties and laser
power. This makes the LiPS signal very suitable for laser-
frequency locking. The exact shift of the zero crossing is
determined by laser-induced fluorescence. A Monte Carlo de-
scription was developed to simulate the LiPS signals. Good
agreement was found between the experimental data and the
MC simulations.
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