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Abstract—We explore the method of rapid adiabatic passage
for collisional frequency shift measurements in the primary
caesium fountain clock PTB-CSF2 at the Physikalisch-Technische
Bundesanstalt (PTB). This method can be used to vary the
local density distribution of the atom cloud by exactly a factor of 2. We investigate the performance of the method for
different parameter ranges and obtained agreement between
experimental and Monte-Carlo simulation results. When used
for collisional frequency shift measurements, the rapid adiabatic
passage method results in a systematic uncertainty contribution
of less than 1% of the collisional shift value. Implications of this
method for the systematic uncertainty of CSF2 are discussed.
Index Terms—Atomic clocks, atomic physics, frequency
measurement, frequency synthesizers, microwave spectroscopy.

I. Introduction

D

UE TO the progress in the evaluation of systematic
uncertainties of primary caesium fountain clocks, several
of these devices recently achieved systematic uncertainties at
the low 10−16 level [1]–[4]. At the same time, significant
efforts are made to reduce the frequency instability of the
fountains, typically dominated by the local oscillator and
quantum projection noise contributions. The oscillator noise
contribution can be reduced using microwave sources with
better phase noise properties, such as cryogenic sapphire
oscillators [5], or microwave oscillators phase locked to an
ultrastable laser [6], [7]. The quantum projection noise can
be reduced by increasing the number of interrogated atoms,
which tends to increase the atomic cloud density and therefore
the collisional shift and correspondingly its uncertainty. The
crucial role of cold collisions between caesium atoms was
noted and investigated in the early days of caesium fountain
development [8], [9]. It was pointed out that reducing the
atom temperatures to the μK regime results in an increase
of the atomic de Broglie wavelength, which in turn leads
to collisional frequency shifts which are significant at the
envisaged level of fountain accuracy. To date, the collisional
shift is one of the main contributors to the uncertainty budget
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of caesium fountain clocks. Because the collisional shift is
proportional to the atom density, it is measured by alternating
fountain operations with high and low atom density. The
resulting frequency difference is used to determine the clock
transition frequency at zero atom density. A collisional shift
slope is derived from the frequency difference and the detected
atom numbers corresponding to high and low density, and
the collisional shift value and uncertainty are obtained by
multiplying the slope factor and its uncertainty by the detected
atom number, respectively.
Simple techniques for varying the atom density change
the loading time of the magneto-optical trap (or molasses)
or change the microwave amplitude in the state selection
cavity. It has been demonstrated [10] that these techniques
can lead to 10%–20% errors in the determination of the
collisional shift. The reason is that with the density variation
they give rise to variations of the position and velocity
distributions and of the collisional energy. These variations
cause a nonlinear dependence of the collisional shift on the
detected atom number, which (instead of the atom density) is
the experimentally measured parameter in fountain clocks. As
a result, the collisional shift evaluation by linear extrapolation
to zero atom number becomes inaccurate.
Approaches to overcome or minimize the resulting shift
determination errors include cancellation of the absolute value
of the collisional shift for a given atom density by operating
at a particular collision energy and composition of clock
states [11] or reduction of the absolute shift value by utilization
of juggling, multiple-velocity or continuous beam fountain
schemes [12]–[14]. Recently, it was also proposed to vary
the density by frequency detuning the microwave field in the
state selection cavity, which could lead to a lower systematic
uncertainty in the determination of the collisional shift value
[15]. Here, we discuss the implementation of the method of
rapid adiabatic passage (RAP) in the state selection cavity
of the fountain clock CSF2 at the Physikalisch-Technische
Bundesanstalt (PTB) [16]. This method was first introduced
in the french fountain FO2 [10] and, since then, has proven
to accommodate the needs of fountain operation at high atom
densities. The technique of RAP offers a way to change the
cloud density independently of atom positions and velocities
during the state selection process. It does not rely on a tight
control of radius and temperature of the atomic cloud like
the shift cancellation method [11]. It avoids the technical
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complexity of methods based on a density reduction by atom
distribution along the flight path, as in a continuous fountain.
Compared to the frequency detuning method [15], it offers a
lower systematic uncertainty at the expense of a more elaborate
microwave frequency control system.
In the next section, we describe and illustrate the method
of RAP and its benefits compared to the density variation
by simple amplitude change of the state selection microwave
field. In Section III, we describe the experimental setup with
emphasis on the microwave frequency control system for the
state selection process. In Section IV, the parameter space
for the RAP method is discussed in detail by presenting
experimental and Monte-Carlo simulation results. We demonstrate that the systematic uncertainty of the collisional shift is
below 1% of the shift value, and consider some of the effects
that could affect this uncertainty. Finally, in Section V, we
present consistent collisional shift measurement results and
the consequences for the CSF2 uncertainty budget.
II. Method of Rapid Adiabatic Passage and
Its Benefits
In fountain clocks the RAP mode of operation can be used
to adiabatically transfer atoms from the |F = 4, mF = 0 to
the |F = 3, mF = 0 caesium ground state component in the
state selection cavity. This takes place after the atoms are
initially cooled, launched vertically and prepared in the |4, mF 
components. For the RAP an RF pulse with a Blackman
amplitude profile is implemented, with a frequency chirp
determined by δω̇ = α 2R (t), with δω̇ the time derivative
of the detuning from resonance, and R the instantaneous
resonant Rabi frequency (without considering the microwave
frequency detuning) at time t [10]. For values of the constant
α less than 1 the adiabatic condition is satisfied. The pulse
is constructed such that in the cavity center, at t = 0, its
amplitude is maximum and its frequency detuning is zero. For
sufficiently high microwave amplitudes and appropriate pulse
parameters, the probability of the atoms being transferred to
the |3, 0 state component by the RAP pulse is very close
to 100%, independent of the atom positions and velocities
in the state selection cavity. If the RAP pulse is interrupted
exactly at t = 0, the transition probablity is very close to
50% for all atoms [10]. After the microwave interaction, a
clearing laser pulseis applied. The laser pulse
is tuned to

the |6s 2 S1/2 , F = 4 → |6p 2 P3/2 , F  = 5 cycling optical
transition. It projects the mF = 0 atoms into the |3, 0 and
|4, 0 ground state components, and eventually removes the
atoms from the |4, mF  components by light pressure. As a
result, using a half or a full RAP pulse, one can vary the local
transition probability (and thus the density) of the atoms in
the |3, 0 component by 50%.
The RAP method can be nicely illustrated by using the
Bloch sphere representation, with the Bloch vector pointing
up for one clock state, and down for the other clock state.
The Bloch vector precesses around an axis determined by
the vector (−R , 0, δω). At the beginning of the pulse, the
detuning δω is large and the resonant Rabi frequency R is
close to zero. The precession axis is almost vertical, and the
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Fig. 1. Profile of the low and high density ratio along the x-axis of the
TEM401 state selection cavity of CSF2.

angle between it and the Bloch vector of the atoms prepared
in the |4, 0 state is very small, so the precession of the Bloch
vector is on a cone with a very small radius. As the detuning
decreases and the Rabi frequency increases, the precession axis
tilts toward the horizontal plane, together with the precession
cone. On resonance, the precession axis is in the equatorial
plane, and the orientation of the precession cone does not
depend on the Rabi frequency. If the pulse is interrupted,
each atom’s Bloch vector is left very close to the equatorial
plane with a transition probability close to 50%. If the pulse
continues, the precession axis tilts further toward the vertical,
and the precession cone follows. At the end of the pulse, the
precession axis and precession cone are almost vertical due to
the large detuning and R close to zero. For sufficiently high
microwave amplitudes and initial detunings, the precession of
the Bloch vector is always very close to the precession axis,
and the precession rate is much higher than the precession axis
tilt rate. Thus, the transition probability is very close to 100%
for a full pulse, and to 50% for a half pulse.
In the past, the state selection in CSF2 was done by
using a microwave field of constant amplitude and zero
frequency detuning from the clock transition (resonant field
method). The atom number was changed by varying the
microwave field amplitude in the state selection cavity. The
two different microwave amplitudes corresponded to a nominal
π-pulse area for high atom density, and a π/2-pulse area
for low atom density. Due to the nonuniform distribution of
the RF field amplitude across the cavity aperture and the
velocity distribution of the atoms, they experienced different
microwave pulse areas deviating from ideal π- or π/2-pulses.
The state projection done with the clearing laser converts the
resulting distribution of the transition probability into a local
atom density variation. In general, such density variations
lead to uncontrolled systematic effects in the collisional shift
determination.
To compare the RAP and resonant field methods, we performed a Monte-Carlo simulation of individual atomic trajectories through the state selection cavity. The time-dependent
Schrödinger equation for a two-level system was solved to
obtain the transition probability of individual atoms, by taking
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Scheme of the frequency synthesis for the state selection cavity.

into account the geometry of CSF2 and the known parameters
of the atomic cloud. Here, the simulation is done with an
atomic cloud with uniform distribution across the cavity aperture, for which only the horizontal positions of the atoms are
different (2-D cloud). Such a cloud distribution shows only the
effects of the cavity RF field distribution, ignoring the effect of
the atom velocity distribution. During the passage through the
state selection cavity, the horizontal position and the vertical
velocity of each atom were assumed to be constant.
Fig. 1 shows the simulation results of the ratio of local
densities for low and high atom number along the x-axis of
the state selection cavity of CSF2, obtained with the resonant
field and the RAP method. Due to the rectangular geometry
of the state selection cavity, the density ratio profile varies
along the x-axis of the cavity, and does not change along the
y-axis. In the simulation for the resonant field method, the
microwave field amplitude corresponds to a nominal π-pulse
area that maximizes the average transition probability for the
uniform distribution of atoms. For a nominal π/2-pulse area
the microwave field amplitude is divided by a factor of 2. The
local density ratio of Fig. 1 (dashed curve) is the ratio of the
respective local transition probabilities of the two pulse areas.
It varies across the cavity aperture by ∼10% due to the RF
field amplitude distribution.
When the RAP method is used, the field amplitude in the
cavity is additionally changed to form a temporal full or half
Blackman pulse, respectively, and the frequency chirp of this
pulse is calculated from the adiabatic condition given above.
The default RAP pulse parameters are given in Section IV. As
a result, contrarily to the resonant field method, the simulations
show variations of the ratio of local densities well below
1% for any atom trajectory through the aperture of the state
selection cavity.
III. Experimental Setup
For the RAP, the frequency and the amplitude of the state
selection signal must be varied during the passage of the
atoms through the cavity. A frequency chirp, combined with
a dedicated amplitude variation, is needed, with maximum
power above +10 dBm. The synchronization of frequency

chirp and amplitude envelope is critical, so a dual-channel
arbitrary waveform generator (AWG) is used to generate the
two signals. It has one megabyte of waveform memory per
channel and a sample clock of 200 MHz, phase locked to an
external reference. Depending on the loaded pattern, it can stop
the chirp exactly at the caesium clock transition frequency,
synchronous to the amplitude peak.
In Fig. 2, the essential parts of the frequency synthesis for
the state selection cavity are shown. The signal generation
is based on a 9.6-GHz dielectric resonator oscillator (DRO)
locked to a 5-MHz quartz oscillator via a divider chain [17].
A signal in the 7.3-MHz range is generated in the first channel
of the AWG, phase locked to the 9.6 GHz via a 10-MHz
reference. The 7.3 MHz is then mixed in a single sideband
mixer with 400 MHz taken from the divider chain of the
5-MHz lock to obtain a 407.3-MHz IF signal. In a second
stage, this IF signal is mixed with the 9.6 GHz to supply
the 9.192-GHz caesium frequency. This microwave signal
is then routed through a voltage controlled attenuator with
sub-μs response time. The attenuation is controlled by the
second channel of the AWG and has a maximum slew rate of
80 dB/ms. A switch is then used to extinguish any microwave
field in the state selection cavity after the state selection
process. A microwave amplifier, required to achieve the high
output power, is the last part of the chain.
The state selection cavity is mounted 13 cm below the upper
detection zone and 23 cm below the outer magnetic shield of
CSF2, as indicated in Fig. 3. Two pairs of magnetic field coils
with a diameter of 10 cm are employed to control the magnetic
fields in the state selection cavity and the detection zone,
respectively. For separating the different F = 1, mF = 0
hyperfine transitions during the RAP, a significant vertical
magnetic field has to be generated at the position of the
state selection cavity. To generate the required field for the
RAP without disturbing the clearing and detection processes,
a pulsed current is applied to the state selection coils pair,
with the value of the current set by the control computer.
The current pulse increases the vertical magnetic field in the
state selection cavity to a value greater than 10 μT during
the RAP pulse (see Section IV-C). The rise and fall times of
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Fig. 3. Schematic of state selection cavity and detection zone of CSF2,
not to scale. Coils are shown hatched. Arrows indicate the direction of the
magnetic field.

the current pulse are on the order of 20 ms to avoid rapid
magnetic field changes. When the atoms enter the detection
zone, a horizontal magnetic field is needed to reduce the
hyperfine pumping to the F = 3 state resulting from the
clearing and detection processes. The horizontal field is created
by the detection zone coil pair [16]. The atoms enter the
outer shield 50 ms after the pulse is ramped down, when the
magnetization currents in the shield generated by the pulse
have decayed to a negligible level. We observe no residual
shield magnetization or population transfer due to the applied
current pulse.
IV. Parameter Space for the RAP Method
Using the fountain CSF2, the performance of the RAP
method was investigated experimentally and compared to the
result of simulations. The main point of the investigations
was the sensitivity of the atomic density change ratio to the
following RAP pulse parameters: pulse duration, frequency
sweep width and center frequency detuning from the |3, 0 →
|4, 0 caesium clock transition. As an additional parameter,
the timing of the Blackman pulse center (delay) was varied
relative to the instant the cloud passes the center of the state
selection cavity.
For each set of parameter values, the number of atoms
transferred to the |3, 0 state component was determined for
a half and a full Blackman pulse by measuring the atoms
in the |3, mF  components with the detection system of
the fountain. For these measurements, the microwave field
in the Ramsey cavity was switched off. The atoms in the
|4, mF  components are removed by the clearing pulse, but
a fraction of them ends up in the |3, mF  components due to
hyperfine pumping. To determine the background of atoms in
the |3, mF  components due to the hyperfine pumping process
caused by the clearing laser pulse, a third measurement was
performed with the state selection microwave field switched
off. The measurements were alternated to avoid the effect
of possibly drifting atom numbers. The density ratio was
calculated from the measured atom number in the |3, mF 
components after a set of measurements using the expression
given as
NL − (8.5/9) N0
R=
.
(1)
NH − (8/9) N0
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Here, NH and NL are the |3, mF  atom numbers for a full and
a half pulse, and N0 is the measured |3, mF  atom number
without microwave field, typically on the order of 1% of
NL .
The factors 8.5/9 and 8/9 correct the ratio for the hyperfine
pumping effect. All of the |4, mF  Zeeman components are
assumed to be uniformly populated, as confirmed by experiments. For a full RAP pulse, all eight |4, mF = 0 components
are still populated when the clearing pulse is applied, and
they create a background of |3, mF  atoms which is 8/9
of the |3, mF  background atoms without an RAP pulse.
For a half RAP pulse, in addition to the eight populated
|4, mF = 0 components, the atoms in mF = 0 end up with
50% probability in the |4, 0 component and participate in
the hyperfine pumping process. Thus, the background of
|3, mF  atoms is 8.5/9 from the background without an RF
pulse.
The simulations described in Section II were used to verify
the sensitivity of the density ratio R to different RAP parameters. Here, instead of local transition probability ratios, the
average transition probability ratios for a half and a full RAP
pulse were calculated. The resulting values for R were then
compared with the experimentally measured density ratios
defined by (1).
The simulations were done with the RF field amplitude
being the only free parameter. Otherwise, the following set
of parameters were used. The atomic cloud is launched to
1-m height above the molasses zone. The rectangular TE401
state selection cavity (length 84.46 mm, width 38.00 mm,
height 25.67 mm) is positioned 0.186 m above the molasses
zone. The atoms pass the cavity with an average vertical
velocity of 4.41 m/s. Typical atomic cloud parameters are a
Gaussian radius of 4 mm (3-D cloud) and a temperature of
1 μK.
Our investigations resulted in fixing default parameters for
optimum RAP operation in CSF2. In the following, we present
the results of single parameter variations, during which all
other parameters remained at their default settings. The default
timing of the pulse is such that its center coincides with the
instant the cloud passes the center of the state selection cavity.
The state selection cavity of CSF2 is outside the shielded magnetic field environment, and the static magnetic field causes a
shift of the clock transition frequency that must be accounted
for when the RAP pulse is applied to the cavity. The default
setting of the magnetic field in the state selection is 33 μT,
and the center frequency of the RAP pulse is corrected for the
second-order Zeeman effect. The time of flight of the atoms
between the two cavity apertures is 6.4 ms, and a default pulse
duration of 5 ms is therefore chosen. The default frequency
sweep width is 5 kHz. Finally, the power of the microwave
field in the state selection cavity is changed with an attenuator.
For the resonant field method, the RF power Pπ corresponding
to a π-pulse area was experimentally determined, and is
used to express the peak RF power in decibels above Pπ .
The default microwave power P setting for RAP operation
is 37.4 dB above Pπ . For default RAP operation, both the
experimentally measured and simulated density ratios R agree
with the predicted value of 50% to better than 0.4%.
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Fig. 4. Density ratio R as a function of RAP peak pulse power P for 3, 4,
and 5 ms RAP pulse durations. Symbols: experiment. Lines: simulation. The
vertical line indicates the default power setting used in CSF2.

Fig. 5. Density ratio R as a function of the RAP peak pulse delay for
cloud sizes of 4 mm and 5 mm. The zero delay is the default timing of the
RAP pulse.

A. RAP Pulse Duration and Delay
The effect of changing the RAP pulse duration on the
density ratio R is shown in Fig. 4. For shorter RAP pulses,
the tilt of the Bloch vector precession axis is faster. This
necessitates a higher Rabi frequency to fulfill the adiabatic
condition. From Fig. 4, it is confirmed that a higher Rabi
frequency is needed to reach a ratio of 0.5. For pulse durations
above 5 ms, some atoms do not experience the beginning or
the end of the pulse because they are outside of the cavity.
Fig. 4 shows that at the default power pulses in the range
of 3–5 ms result in deviations from the desired ratio of less
than 0.4% (both experiment and simulation). The measured
ratio shows deviations from the simulation curves for low RF
powers, possibly due to the drop of the atom numbers NL and
NH for half and full pulses, and a nonperfect N0 background
atom number subtraction using (1).
The dependence of the density ratio R on the RAP pulse
delay for two different atom cloud sizes is shown in Fig. 5.
The effect of the RAP pulse delay depends on the fountain
geometry (position of the state selection cavity, cavity dimensions, etc.), as well as cloud parameters such as initial position
in the molasses zone, size, vertical velocity, and temperature.
Due to the finite vertical cloud size, it is expected that for an
RAP pulse applied too late (early), the leading (trailing) parts
of the atom cloud will miss a portion of the RAP pulse. The
measured ratio as a function of pulse delay shows deviations
from the value of 50% when the pulse is applied too late or
too early. In the ±1-ms time interval shown with the shaded
region in Fig. 4, the value of the ratio deviates by less than
1% from the expected value. The ratio is more sensitive to the
pulse delay compared to the results in [10], because of the
smaller vertical cavity height in CSF2 [16], [18].
The center of this interval is determined by the initial
vertical atom velocity and the distance between the initial
cloud position in the molasses zone and the center of the state
selection cavity. The velocity of the atom cloud is controlled
by the moving molasses technique and is determined by the
laser frequency detuning of the three upward pointing molasses

Fig. 6. Density ratio R as a function of the RAP pulse power P for 1, 3,
and 5 kHz frequency sweeps. Symbols: experiment. Lines: simulation. The
vertical line indicates the default power used in CSF2.

beams with respect to the three downward pointing beams. We
have experimentally verified the initial atom cloud velocity to
be stable to 10−3 over time by monitoring the fluorescence
of the atoms during the detection process. Of greater concern
is the position of the cloud in the molasses zone. An initial
4 mm vertical cloud position change would result in a delay
of 1 ms in the state selection cavity. Such a large cloud
position change is not impossible but is unlikely due to the
stability of the atom cloud center position determined by the
mechanical alignment of the CSF2 molasses beam collimators.
Furthermore, a change of the vertical cloud position would be
apparent during the detection by examining the time of flight
measurements.
B. RAP Pulse Frequency Sweep Width and Center Frequency
Detuning
The effects of changing the frequency sweep width of the
RAP pulse on the density ratio R is shown in Fig. 6. For sweep
widths of 3 kHz and above, the ratio R increases smoothly with
the RF power and levels out at the expected value of 50%. The
onset of Rabi oscillations is expected for insufficient sweep
widths. This can be seen for a sweep width of 1 kHz, where
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Fig. 7. Density ratio R as a function of the RAP peak pulse power P for
−100, 0, and 100 Hz center frequency detunings. Symbols: experiment. Lines:
simulation. The vertical line indicates the default power used in CSF2.

the measured ratio shows oscillations with the RF power.
When the initial detuning is not high enough, the atom Bloch
vector precession is slow and the angle between the Bloch
vector and the precession axis is large. When the pulse is
interrupted at its center when the axis is horizontal, the Bloch
vectors of most atoms can be significantly above or below the
equatorial plane, depending on the exact RF pulse power. Rabi
oscillations like the experimentally observed ones have been
confirmed in simulations for sweep widths below 1 kHz. For
sweep widths between 3 and 5kHz, the ratio R at the default
power deviates from 50% by less than 0.4% (both experiment
and simulation). Fig. 6 also shows that the RAP requires higher
Rabi frequencies for larger frequency sweeps because of the
adiabatic condition.
The dependence of the density ratio on the RAP pulse center
frequency detuning is shown in Fig. 7. For the half-pulse
with detuned center frequency, the precession axis and the
precession cone are not in the equatorial plane when the pulse
is interrupted, and the transition probability therefore deviates
from 50%. The precession axis, given by (−R , 0, δω) in
this case approaches the equatorial plane for larger Rabi
frequencies because the detuning becomes negligble compared
to the Rabi frequency. Fig. 7 confirms that even for center
frequency detunings of ±100 Hz, the ratio R approaches 50%
for sufficient microwave power, and demonstrates that the
role of the RAP pulse center frequency detuning becomes
less important with increased microwave power. For ±100 Hz
detunings, at the default power the ratio R deviates from 50%
by ∓1.8% (experiment) and ∓1.6% (simulation).
C. Magnetic Field Effects
In addition to the two state components considered in the
RAP treatment, the RF field can lead to other transitions which
involve components with mF = 0. These transitions are more
important than in the resonant field method. First, for the RAP
the peak RF field amplitude is significantly higher, leading to
increased off-resonant excitation. Second, while the Blackman
pulse shape is optimized for a narrow spectral width, the

Fig. 8. (a) Measured density ratio R and (b) populations of the relevant
|3, ±1 state components as a function of the DC magnetic field in the state
selection cavity. The vertical line indicates the default magnetic field.

half pulse, which is interrupted at the maximum value of its
amplitude, has a much broader spectral width.
The density ratio for half and full RAP pulses as a function
of the magnetic field in the state selection cavity was measured
and is shown in Fig. 8(a) for the default RAP pulse settings.
It significantly deviates from the expected 50% at magnetic
fields below 10 μT, corresponding to a Zeeman shift of below
70 kHz for the mF = ±1, mF = 0 transition frequencies
which are the closest to the clock transition frequency.
The populations of the |3, ±1 components versus the
magnetic field are shown in Fig. 8(b). For these measurements,
the RF field of the Ramsey cavity was on and was tuned in the
vicinity of the m = 0, mF = ±1 transitions. The |3, ±1 state
populations were inferred from the contrast of the observed
Ramsey fringes. As expected, the |3, ±1 states are more
populated (triangles) for the half RAP pulse due to its broader
spectrum, and their population becomes significant at low
magnetic fields. With respect to the mF = 0 population, there
is a population difference of almost 1% between mF = −1
and mF = +1 components (solid versus open triangles) when
half pulse is used and the magnetic field is below 10 μT. This
breaks the symmetry of the atomic excitation, and could lead
to Rabi and Ramsey frequency pulling [19]. Such pulling
could be wrongly interpreted as a collisional shift, as it
only manifests itself for half RAP pulses. The transfer of
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uncertainty of the RAP method paves the way for fountain
operation with increased atom number. The resulting improved
instability will reduce the statistical uncertainty of frequency
measurements and the slope factor statistical uncertainty at the
same time.
VI. Conclusion

Fig. 9. Collisional shift slope factor measured by varying the atom density
with the resonant field method (circles), and using the RAP method (triangles),
respectively.

atoms to mF = ±1 by the half RAP pulse is in agreement
with the deviation of the density ratio from 50% shown in
Fig. 8(a). The default magnetic field value of 33 μT in the
state selection cavity is chosen to reduce the contribution of
atoms in the mF = ±1 components to the density ratio below
1%. Nevertheless, this is expected to be a major contribution
to the observed 0.4% deviation of the experimental density
ratio from the expected value.
V. Collisional Shift Measurements and the CSF2
Uncertainty Budget
Measurements of the collisional shift slope performed with
the resonant field and the RAP method of density change are
shown in Fig. 9. The error bars represent the statistical uncertainties of the measurements. The fountain, when operated
with alternating high and low density modes, has a typical instability σy = 2.4×10−13 at 1 s. With such instability, a 25-day
fountain frequency evaluation results in a statistical collisional
shift uncertainty of 5.0×10−16 , slightly less than the collisional
shift value itself. The weighted averages of the slope factor
values are −0.32(0.09) × 10−15 /Nat for the resonant field
method of density change, and −0.27(0.08) × 10−15 /Nat for
the RAP method, where Nat is the effective atom number
in arbitrary units. The values show agreement between the
methods at the level of their uncertainties.
For absolute frequency measurements we take the average
of the last three collisional slope evaluations for the correction
of the collisional frequency shift. This procedure is justified
by the high degree of consistency of the so far obtained
slope evaluation results. We have demonstrated that for the
default RAP operation settings the systematic uncertainty of
the collisional shift value determination is below 1%. Typically, an overall collisional shift uncertainty of 2.6 × 10−16 is
obtained, dominated by the statistical uncertainty of the slope
factor. To improve the collisional shift uncertainty for fixed
measurement times, operation with increased atom numbers
is necessary. The use of the resonant field method [16] results
in a significant degradation of the overall CSF2 uncertainty
for operation with high atom numbers, because of the 10%
systematic uncertainty. In contrast, the improved systematic

The method of adiabatic passage has been proven to be a
robust method for population transfer. We investigated the sensitivity of the RAP method to relevant experimental parameters
and confirmed that its robustness was also maintained when
the method was used for collisional shift measurements in
atomic fountains. It was shown that it was largely insensitive
to reasonable variations of experimental parameters. It can
be used in fountains with relatively large atomic cloud sizes,
compared to the height of the state selection cavity.
We demonstrated that in CSF2 the systematic uncertainty
of the collisional shift determination was below 1%, when the
RAP method was used in the state selection cavity. Our results
show that the fountain is ready to be operated at increased
atom numbers, without deteriorating the systematic frequency
uncertainty.
References
[1] R. Li, K. Gibble, and K. Szymaniec, “Improved accuracy of the NPLCsF2 primary frequency standard: Evaluation of distributed cavity phase
and microwave lensing frequency shifts,” Metrologia, vol. 48, no. 5, pp.
283–289, 2011.
[2] J. Guena, M. Abgrall, D. Rovera, P. Laurent, B. Chupin, M. Lours,
G. Santarelli, P. Rosenbusch, M. E. Tobar, R. Li, K. Gibble, A. Clairon,
and S. Bize, “Progress in atomic fountains at LNE-SYRTE,” IEEE Trans.
Ultrason. Ferroelectr. Freq. Control, vol. 59, no. 3, pp. 391–409, Mar.
2012.
[3] S. R. Jefferts, J. Shirley, T. E. Parker, T. P. Heavner, D. M. Meekhof,
C. Nelson, F. Levi, G. Costanzo, A. De Marchi, R. Drullinger, L. Hollberg, W. D. Lee, and F. L. Walls, “Accuracy evaluation of NIST-F1,”
Metrologia, vol. 39, no. 4, pp. 321–336, 2002.
[4] S. Weyers, V. Gerginov, N. Nemitz, R. Li, and K. Gibble, “Distributed
cavity phase frequency shifts of the caesium fountain PTB-CSF2,”
Metrologia, vol. 49, no. 1, pp. 82–87, 2012.
[5] C. Vian, P. Rosenbusch, H. Marion, S. Bize, L. Cacciapuoti, S. Zhang,
M. Abgrall, D. Chambon, I. Maksimovic, P. Laurent, G. Santarelli,
A. Clairon, A. Luiten, M. Tobar, and C. Salomon, “BNM-SYRTE
fountains: Recent results,” IEEE Trans. Instrum. Meas., vol. 54, no. 2,
pp. 833–836, Apr. 2005.
[6] S. Weyers, B. Lipphardt, and H. Schnatz, “Reaching the quantum limit
in a fountain clock using a microwave oscillator phase locked to an
ultrastable laser,” Phys. Rev. A, vol. 79, no. 3, p. 031803, 2009.
[7] J. Millo, M. Abgrall, M. Lours, E. M. L. English, H. Jiang, J. Guena,
A. Clairon, M. E. Tobar, S. Bize, Y. Le Coq, and G. Santarelli, “Ultralow
noise microwave generation with fiber-based optical frequency comb and
application to atomic fountain clock,” Appl. Phys. Lett., vol. 94, no. 14,
p. 141105, 2009.
[8] E. Tiesinga, B. J. Verhaar, H. T. C. Stoof, and D. van Bragt, “Spinexchange frequency shift in a cesium atomic fountain,” Phys. Rev. A,
vol. 45, no. 5, pp. R2671–R2673, 1992.
[9] K. Gibble and S. Chu, “Laser-cooled Cs frequency standard and a
measurement of the frequency-shift due to ultracold collisions,” Phys.
Rev. Lett., vol. 70, no. 12, pp. 1771–1774, 1993.
[10] F. Pereira Dos Santos, H. Marion, S. Bize, Y. Sortais, A. Clairon, and
C. Salomon, “Controlling the cold collision shift in high precision atomic
interferometry,” Phys. Rev. Lett., vol. 89, no. 23, p. 233004, 2002.
[11] K. Szymaniec, W. Chalupczak, E. Tiesinga, C. J. Williams, S. Weyers,
and R. Wynands, “Cancellation of the collisional frequency shift in
caesium fountain clocks,” Phys. Rev. Lett., vol. 98, no. 15, p. 153002,
2007.
[12] C. Fertig and K. Gibble, “Measurement and cancellation of the cold
collision frequency shift in an 87 Rb fountain clock,” Phys. Rev. Lett.,
vol. 85, no. 8, pp. 1622–1625, Aug. 2000.

KAZDA et al.: INVESTIGATION OF RAPID ADIABATIC PASSAGE FOR CONTROLLING COLLISIONAL FREQUENCY SHIFTS

[13] F. Levi, A. Godone, and L. Lorini, “Reduction of the cold collisions
frequency shift in a multiple velocity fountain: A new proposal,” IEEE
Trans. Ultrason. Ferroelectr. Freq. Control, vol. 48, no. 3, pp. 847–850,
May 2001.
[14] L. Devenoges, A. Stefanov, A. Joyet, P. Thomann, and G. Di Domenico,
“Improvement of the frequency stability below the Dick limit with a
continuous atomic fountain clock,” IEEE Trans. Ultrason. Ferroelectr.
Freq. Control, vol. 59, no. 2, pp. 211–216, Feb. 2012.
[15] K. Gibble, “Fountain clock accuracy,” in Proc. 26th Eur. Freq. Time
Forum, Goethenborg, Sweden, Apr. 2012, pp. 16–18.
[16] V. Gerginov, N. Nemitz, S. Weyers, R. Schröder, D. Griebsch, and
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