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Using a Ramsey-type setup, the lambda-doublet transition in the J ¼ 1; X ¼ 1 level of the a3P state of CO
was measured to be 394064870(10) Hz. In a molecular beam apparatus, a beam of metastable CO is
prepared in a single quantum level by expanding CO into vacuum and exciting the molecules using a
narrow-band UV laser system. After passing two microwave zones that are separated by 50 cm, the mol-
ecules are state-selectively deflected and detected 1 meter downstream on a position sensitive detector.
In order to keep the molecules in a single mB

J level, a magnetic bias field is applied. We find the field-free
transition frequency by taking the average of the mB

J ¼ þ1! mB
J ¼ þ1 and mB

J ¼ �1! mB
J ¼ �1 transi-

tions, which have an almost equal but opposite Zeeman shift. The accuracy of this proof-of-principle
experiment is a factor of 100 more accurate than the previous best value obtained for this transition.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Measurements of transition frequencies in atoms and atomic
ions nowadays reach fractional accuracies below 10�17, making
atomic spectroscopy eminently suitable for testing fundamental
theories [1–3]. The accuracy obtained in the spectroscopic studies
of molecules typically lags by more than three orders of magni-
tude, however, the structure and symmetry of molecules gives
advantages that make up for the lower accuracy in specific cases.
Molecules are for instance being used in experiments that search
for time-symmetry violating interactions that lead to a permanent
electric dipole moment (EDM) of the electron [4,5], tests on parity
violation [6,7], tests of quantum electrodynamics [8], setting
bounds on fifth forces [9] and testing a possible time-variation of
the proton-to-electron mass ratio [10–13].

Here we present the result of high-resolution microwave spec-
troscopy on CO molecules in the metastable a3P state. Metastable
CO has a number of features that make it uniquely suitable for pre-
cision measurements; (i) CO is a stable gas that has a high vapor
pressure at room temperature making it straightforward to pro-
duce a cold, intense molecular beam; (ii) The a3P state has a long
lifetime of �2.6 ms [14] and can be excited directly to single rota-
tional levels at a well-defined time and position using laser radia-
tion around 206 nm [15]; (iii) The metastable CO can be detected
position dependently on a microchannel plate detector [16],
allowing for a simple determination of the forward velocity as well
as the spatial distribution of the beam; (iv) The most abundant
isotopologue of CO (12C16O, 99% natural abundance) has no hyper-
fine structure, while other isotopologues are available commer-
cially in highly enriched form; (v) The a3P state has a strong
first order Stark and Zeeman shift, making it possible to manipu-
late the beam using electric or magnetic fields [14,17,18].

Recently, it was noted that the two-photon transition between
the J ¼ 8; X ¼ 0 and the J ¼ 6; X ¼ 1 levels in the a3P state is 300
times more sensitive to a possible variation of the proton to elec-
tron mass ratio (l) than purely rotational transitions [19,20]. We
plan to measure these transitions with high precision. Here, as a
stepping stone, we present measurements of the lambda-doublet
transition in the J ¼ 1; X ¼ 1 level around 394 MHz using Ram-
sey’s method of separated oscillatory fields.
2. Energy level diagram

The a3P state of CO is one of the most extensively studied
triplet states of any molecule. The transitions connecting the a3P

state to the X1Rþ ground state were first observed by Cameron in
1926 [21]. Later, the a3P state was studied using radio frequency
[22–24], microwave [25–27], infrared [28,29], optical [30] and
UV spectroscopy [31]. We have recently measured selected transi-
tions in the CO a3P� X1Rþ (0–0) band using a narrow-band UV
laser [20] resulting in a set of molecular constants that describes
the level structure of the a3P state with an absolute accuracy of
5 MHz with respect to the ground state and a relative accuracy of
500 kHz within the a3P state.

Fig. 1 shows the levels relevant for this study. The CO molecules
are excited to the X ¼ 1 manifold of the a3P state from the J ¼ 0
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Fig. 1. Energy level diagram showing the levels relevant for this experiment. CO
molecules are excited from either of the two lowest rotational levels of the
X1Rþ ground state to the upper or lower lambda doublet component of the
X ¼ 1; J ¼ 1 level of the a3P state using a narrow-band UV laser, indicated by the
vertical arrows. An electric field is applied to lift the degeneracy of the mE

J sublevels,
enabling the excitation of a single mE

J sublevel. In a magnetic field that is
perpendicular to the electric field, the four mE

J sublevels correspond to six mB
J

sublevels as indicated. The wavy arrows indicate the two microwave transitions
that are measured in this work.
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and J ¼ 1 levels of the X1Rþ state using either the R2(0) or the Q2(1)
transitions, indicated by straight arrows. The excitation takes place
in an electric field that splits both lambda-doublet components
into two levels labeled by XmE

J as shown on the left hand side of
the figure. The microwave transition is recorded in a region that
is shielded from electric fields, but that is subjected to a homoge-
neous magnetic field. In a magnetic field, both lambda-doublet
components are split into three levels labeled by mB

J as shown on
the right hand side of the figure. In the region between the excita-
tion zone and the microwave zone the applied magnetic field is
perpendicular to the electric field. In this case, the mE

J ¼ 0 sublevel
of the upper lambda-doublet component corresponds to the
mB

J ¼ �1 sublevel while the mE
J ¼ 0 sublevel of the lower lambda-

doublet component corresponds to the mB
J ¼ þ1 sublevel, as
+HV
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Fig. 2. Schematic drawing of the molecular beam setup. A supersonic, rotationally cold b
valve. After passing a 1 mm diameter skimmer, the molecules are excited to the metastab
is applied in the excitation zone. Perpendicular to this electric field, a bias magnetic
microwave zones separated by 50 cm, in a Ramsey type setup. After passing the second
electric field and are subsequently detected using a position sensitive detector.
indicated by the dashed arrows [32]. The XmE
J ¼ þ1 and

XmE
J ¼ �1 sublevels correspond to the mB

J ¼ 0;�1 and mB
J ¼ 0;þ1

sublevels, respectively. The mB
J ¼ þ1 and mB

J ¼ �1 sublevels exhi-
bit a linear Zeeman effect of �1 MHz/Gauss, respectively, while
the mB

J ¼ 0 sublevel does not exhibit a linear Zeeman effect. Ideally,

we would therefore record the mB
J ¼ 0! mB

J ¼ 0 transition. How-
ever, this transition is not allowed via a one-photon electric or
magnetic dipole transition. Instead, we have recorded the
mB

J ¼ þ1! mB
J ¼ þ1 and mB

J ¼ �1! mB
J ¼ �1 transitions indi-

cated by the wavy arrows in the figure. To a first-order approxima-
tion, these transitions do not display a linear Zeeman shift.
However, the mixing of the different X manifolds is parity depen-
dent and as a result the Zeeman shift in the upper and lower
lambda-doublet components are slightly different. Hence, the
mB

J ¼ þ1! mB
J ¼ þ1 and mB

J ¼ �1! mB
J ¼ �1 transitions show a

differential linear Zeeman effect of �10 kHz/Gauss. This differen-
tial linear Zeeman effect is opposite in sign for the two recorded
transitions, and is canceled by taking the average of the two.

3. Experimental setup

Fig. 2 shows a schematic drawing of the molecular beam-
machine used in this experiment. A supersonic, rotationally cold
beam of CO molecules is produced by expanding either pure CO
or a mixture of 20% CO in He into vacuum, using a solenoid valve
(General Valve series 9). The backing pressure is typically 2 bar,
while the pressure in the first chamber is kept below 10�5 mbar.
After passing a 1 mm skimmer, the molecular beam is crossed at
right angles with a UV laser beam that excites the molecules from
the X1Rþ ground state to the a3P state. Details of the laser system
are described elsewhere [33,34,20]. Briefly, a Ti:sapphire oscillator
is locked to a CW Ti:sapphire ring laser and pumped at 10 Hz with
a frequency doubled Nd:YAG-laser. The output pulses from the
oscillator are amplified in a bow-tie type amplifier and consecu-
tively doubled twice using BBO crystals. Ultimately, 50 ns, 1 mJ
pulses around 206 nm are produced, with a bandwidth of approx-
imately 30 MHz.

In the laser excitation zone a homogeneous electric field of
1.5 kV/cm is applied along the y-axis which results in a splitting
of �500 MHz between the XmE

J ¼ �1 and mE
J ¼ 0 sublevels, large

compared to the bandwidth of the laser. In addition, a homoge-
neous magnetic field of typically 17 Gauss is applied along the
molecular beam axis by running a 2 A current through a 100 cm
Electrostatic
deflector

MCP with
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eam of CO molecules is produced by expanding CO gas into vacuum using a solenoid
le a3P state using laser radiation tunable near 206 nm. An electric field of 1.5 kV/cm
field of typically 17 Gauss is applied. Microwave transitions are induced by two

microwave zone, molecules are state-selectively deflected using an inhomogeneous
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Fig. 3. Frequency scan of the UV-laser around the R2(0) transition showing two
peaks corresponding to the XmE

J ¼ 1 (left-hand side) and mE
J ¼ 0 (right-hand side)

sublevels, respectively. The black circles are recorded by integrating the signal of
the undeflected beam, while the red squares are recorded by integrating the signal
of the upwards deflected beam. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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long solenoid consisting of 600 windings. The current is generated
by a current source (Delta electronics ES 030-10) that is specified
to a relative accuracy of 10�3. In the absence of an electric field,
the magnetic field would give rise to a splitting of the mB

J sublevels
of�15 MHz. In a strong electric field perpendicular to the magnetic
field, the orientation and m labeling is determined by the electric
field and the magnetic field splitting is below 1 MHz, small
compared to the bandwidth of the laser. In our experiments, we
excite the molecules to the mE

J ¼ 0 sublevel of either the lower or
upper lambda-doublet component via the R2(0) or the Q2(1) transi-
tions using light that is polarized in the z or y-direction, respec-
tively see for axis orientation the inset in Fig. 2. Upon exiting the
electric field, the mE

J ¼ 0 sublevel of the lower lambda-doublet
component adiabatically evolves into the mB

J ¼ þ1 sublevel, while
the mE

J ¼ 0 sublevel of the upper lambda-doublet component adia-
batically evolves into the mB

J ¼ �1 sublevel, see Fig. 1.
The microwave measurements are performed in a Ramsey-type

setup consisting of two microwave zones that are separated by
�50 cm. Each microwave zone consists of two parallel cylindrical
plates spaced 20 mm apart, oriented perpendicularly to the molec-
ular beam axis with 5 mm holes to allow the molecules to pass
through. Tubes of 5 cm length with an inner diameter of 5 mm
are attached to the field plates. The two interaction regions are
connected to a microwave source (Agilent E8257D) that generates
two bursts of 50 ls duration such that molecules with a velocity
close to the average of the beam are inside the tubes when the
microwave field is turned on and off. The electric component of
the microwave field is parallel to the bias magnetic field along
the z-axis, allowing DmB

J ¼ 0 transitions only. Directional couplers
are used to prevent reflections from one microwave zone to enter
the other. Grids, not shown in the figure, are placed upstream and
downstream from the interrogation zones to shield it from external
electric fields.

After passing the microwave zones, the molecules enter a 30 cm
long electrostatic deflection field formed by two electrodes sepa-
rated by 3.4 mm, to which a voltage difference of 12 or 20 kV is
applied for pure CO and CO seeded in helium, respectively. Ideally,
the deflection field exerts a force on the molecules that is strong
and position-independent in the y-direction while the force in
the x-direction is zero. It has been shown by de Nijs and Bethlem
[35] that such a field is best approximated by a field that contains
only a dipole and quadrupole term while all higher multipole
terms are small. The electric field is mainly directed along the
y-axis, i.e. parallel to the electric field in the laser excitation region.
Hence, molecules that were initially prepared in a mE

J ¼ 0 sublevel
and have not made a microwave transition will not be deflected. In
contrast, molecules that made a microwave transition will end up
either in the XmE

J ¼ þ1 or XmE
J ¼ �1 sublevels and will be

deflected upwards or downwards, respectively.
Finally, after a flightpath of 80 cm, sufficient to produce a clear

separation between the deflected and non-deflected molecules, the
molecules impinge on a Microchannel Plate (MCP) in chevron con-
figuration, mounted in front of a fast response phosphor screen
(Photonis P-47 MgO). The phosphor screen is imaged using a
Charged-Coupled Device (CCD) camera (PCO 1300). Molecules in
the a3P state have 6 eV of internal energy which is sufficient to lib-
erate electrons, that are subsequently multiplied to generate a
detectable signal. The quantum efficiency is estimated to be on
the order of 10�3 [16]. The voltage on the front plate of the MCP
is gated, such that molecules with a velocity of �3% around the
selected velocity are detected only, and background signal due to
stray ions and electrons is strongly suppressed. The recorded
image is sent to a computer that determines the total intensity in
a selected area. A photomultiplier tube is used to monitor the inte-
grated light intensity emitted by the phosphor screen. This signal is
used for (manually) correcting the frequency of the UV laser if it
drifts away from resonance. Note that due to the Doppler shift in
the UV transition, the beam will be displaced in the x-direction
when the laser frequency is off resonance. As the flight path of
the molecules through the microwave zones will be different for
different Doppler classes, this may result in a frequency shift. In
future experiments this effect may be studied by measuring the
transition frequency while changing the area of the detector over
which the signal is integrated. At the present accuracy this effect
is negligible.

4. Experimental results

Fig. 3 shows the integrated intensity on the MCP detector as a
function of the frequency of the UV laser tuned around the R2(0)
transition. An electric field of 1.5 kV/cm is applied along the y-axis
while a magnetic field of 17 Gauss is applied along the z-axis. The
polarization of the laser is parallel to the y-axis. The black curve
shows the number of undeflected molecules while the red dashed
curve shows the number of upwards deflected molecules. As the
Stark effect in the X1Rþ state is negligible, the frequency difference
between the two observed transitions directly reflects the splitting
between the XmE

J ¼ þ1 and mE
J ¼ 0 (lower lambda-doublet) suble-

vels in the X ¼ 1; J ¼ 1 level of the a3P state. The two peaks are
separated by �500 MHz, as expected in the applied fields [17].
When a magnetic field of 17 Gauss is applied, about 98% of the
molecules that were initially prepared in the mE

J ¼ 0 sublevel
remain in this sublevel until entering the deflection field, while
2% of the molecules are non-adiabatically transferred to one of
the XmE

J ¼ þ1 sublevels. At lower magnetic fields, the depolariza-
tion increases strongly. When no magnetic field is applied, only
one third of the beam remains in the mE

J ¼ 0 sublevel. Note, that
although the depolarization gives rise to a loss in signal, it does
not give rise to background signal in the microwave
measurements.

Fig. 4 shows a number of typical images recorded on the CCD
camera when the frequency of the laser is resonant with a transi-
tion to (a) the XmE

J ¼ þ1 sublevel, (b) the mE
J ¼ 0 sublevel and (c)

the XmE
J ¼ �1 sublevel of the a3P state. In this measurement,

the exposure time of the CCD camera is set to be 1 s, i.e., each
image is the sum of 10 shots of the CO beam. Each white spot in
the image corresponds to the detection of a single molecule. As



Fig. 4. Typical images recorded on the CCD camera showing the spatial distribution of the beam when the laser is resonant with transitions to different sublevels, as
indicated. Molecules in the XmE

J ¼ þ1 and XmE
J ¼ �1 sublevels are upwards or downwards deflected, respectively, while molecules in the mE

J ¼ 0 sublevel experience almost
no force. The white boxes define the integration areas used in the analysis.
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seen, molecules in the XmE
J ¼ þ1 sublevel are being deflected

upwards, while at the same time they experience a slight defocus-
ing effect in the x direction. In contrast, molecules in the XmE

J ¼ �1
sublevel are being deflected downwards, while experiencing a
slight focusing effect in the x direction. These observations are in
agreement with the analysis given in de Nijs and Bethlem [35].
The white boxes also shown in the figures define the area over
which is integrated to determine the upwards deflected, undeflect-
ed and downwards deflected signal. Note that for recording these
images the Ramsey tube containing the two microwave zones have
been taken out. In this situation, typically, 1000 molecules are
detected per shot. When the microwave zones are installed, the
number of molecules reaching the detector is decreased by about
a factor of 5. Gating the detector to select a specific velocity
reduces the number of detected molecules further by a factor of 4.

Fig. 5 shows a power dependence of the microwave transition
from the mB

J ¼ þ1 sublevel in the lower lambda-doublet compo-
nent to the mB

J ¼ þ1 sublevel in the upper lambda-doublet compo-
nent of the X ¼ 1; J ¼ 1 level in the a3P state. The frequency of the
microwave field is set to the peak of the resonance. The signal cor-
responds to the ratio of the integrated signal over the boxes for the
undeflected and deflected beam shown in Fig. 4. Note that in this
way, any pulse-to-pulse fluctuations in the signal due to the valve
and UV-laser are canceled. Typically, 50 molecules per shot are
detected. The black circles and red squares are recorded using
the first and second microwave zone, respectively. The curves also
shown are a fit to the data using
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Fig. 5. Power dependence of the mB
J ¼ þ1! mB

J ¼ þ1 lambda-doublet microwave
transition at resonance. The signal corresponds to the ratio of the number of
molecules in the initial and final states. The black circles and red squares are
recorded using the first and second microwave zone, respectively, while the solid
and dashed curves result from a fit to the data. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
FðPÞ ¼ a0 exp �a1

ffiffiffi
P
p� �

sin2 a2

ffiffiffi
P
p� �

; ð1Þ

with P being the microwave power. The observed deviations
between the data and the fit are attributed to the fact that a fraction
of the molecules that are deflected hit the lower electrode and are
lost from the beam. As seen, four Rabi flops can be made in the
second microwave zone, without significant decrease of coherence.
The required power to make a p=2 pulse in the first microwave zone
is three times larger than that in the second microwave zone. This is
attributed to a poor contact for the microwave incoupling. For the
Ramsey-type measurements presented in the next sections, we bal-
ance the power in the two microwave zones by adding an attenua-
tor to the cable that feeds the second microwave zone.

The linewidth of the resonance recorded by a single microwave
zone is limited by the interaction time, Df � 1=s ¼ v=l, where v is
the velocity of the molecular beam and l is the length of the micro-
wave zone. In our case this corresponds to about 40 kHz. In order
to decrease the linewidth and thereby increase the accuracy of
the experiment, one needs to use slower molecules or a longer
microwave zone. Ramsey demonstrated a more elegant way to
reduce the linewidth by using two separate microwave zones
[36]. In the first microwave zone a p=2 pulse is used to create an
equal superposition of the upper and lower level. While the mole-
cules are in free flight from the first to the second zone, the phase
between the two coefficients that describe the superposition
evolves at the transition frequency. In the second microwave zone,
this phase is probed using another p=2 pulse. If the frequency of
the microwave field that is applied to the microwave zones is equal
to the transition frequency, the second pulse will be in phase with
the phase evolution of the superposition and all molecules will end
up in the excited state. If the frequency is however slightly differ-
ent, the second pulse will be out of phase with the phase evolution
of the superposition, and only a fraction of the molecules end up in
the excited state. The so-called Ramsey fringes that appear when
the frequency of the microwave field is scanned, have a periodicity
that is now given by v=L, where L is the distance between the two
microwave zones.

The black curve in the top panel of Fig. 6 shows the result of a
Ramsey-type measurement of the transition from mB

J ¼ þ1 in the
lower lambda-doublet component to mB

J ¼ þ1 in the upper
lambda-doublet component. Ramsey-fringes appear as a rapid
cosine modulation on a broad sinc line shape. The width of the sinc
is determined by the interaction time from each microwave zone
separately, and is � v=l = 800/0.02 = 40 kHz. The period of the
cosine modulation is determined by the flight time between the
two zones and is v=L = 800/0.5 = 1.6 kHz. The red curve results
from a fit to the data using

y ¼ a0 þ a1sinc2ða2xÞ cos2ðpx=a3Þ: ð2Þ

The green curve in the middle panel shows the difference between
the experimental data and the fit. The bottom panel shows a
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zoomed in part of the central part of the peak. The black data points
show the experimental data while the red curve is a fit. Note that,
strictly speaking, Eq. 2 is only valid in the case of weak excitation;
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Fig. 7. A recording of the central fringe in a beam of pure CO (black circles) and a
beam of CO seeded in helium (red squares). A difference between the frequencies of
the central fringes can be observed. This is due to phase shifts, and it can be
eliminated by extrapolating to zero velocity. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
a more correct lineshape is given in [37]. The observed deviations
between the data and the fit are attributed to the fact that a fraction
of the molecules that are deflected hit the lower electrode and are
lost from the beam. A better fit is obtained by adding a sin4 term.
As the deviations are symmetric around zero, the obtained transi-
tion frequency is not affected.

In order to identify the central fringe, we have recorded the
fringe pattern using beams at different velocities. Fig. 7 shows
the central fringe recorded in a beam of pure CO (black circles)
and a beam of CO seeded in helium (red squares). The curves also
shown are a sin2 fit to the data points. As a result of the higher
velocity of the CO in helium, the observed fringes are wider. The
central fringe, however, is always found near (but not exactly at)
the transition frequency. Note that in our setup, the two inner field
plates are grounded. As a result the two zones have a p phase dif-
ference and the transition frequency corresponds to a minimum in
the fringe pattern. As observed, there is a small frequency shift
between the measurements due to a phase difference between
the microwave zones. The true transition frequency is found by
extrapolating to zero velocity.

To determine the transition frequency, we typically record two
fringes around the central fringe and fit a sin2 function to the data.
Such a scan takes approximately 600 s and allows us to determine
the central frequency with an statistical uncertainty of about 4 Hz
for measurements in a pure beam of CO and about 8 Hz for mea-
surements on CO seeded in helium. These uncertainties are close
to the ones expected from the number of molecules that are
detected in our measurements. Note that by simultaneously mea-
suring the number of molecules in the initial and the final state,
shot-to-shot noise from the pulsed beam and the laser is canceled.
Hence, we expected to be limited by quantum projection noise
only. Indeed, on time scales below a few minutes the uncertainty
reaches the shot-noise limit. On longer time scales, however, the
statistical uncertainty is larger than expected. We attribute this
to fluctuations of the magnetic bias field (vide infra).

In order to quantify possible systematic effects, we have
recorded many single scans while varying all parameters that
may influence the transition frequency.
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394064983.6 Hz.
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4.1. Linear and quadratic Zeeman shift

The frequency that we obtain from a single measurement
depends on the strength of the magnetic bias field as the recorded
transitions experience a (differential) linear Zeeman shift. The
upper panel of Fig. 8 shows the mB

J ¼ þ1! mB
J ¼ þ1 and

mB
J ¼ �1! mB

J ¼ �1 transitions at three different magnetic fields.
The x-axis displays the average magnetic field over the flight path
of the molecules. As observed, the mB

J ¼ þ1! mB
J ¼ þ1 and

mB
J ¼ �1! mB

J ¼ �1 transitions experience an equal but opposite
linear Zeeman shift of �10 kHz/Gauss. The solid line results from
a calculation with PGOPHER [38] using the molecular constants from
de Nijs et al. [20] and the g-factor from Havenith et al. [28]. In order
to determine the field free transition frequency, we take the aver-
age of the mB

J ¼ þ1! mB
J ¼ þ1 and mB

J ¼ �1! mB
J ¼ �1 transi-

tions recorded at the same magnetic field. These averages are
shown in the lower panel of Fig. 8. The solid line shows a calcula-
tion with PGOPHER. From this calculation, we find that the linear Zee-
man effect cancels exactly while the quadratic Zeeman shift is
14 mHz/Gauss2. We have performed most of our measurements
at a bias magnetic field of �17 Gauss; at this field the quadratic
Zeeman shift is still only 4 Hz while depolarization of the beam
is avoided.

4.2. Magnetic field instabilities

Due to the sensitivity of the two transitions to the strength of
the magnetic field, any magnetic field noise is translated into fre-
quency noise. As a result of these fluctuations, the decrease of
the uncertainty in our measurement as a function of measurement
time is smaller than expected from the number of molecules that
are detected. Whereas fluctuations of the magnetic field on short
timescales add noise, fluctuations on longer time scales may give
rise to systematic shifts. In order to cancel slow drifts, we switch
between the mB

J ¼ þ1! mB
J ¼ þ1 and mB

J ¼ �1! mB
J ¼ �1 transi-

tions every 20 min, limited by the time it takes to change the fre-
quency and polarization of the UV laser.

4.3. Phase offsets

If the cables that connect the two microwave zones are not of
the same length, there will be a phase shift that gives rise to a
velocity dependent frequency shift. As in our setup a difference
in length as small as 1 mm results in a frequency shift of 3 Hz at
0 500 1000 1500

Molecular velocity (m/s)

0

100

200

Fr
eq

ue
nc

y 
- 

39
40

64
87

4 
(H

z)

Best fit
1 σ
2 σ

Fig. 9. Measurements of the transition frequency at different molecular beam
velocities. The black, solid, curve shows a fitted linear slope, the red and green
dashed curves show one and two standard deviation confidence bands, respec-
tively. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
800 m/s, the phase shift needs to be measured directly. Therefore
we have recorded the transitions at different molecular velocities
and extrapolate to zero, as shown in Fig. 9. From a total of 20 scans,
of the mB

J ¼ þ1! mB
J ¼ þ1 and mB

J ¼ �1! mB
J ¼ �1 transitions

measured in a beam of pure CO, v = 800 m/s, and in a beam of
20% CO in helium, v = 1270 m/s, we find the extrapolated fre-
quency to be equal to 394064874(10) Hz. The velocity of the
molecular beam is determined from the known dimensions of
the molecular beam machine and the time-delay between the
pulsed excitation laser and the gate-pulse applied to the detector.
Note that uncertainties in the distance between the excitation zone
and the detector are canceled when we extrapolate to zero veloc-
ity. In order to find the field-free transition, we have to account
for a 4 Hz shift due to the quadratic Zeeman shift in the magnetic
bias field. Thus, finally the true transition frequency is found to be
394064870(10) Hz.
4.4. 2nd order Doppler shift and motional Stark effect

The shift due to the motional Stark effect is estimated to be
below 1 Hz. Moreover, it scales linearly with the velocity and is
compensated by extrapolating to zero velocity. The second order
Doppler is Dm ¼ m0ðv=cÞ2 � 3 mHz and is negligible at the accuracy
level of the experiment.
4.5. DC-Stark shift

Electric fields in the interaction region due to leakage from the
excitation and deflection fields, patch potentials in the tube and
contact potentials between the field plates of the microwave zone
induce Stark shifts. As the Stark shifts in the mB

J ¼ �1! mB
J ¼ �1

and the mB
J ¼ þ1! mB

J ¼ þ1 transitions are equal and both posi-
tive, they are not canceled by taking the average of the two. The
biggest effect may be expected as a result of contact potentials.
We have tested possible Stark shifts in the microwave zones by
adding a small DC component to the microwave field. Fig. 10 shows
the resonance frequency of the mB

J ¼ �1! mB
J ¼ �1 transition as a

function of the applied DC voltage in the first (black data points)
and second (red data points) microwave zones. The black and red
curves show a quadratic fit to the data. The Stark shift is almost
symmetric around zero, the residual DC-Stark shift is estimated
to be below 1 Hz.
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Fig. 10. Recorded frequencies of the mB
J ¼ �1! mB

J ¼ �1 transition as a function of
the applied DC voltage in the first (black circles) and second (red squares)
microwave zone. The solid black and dashed red curves result from quadratic fits to
the data. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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4.6. AC-Stark shift

To study the effect of the microwave power on the transition
frequency, we have varied the microwave power by over an order
of magnitude. No significant dependence of the frequency on
microwave power was found.

4.7. Absolute frequency determination

The microwave source used in this work (Agilent E8257D) is
linked to a Rubidium clock and has an absolute frequency uncer-
tainty of 10�12, i.e., �0.4 mHz at 394 MHz, negligible at the accu-
racy level of the experiment.

5. Conclusion

Using a Ramsey-type setup, the lambda-doublet transition in
the J ¼ 1; X ¼ 1 level of the a3P state of CO was measured to be
394064870(10) Hz. Frequency shifts due to phase shifts between
the two microwave zones of the Ramsey spectrometer are canceled
by recording the transition frequency at different velocities and
extrapolating to zero velocity. Our measurements are performed
in a magnetic bias field of �17 Gauss. Frequency shifts due to the
linear Zeeman effect in this field are canceled by taking the average
of the mB

J ¼ þ1! mB
J ¼ þ1 and mB

J ¼ �1! mB
J ¼ �1 transitions.

The quadratic Zeeman effect gives rise to a shift of 4 Hz which is
taken into account in the quoted transition frequency. Other possi-
ble systematic frequency shifts may be neglected within the accu-
racy of the measurement. The obtained result is in agreement with
measurements by Wicke et al. [23], but is a 100 times more
accurate.

An important motivation for this work is to estimate the possi-
ble accuracy that might be obtained on the two-photon transition
connecting the J ¼ 6; X ¼ 1 level to the J ¼ 8; X ¼ 0 level that is
exceptionally sensitive to a possible time-variation of the funda-
mental constants [19,20]. An advantage of this transition is that
the mB

J ¼ 0! mB
J ¼ 0 transition can be measured directly, thus

avoiding the problems with the stability of the magnetic bias field.
A disadvantage is that the population in the J ¼ 5 level is much
smaller than the population in the J ¼ 1 level, reducing the number
of molecules that is observed, while the Stark shift is considerable
less, making it necessary to use a longer deflection field.

In order to obtain a constraint on the time-variation of l at the
level of 5.6 � 10�14/yr, the current best limit set by spectroscopy
on SF6 [10], we would need to record the J ¼ 6;
X ¼ 1! J ¼ 8; X ¼ 0 two-photon transition at 1.6 GHz with an
accuracy 0.03 Hz over an interval of one year. To reach this preci-
sion within a realistic measurement time, say 24 h, the number
of detected molecules should be at least 2500 per shot, i.e., 50
times more than detected in the current experiment but now start-
ing from the less populated J ¼ 5 level. Although challenging, this
seems possible by using a more efficient detector [18] and/or by
using quadrupole or hexapole lenses to collimate the molecular
beam [16].
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