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Deflection of barium monofluoride molecules using the bichromatic force:
A density-matrix simulation
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A full density-matrix simulation is performed for optical deflection of a barium monofluoride (138Ba 19F)
beam using the bichromatic force, which employs pairs of counterpropagating laser beams that are offset in
frequency. We show that the force is sufficient to separate BaF molecules from the other products generated
in a helium-buffer-gas-cooled ablation source. For our simulations, the density-matrix and force equations are
numerically integrated during the entire time that the molecules pass through a laser beam to ensure that effects
of the evolution of the Doppler shift and of the optical intensity and phase at the position of the molecule are
properly included. The results of this paper are compared to those of a deflection scheme [A. Marsman, D.
Heinrich, M. Horbatsch, and E. A. Hessels, Phys. Rev. A 107, 032811 (2023)] which uses π pulses to drive
frequency-resolved transitions. This paper is part of an effort by the EDM3 collaboration to measure the electric
dipole moment of the electron using BaF molecules embedded in a cryogenic argon solid. Separation of BaF
molecules will aid in producing a sufficiently pure solid.
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I. INTRODUCTION

The bichromatic force uses two pairs of counterpropagat-
ing laser beams that are offset from each other in frequency.
The frequency offset leads to beat notes in both directions,
and, at the location of an atom or molecule, this beating
leads to pulses (offset in time) arriving from each direction.
The effect of these pulses is to cause a promotion to an
excited state, followed by stimulated emission back down to
the ground state. Bichromatic forces were first demonstrated
by Grimm et al. [1]. As one quantum (h̄�k) of momentum
is imparted to the atom or molecule for each excitation and
each stimulated emission, strong forces are possible. For stan-
dard spontaneous-emission optical forces [2,3], the maximum
force possible is 1

2 h̄k/τ , with the factor of 1/2 coming from
equalized populations between the ground and excited states
and τ (the spontaneous-decay lifetime) being the average wait
time between laser excitations. The bichromatic force allows
for two quanta of momentum being imparted and allows for
much shorter wait times.

Bichromatic forces have been used to manipulate atomic
beams of Na [1,4], Rb [5–7], Cs [8], and metastable He [9–12]
and Ar [13]. More recently, the use of bichromatic forces
on molecules has become a topic of interest because of its
distinct advantage of imparting many quanta of momentum in
the average time interval between spontaneous-decay events.
For molecules, where population can be lost due to branch-
ing ratios to other vibrational (or electronic) states, optical
forces with fewer spontaneous decays require fewer repump
lasers. Schemes for manipulating molecular beams with the
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bichromatic force have been proposed for CaF [14,15], MgF
[16,17], BaH [18], YbF [19], and 137Ba 19F [20]. Thus far,
deflections have only been demonstrated using CaF [21] and
SrOH [22].

In this paper, we calculate the deflection of a BaF beam
due to the bichromatic force. The BaF molecule is being
used by the EDM3 collaboration to make an ultraprecise
measurement [23] of the electric dipole moment of the elec-
tron. For the measurement, BaF molecules produced by a
buffer-gas-cooled laser-ablation source are embedded in solid
argon. It is necessary to separate the BaF molecules from the
other ablation products via a deflection in order to produce
an uncontaminated solid. For this purpose, a deflection of
approximately 3 m/s (approximately 1000 quanta of photon
momentum) is required. This deflection is much larger than
demonstrated [21,22] deflections of other molecules using the
bichromatic force.

In Sec. II we describe the density-matrix equations used to
determine our deflections. Section III gives the results of our
calculations and Sec. IV compares these results with the re-
sults of Ref. [24], which evaluates deflections caused by time-
resolved π pulses driving frequency-resolved laser transitions.

II. DENSITY-MATRIX CALCULATION

In this section we present a density-matrix calculation of
BaF molecules being deflected [see Fig. 1(a)] by the bichro-
matic force. Since a BaF molecule in the A 2�1/2(v = 0)
state has a branching ratio [25] of 96.4% for decay to the
X 2�1/2(v = 0) state, the 16 states of Fig. 1(b) form an almost
closed system, and these 16 states are the only ones included
in our density-matrix calculations. Because the ground state
has more substates than the excited state, spontaneous decay
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FIG. 1. The bichromatic force deflects a BaF molecule using two
pairs of counterpropagating laser beams (a) that are linearly polarized
in the ẑ direction and are offset from each other in frequency by
±δ (b). The structure of the X 2�1/2 v = 0, N = 1 negative parity
state and the A 2�1/2 v′ = 0, j ′ = 1/2 positive parity state, shown
at the right on an expanded scale in (b), is much smaller than δ =
700/(2πτ ) = 1950 MHz. A 20-G magnetic field (oriented 60◦ from
ẑ) lifts the degeneracy of the mF levels and ensures that molecules do
not remain in a dark state.

will result in the population quickly landing in a dark state (a
linear combination of the ground states that is insensitive to
laser excitation). To avoid this, the dark states are destabilized
[26] by a magnetic field [27] which causes the molecules to
Larmor precess into bright states. The magnetic field used is
20 G in the ŷ sin(60◦) + ẑ cos(60◦) direction of Fig. 1(a), but
our results are found to be only mildly sensitive to the exact
direction and magnitude of this field.

The time evolution of the density matrix elements is deter-
mined by numerically integrating their differential equations
during the time period when the molecule passes through the
laser beams. This time evolution is calculated in the zero-
magnetic-field basis:

dρgg′

dt
= iωg′gρgg′ + i

∑

g′′
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+ i

2
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where the indices g and e represent the 12 ground and four
excited states, respectively. Here, h̄ωab = Ea − Eb is the zero-
field energy difference between states |a〉 and |b〉, with h̄χab =
−〈a| �μ · �B|b〉 being the elements of the Zeeman Hamiltonian.
The energies and Zeeman elements are calculated using the
methods detailed in the Appendix of Ref. [28] and are listed in
Tables II and IV in the Appendix of this paper. The difference
between the average energy of the |e〉 states and the average of
the |g〉 states is denoted by h̄ω0. Equation (1) uses the rotating-
wave approximation to avoid the fast oscillations at the optical
frequency ω0.

We use the complete formulation for spontaneous de-
cay [29,30] which includes quantum-mechanical interference
from the decay process using

γege′g′ = ω3

3πε0h̄c3
�dge · �de′g′ . (2)

The diagonal elements γegeg are equal to the branching ratio
times 1/τ . The off-diagonal elements properly account for
quantum-mechanical interference and are included in calcu-
lations of the bichromatic force. For the present case, these
terms lead to only small corrections.

The dipole matrix elements can be deduced from the mea-
sured lifetime of the A 2�1/2 state (τ = 57.1 ns [31]), along
with the branching ratio [25] between individual hyperfine
states. These latter ratios are calculated using the methods
described in Ref. [28]. The values of the electric dipole matrix
elements are listed in Table III in the Appendix.

The Rabi frequencies in Eq. (1) are given by


eg(t ) = �deg · ẑE0(x)

h̄

∑

s,σ=±1

ei(s k y+2π σ δ t−s σ π
8 +φ)

∣∣∣∣∣
(x,y,z)=�rm (t )

,

(3)

where the sum is over the four laser beams (with frequencies
offset by ±δ and with �k in the ±ŷ directions). For the present
paper, δ is chosen to be 700/(2πτ ), or 1950 MHz. Note our
choice to express δ as a frequency, rather than an angular fre-
quency. The field amplitude E0(x) includes the spatial profile
of the laser beam, which is taken to be a top-hat shape (as,
e.g., in Ref. [32]) approximated by a super-Gaussian function
of the form

Emaxe−(x2/w2 )5
, (4)

where the value of w is chosen to give an intensity profile with
a full width at half maximum (FWHM) of 0.32 mm and Emax

is set to the value that gives the best approximation to π pulses
for a multilevel system [15]: Emax = 2πδ

√
6πhτ/(λ3ε0) =

1380 V/cm (corresponding to a laser power of 2 W for each
of the four beams).
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Both the x dependence in the profile of Eq. (4) and the y
found in the complex exponential of Eq. (3) are evaluated at
the molecular position �rm(t ). The trajectory of the molecule
is obtained from its original position, its initial velocity (as-
sumed to be 150 m/s—a typical speed for a BaF molecule
in a 4-K helium-buffer-gas-cooled beam [33]), and the force
obtained [34] from Ehrenfest’s theorem:

�F (t ) = −h̄
∑

e,g

Re[ρeg(t )∇
ge(�r, t )]

∣∣∣∣∣
�r=�rm (t )

. (5)

As discussed above, the density-matrix treatment is not
complete in that the 16 levels do not quite form a closed
system. The remaining branching ratio (3.6%) causes popu-
lation to be lost out of the cycling transition and is primarily
due to radiative decay down to the X 2�1/2(v = 1) state
(3.5%) [25], with much smaller contributions for decays to
the X 2�1/2(v > 1) states and the A′ 2�3/2 state. Spontaneous
decay to the latter state causes the molecule to change its
parity upon its second decay down to the X 2�1/2 state. The
net effect is that every spontaneous emission leads to 3.6% of
the excited-state population going into a dark state that will
no longer experience the bichromatic force. Fortunately, as
we will see, the bichromatic force can be applied with very
little spontaneous emission occurring, and therefore this loss
remains relatively small and no repumping into the cycling
states is required.

We treat these dark states by reducing the population of
the 16 states in accordance with the buildup of population
into the dark states. Our density-matrix calculation continues
with only the remaining population present, and therefore our
results apply only to the molecules that are not lost to the dark
state. Although it is tempting to treat the dark state population
by including an additional state in our density-matrix equa-
tions, this strategy is incompatible with our strategy of treating
the force [Eq. (2)] and the molecular trajectory classically.
The inconsistency results from the fact that the dark state no
longer feels a force. The full quantum description, as seen
in atom interferometry, would include both the momentum
and the internal state of the molecule and would allow each
component associated with an internal state (e.g., the dark
state component) to have a different momentum. We avoid this
complication by ignoring the dark state during our calculation,
the effect of which is to correctly calculate the force on those
molecules that do not decay to the dark state. However, to
properly account for the dark state, we postprocess our data
to determine the fraction of the population that would decay
to the dark state during each time bin dt (by multiplying
the adjusted excited-state population by dt times 3.6%) and
incrementing the dark-state population (and decrementing the
excited-state population by this fraction).

The density-matrix elements, along with the components
of �rm(t ) and �̇rm(t ), are numerically integrated over the ≈2.7 µs
that it takes for the molecules to pass through the laser profile.
These integrations are computationally intensive given the
3.9-GHz frequency difference between the two laser beams,
which leads to fast oscillations in the density-matrix ele-
ments, and these oscillations must be calculated accurately.
The integration is performed using a suite of custom-
written C++ programs. These are compiled and run on the

(a)

(b)

FIG. 2. The bichromatic force on the BaF molecule (with initial
velocity of vinit

y = −1 m/s) as it passes through the bichromatic
laser beams. (b) The force oscillates at the beat frequency (of
2 × 1950 MHz). (a) The force averaged over these fast oscillations.
The blue solid curve is the force for a molecule initially on axis, and
the peaks vs time occur each time the molecule moves by one half
of a wavelength (λ/2), where the fields of the two beams interfere
constructively (the times at which the molecule is at these positions
are indicated by green vertical lines). The red dashed curve is the
force averaged over initial position (0 � yinit < λ/2). A large average
force of over 200h̄k/(4τ ) is calculated.

high-performance cluster of the Digital Research Alliance of
Canada and use the GNU scientific library for the numeri-
cal integration. An adaptive Runge-Kutta-Fehlberg integration
method is employed with absolute and relative tolerances set
at 10−6.

III. RESULTS

We start by considering a molecule that is initially at
yinit = 0 (on axis, see Fig. 1) with a small downward veloc-
ity of vinit

y = −1 m/s. The force on the BaF molecule as it
traverses the bichromatic laser beams is determined from our
numerical integration and is shown in Fig. 2. The inset in the
figure shows that the force oscillates at the beat frequency
(2 × 1950 MHz), and the forces shown in Fig. 2(a) are the av-
erages over these fast oscillations. The blue solid curve shows
the force versus time for initial conditions vinit

y = −1 and
yinit = 0. The force has a peak value each time the molecule
is displaced by a half wavelength, showing that there is a
strong dependence on the relative phases of the upward and
downward directed beams. The force is large when the fields
are interfering constructively, and small when they are inter-
fering destructively. Because of this dependence, the force
also depends strongly on yinit as this value is varied over half
of the laser wavelength, λ. Since our molecular beam has a
much larger extent than λ along y, we average the force over
this initial position (averaging over yinit values that span λ/2),
as shown by the red dashed curve in Fig. 2.

Note that the averaged calculated force is more than 200
times larger than the spontaneous-emission optical force of
1
4 h̄k/τ , where here the usual factor of 1/2 for a two-level
system is replaced by 1/4 since now only one quarter of our
16 states are excited states. This force can be compared to
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a simplified model for the bichromatic force in a two-level
system, in which the laser fields act as a series of π pulses,
with each period T = 1/(2δ) of the beat frequency having
one pulse from the upward-directed laser followed a time T/4
later by a pulse from the downward-directed laser. Ideally,
the first pulse causes a laser excitation and the second causes
a stimulated emission back to the ground state, leading to
a force of 2h̄k/T . However, a spontaneous emission (if it
occurs in the time interval between the first and second pulse)
can reverse this sequence, leading to a force of −2h̄k/T .
Fortunately, another spontaneous emission (if it occurs in
the 3T/4 interval after the second pulse) again reverses the
force, and since this time interval is three times larger it is
more likely to occur. As a result, this simple model predicts
a force of 3

4 2h̄k/T − 1
4 2h̄k/T = h̄k/T . This estimate is ap-

proximately a factor of 4 larger than our calculated average
force of 200 1

4 h̄k/τ = 0.23h̄k/T . Part of this factor of 4 results
from the reduced effectiveness of the bichromatic force for a
multilevel system such as the one shown in Fig. 1(b).

The first reason for reduced effectiveness is that the number
of substates of the ground state is larger than that of the excited
state (the excited states represent one fourth rather than one
half of the states), which reduces the fraction of molecules
that can participate at any time. Second, as discussed above,
dark states would make the molecules insensitive to the lasers,
reducing the force to zero. The application of a magnetic field
avoids the zeroing of the force, but a reduction is still seen.
Finally, because each g state has a different dipole matrix
element connecting it to the excited states (and, to a smaller
extent, because each has a different resonant frequency) it is
not possible to perfectly meet the π -pulse condition for all of
the ground substates.

These factors, along with effects that are already present
in the two-level system (such as the interference between the
fields from the two directions), account for the factor of 4
reduction in force compared to the simple model. This factor
is similar to the reduction calculated in other works [15,22].

Figure 3 shows the time progression of the total excited-
state and dark state populations for vinit

y = −1 m/s. Note that
the population in the dark state builds up to approximately
23% by the time the molecules have passed through the beam,
allowing the majority of the molecules to experience the full
deflection force of Fig. 2.

The population in the excited state is approximately 15%
on average during the time the molecules spend in the laser
beams. The integral of this fraction over the time that it
takes to pass through the 0.32-mm laser beams implies that
there are only approximately six spontaneous emission events
per molecule, whereas the molecule has received approxi-
mately 1600 quanta (1600 h̄k) of momentum kicks from the
lasers.

The inset in Fig. 3 shows that the excited-state population
oscillates at the 3.9-GHz beat frequency, as the population is
excited by one laser followed by stimulated emission from
the oppositely directed laser beam. The figure shows the
excited-state population for yinit = 0 (blue), as well as the
result averaged over yinit (red dashed).

Results for different vinit
y are illustrated in Fig. 4, where

the transverse velocity (vy) is plotted versus time for

FIG. 3. The total populations of the excited and dark states for
vinit

y = −1 m/s. Approximately 15% of the molecules are in the
excited state (blue) during the time that they pass through the laser
beam. (b) This population oscillates at the 3.9-GHz beat frequency,
as the population is excited up followed by stimulated emission back
to the ground state. (a) A time-averaged view that averages over these
oscillations. The blue solid line is for yinit = 0 and the red dashed
curve is averaged over yinit . The population of the dark state (green
dash-dot) steadily increases to approximately 23% as the molecules
pass through the laser, allowing the remaining 77% of the molecules
to experience the full force shown in Fig. 2.

vinit
y = −1, −2, −3, and −4 m/s. These curves depend on

yinit , and the figure shows the averages over yinit , as well
as the one-standard-deviation range for variations from this
average value. In each case, a deflection of approximately 5
m/s changes the transverse velocity into the positive direction.

For the present paper, the deflection is only needed for the
small range of vinit

y shown in Fig. 4, but Fig. 5 shows that
large deflections persist for a wide range of initial transverse
velocities. Again an average over a half wavelength for yinit is
used for this figure. As expected, the large value of δ leads to
a large force over a wide range of transverse velocities.

FIG. 4. The transverse velocity (vy) vs time (while passing
through the bichromatic laser beams) for BaF molecules starting with
vx = 150 m/s and vinit

y = −4, −3, −2, and −1 m/s. The molecules
are deflected upward by approximately 5 m/s.
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FIG. 5. The deflection of a BaF beam (with a longitudinal speed
vx = 150 m/s) after passing through the bichromatic laser beams
as a function of its initial transverse velocity (vy). Note that large
deflections occur over a wide range of initial vy. For the present
paper, we focus on initial transverse velocities in the range of −4.5 to
−0.5 m/s (inset), where the average deflection is 5.1 m/s (red dashed
line).

IV. COMPARISON TO THE DEFLECTION SCHEME
USING TIME-RESOLVED π PULSES

The results of the present paper can be compared to a re-
cent work [24] which calculated deflections of BaF molecules
caused by short-duration π pulses in a large magnetic field
which resolved individual laser transitions. Table I compares
the parameters and results of that work to the present pa-
per. The time-resolved π pulses and frequency-resolved laser
transitions in Ref. [24] had the advantages of (i) avoiding
interference between the fields from the oppositely directed
lasers, (ii) being able to tune the individual laser powers to
meet the π -pulse condition for each ground state, and (iii)
being able to adjust the timing to maximize the net force.
These advantages can be seen in the third row of Table I,
where Ref. [24] has a 50% larger momentum imparted per

period (per 10-ns period for the pair of π pulses in Ref. [24]
and per period of the beat note in this paper). In both works,
the power (at each frequency) per laser beam is approximately
2 W. However, the extent of the laser beam in the present
paper is 0.32 mm in the z direction [see Fig. 1(a)], whereas in
Ref. [24] the extent was 1 mm, which allowed for interaction
with three times the number of BaF molecules.

To make a more direct comparison to the previous work
[24], we also calculated bichromatic deflections with a 2-W
laser beam that has a FWHM of 1 mm in the z direction,
and these results are shown in column 4 of Table I. The
results in this column show that the bichromatic force is, in
most respects, a better choice for deflection compared to the
π -pulse scheme. The main advantage comes from the rate
at which pairs of laser pulses are incident on the molecules,
which is more than a factor of 20 faster (see row 2) for the
bichromatic case. Even with the lower efficiency per period,
the net force (see row 1) is still more than an order of mag-
nitude larger. More importantly, the smaller period allows for
more momentum transfer in the average time interval between
spontaneous-emission events (see row 10). For both columns
3 and 4, spontaneous emission is rare enough that less than
25% of the population is lost to a dark state, and therefore no
repump lasers are needed.

In principle, the π -pulse scheme could also eliminate the
need for repump lasers by having a much faster rate of π

pulses, but this would considerably complicate the scheme
since the shorter pulses would require higher laser power,
as well as a larger magnetic field to resolve the individual
transitions (as discussed in Ref. [24]).

One way in which the π -pulse scheme is superior is in the
robustness of the force. In Ref. [24], the deflection is found
to vary by only 2% when the electric field of each of the
laser beams is randomly varied between 0.95 and 1.05 of their
nominal values. Here, by comparison (as shown in row 12
of Table I), the deflection varies by 16% when the relative
amplitudes (electric fields) for the four lasers are randomly
varied in the more limited range of 0.99 to 1.01. For Ref. [24],

TABLE I. A comparison of the parameters and results of this paper to those of Ref. [24].

Bichromatic: Bichromatic: π pulses:
Quantity Units this paper expanded beam Ref. [24]

Momentum change, �py, per lifetime h̄k 50 27 2
Period (beat period or cycle period) ns 0.26 0.45 10
Momentum change, �py, per period h̄k 0.23 0.21 0.35
Number of frequencies: Main laser 2 2 6
Number of frequencies: Repump laser 0 0 6
Power per beam at each frequency W 2 2 ≈2
Laser field E0 per beam at each frequency V/cm 1380 780 ≈200
Laser intensity FWHM: z direction of Fig. 1(a) mm 0.32 1 1
Laser intensity FWHM: x direction of Fig. 1(a) mm 0.32 0.32 5
Momentum change, �py, per spontaneous decay h̄k 270 140 20
Applied magnetic field G 20 20 1000
Change in �vy for imperfect laser parameters

E0 for each laser varied by the factor specified [0.99–1.01]: 10% 15% [0.95–1.05]: 2%
Relative phases varied by the angle range specified [0–25 mrad]: 10% 16% [0–2π ]: 6%
Each laser includes 0–1% of other polarization [0-1%]: 6% 5% [0–1%] 1%

Deflection, �vy m/s 5.1 2.7 2.6
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TABLE II. The energies of the ground states and excited states
in zero magnetic field.

State F mF E/h (MHz)

g1 1 −1 −94.947
g2 1 0 −94.947
g3 1 +1 −94.947
g4 0 0 −67.134
g5 1 −1 22.715
g6 1 0 22.715
g7 1 +1 22.715
g8 2 −2 56.766
g9 2 −1 56.766
g10 2 0 56.766
g11 2 +1 56.766
g12 2 +2 56.766
e1 1 −1 ω0/(2π ) − 1.25
e2 1 0 ω0/(2π ) − 1.25
e3 1 +1 ω0/(2π ) − 1.25
e4 0 0 ω0/(2π ) + 3.75

TABLE III. The electric dipole matrix elements between the
states of Table II.

Ground Excited Polar- deg

state state ization (ea0)

g1 e1 0 −1.17
g1 e2 +1 1.17
g1 e4 +1 0.839
g2 e1 −1 1.17
g2 e3 +1 1.17
g2 e4 0 −0.839
g3 e2 −1 −1.17
g3 e3 0 −1.17
g3 e4 −1 0.839
g4 e1 −1 1.105
g4 e2 0 −1.105
g4 e3 +1 −1.105
g5 e1 0 −0.063
g5 e2 +1 0.063
g5 e4 +1 −1.062
g6 e1 −1 −0.063
g6 e3 +1 −0.063
g6 e4 0 −1.062
g7 e2 −1 −0.063
g7 e3 0 −0.063
g7 e4 −1 −1.062
g8 e1 +1 −0.957
g9 e1 0 0.677
g9 e2 +1 0.677
g10 e1 −1 −0.391
g10 e2 0 −0.781
g10 e3 +1 0.391
g11 e2 −1 0.677
g11 e3 0 −0.677
g12 e3 −1 −0.957

TABLE IV. The nonzero magnetic dipole matrix elements be-
tween the states of Table II (in spherical tensor form).

State 1 State 2 Component, q 〈1|μq|2〉(μB )

g1 g1 0 0.498764
g1 g2 −1 −0.508397
g2 g3 −1 −0.508397
g3 g3 0 −0.498765
g4 g1 1 0.0611559
g4 g2 0 −0.0540664
g4 g3 −1 0.0611559
g5 g1 0 0.0861576
g5 g2 −1 −0.0838738
g5 g4 −1 1.00933
g5 g5 0 −0.976845
g6 g1 1 −0.0838738
g6 g3 −1 0.0838738
g6 g4 0 −1.00037
g6 g5 1 0.986477
g7 g2 1 0.0838738
g7 g3 0 −0.0861576
g7 g4 1 1.00933
g7 g6 1 0.986477
g7 g7 0 0.976845
g8 g1 −1 −1.23099
g8 g5 −1 −0.0572771
g8 g8 0 −0.97496
g9 g1 0 −0.864044
g9 g2 −1 −0.87044
g9 g5 0 −0.0390138
g9 g6 −1 0.040501
g9 g8 1 −0.69732
g9 g9 0 −0.48748
g10 g1 1 −0.502549
g10 g2 0 −0.997712
g10 g3 −1 −0.502549
g10 g5 1 −0.0233833
g10 g6 0 0.0450493
g10 g7 −1 −0.0233833
g10 g9 1 −0.85404
g11 g10 1 −0.85404
g11 g11 0 0.48748
g11 g2 1 −0.87044
g11 g3 0 −0.864044
g11 g6 1 0.040501
g11 g7 0 −0.0390138
g12 g11 1 0.69732
g12 g12 0 0.97496
g12 g3 1 1.23099
g12 g7 1 0.0572771
e1 e1 0 0.20784
e3 e3 0 −0.20784
e4 e2 0 −0.20784

variation of the relative phase of the laser beam (randomly
selected over the full range of 0 to 2π ) led to a variation in
the deflection of 6%. For the bichromatic force, the relative
phases need to be fixed to get a net force, and we find that
varying the relative phases randomly within the range of 0 to
0.025 rad leads to a variation in deflection of 15%. Finally, in
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Ref. [24] having imperfect polarization (i.e., an admixture of
the opposite circular polarization) randomly picked between
0 and 1% led to a variation in deflection of 1%. Here, a
similar level of imperfect polarization (with an admixture of
polarization along the orthogonal x̂ direction) leads to a vari-
ation in deflection of 5%.

The final row of Table I shows that the deflection from
the laser beams of Ref. [24] is nearly equal to that from the
bichromatic laser beams (column 4). Although the bichro-
matic deflection scheme does require better control of the laser
parameters, it is still far simpler to implement in that it only
requires two (compared to 12) laser frequencies and it requires
a much smaller magnetic field.

V. CONCLUSIONS

In this paper, we have performed a complete density-
matrix simulation of deflections of BaF molecules using the
bichromatic force. This deflection would allow for a beam
of 138Ba 19F to be separated from other laser ablation prod-
ucts coming from a buffer-gas-cooled laser-ablation source,
as required by the EDM3 collaboration for their planned

measurement of the electric dipole moment of the electron
using BaF molecules embedded in an Ar solid.
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APPENDIX

The energies, Zeeman structure, and dipole matrix ele-
ments for our system were calculated using the methods
described in Ref. [28]. The energies (in zero magnetic field)
are shown in Table II, the dipole matrix elements are shown
in Table III, and the Zeeman matrix elements are shown in
Table IV.
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