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Multidimensional matter-wave beam splitters by multiphoton hyperfine Raman transitions
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Multidimensional beamsplitters play crucial roles in the development of multidimensional atom interferome-
ters and have the potential for applications in quantum information in higher dimensions. We present different
configurations of multidimensional beamsplitters using both conventional two-photon Raman transitions and
recently discovered four-photon Raman transitions. The differences between these configurations arise from the
selection of external magnetic fields to serve as quantization axes. We explored and estimated statistical and
systematic errors that may occur when multiple Raman transitions are used to construct multidimensional atom
interferometers with deviated quantization axes. Our results demonstrated a tradeoff between the simplicity of
axis alignment relative to the beams and the required optical power. These considerations are pertinent to the
future design and optimization of multidimensional atom interferometry systems.
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I. INTRODUCTION

Atom interferometry is an important tool for applications
in precise measurement and quantum sensing [1-13]. It of-
fers distinct advantages over photon-based methods in that
it is sensitive to moving reference frames. Therefore, atom
interferometers are suitable for use as inertial sensors for
velocity, acceleration, and rotation detection [2,7,10,14—18].
Conventional inertial sensors measure acceleration and veloc-
ity separately through unidirectional apparatuses. However,
to improve the efficiency and compactness of sensors, mul-
tidimensional atom interferometers have been proposed for
use as inertial sensors [19]; such interferometers can execute
multidimensional measurements of velocity, acceleration, and
rotation simultaneously by using multidimensional beamsplit-
ters. In addition to the applications in atom interferometry,
operators based on multidimensional beamsplitters could also
demonstrate quantum walk in the higher dimensions [20-22],
exploring related potential in quantum simulation [22-24] and
quantum algorithms [25-27].

Raman transitions involve the use of electromagnetic fields
to create superpositions of different atomic states. They play a
pivotal role in the coherent control of matter waves. In contrast
to other types of atom-light interaction methods such as Bragg
diffraction [28,29] and Bloch oscillations [30,31], Raman
transitions are favored in the design of multidimensional atom
interferometers for creating beamsplitters; this is because Ra-
man transitions enable the use of different hyperfine ground
states of atoms to facilitate signal detection in compact setups.
However, the use of Raman transitions in multidimensional
applications necessitates careful consideration of the direction
of the external magnetic field. Improper alignment of the
magnetic field can substantially suppress signals [32,33]. Here
based on the recently reported four-photon Raman transi-
tions [33], we realized multidimensional beamsplitters under
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different configurations. In addition to regular two-photon
Raman transitions, we also include four-photon Raman transi-
tions as components of the multidimensional beamsplitters.

The different configurations are demonstrated in Figs.
[1(a)-1(d)]. We attempted to develop both two-dimensional
and three-dimensional copropagating beamsplitters by using
two- and four-photon Raman transitions. Rather than one pair
of beams driving atoms into moving in multiple orthogonal
directions, here the difference in directions of atoms’ veloc-
ities after the proposed beamsplitters comes from multiple
pairs of beams [19]. A key distinction between two-photon
and four-photon Raman transitions is that four-photon Raman
transitions become predominant when the quantization axis is
perpendicular, instead of being parallel, to the directions of the
beams, which is typical for two-photon transitions. Therefore,
by using combinations of the two Raman transitions, we could
efficiently develop beamsplitters with different quantization
axes. The related energy momentum is shown in Fig. 1(e).
In the diagram, 7 is the reduced Planck’s constant; Alzx/
represents the wave-vector difference in the Raman beams
of ky direction. Similar definition holds for Alzy/ and Al;zr.
Here due to the copropagating Raman beams, the four-photon
Raman processes can be represented as two-photon Raman
transitions with distinct dependence on power and magnetic
fields of the effective Rabi frequency ¢ [33] and share
similar representations as two-photon Raman transitions. In
multidimensional beamsplitters, it is natural to require sym-
metry between directions. To cover different choices of the
quantization axis, here we are considering two ways to sym-
metrically drive two-dimensional beamsplitters and two ways
to symmetrically drive three-dimensional beamsplitters. We
explored the advantages and disadvantages of the developed
beamsplitters across various scenarios.

II. EXPERIMENTAL CONFIGURATION

We trapped and cooled ®*Rb atoms down to about 6 uK by
using a standard magneto-optical trap (MOT) and polarization

©2024 American Physical Society
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FIG. 1. Schemes for multidimensional beamsplitters. Black
spots represent atoms in the vacuum chamber, with the external
magnetic field B serving as the quantization axis. Solid arrows
represent the four-photon Raman transitions, and hollow arrows
represent the two-photon Raman transitions. The directions of the
beams are orthogonal to each other and represented by kv, I;Vr,
and k., respectively. (a) Two-dimensional beamsplitter using two
four-photon Raman transitions with the magnetic field oriented
vertically. (b) Two-dimensional beamsplitter using two two-photon
Raman transitions, with the direction of the magnetic field ly-
ing on the plane formed by the two beams and equidistant from
them. (c) Three-dimensional beamsplitter combining two four-
photon Raman transitions with one two-photon Raman transition,
where the magnetic field is vertical. (d) Three-dimensional beam-
splitter constructed from three two-photon Raman transitions, with
the magnetic field centrally positioned among the three beams. (e)
Energy-momentum diagram showing multidimensional beamsplit-
ters associated with different configurations in (a)-(d). The scale
has been exaggerated for clarity. Atoms are initially at rest. In the
beamsplitters, atoms are in the superposition of different states, here
demonstrated by circles in corresponding situations. The energy
states |1) and |2) are ground states, and |3) demonstrates the excited
state.

gradient cooling within a miniMOT vacuum system from
coldQuanta. The laser system included two lasers and an am-
plifier. The laser for repumping was from a MOGLabs diode
laser, whose frequency was stabilized to |55/, F =2) —
ISP3/2, F' = 3). We seeded the cooling beam from another
diode laser from MOGLabs to a tapered amplifier, BoosTA
Pro from TOPTICA. The frequency was red-detuned by
about 15 MHz relative to |5Si,,, F = 3) — [5P3, F' = 4).
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FIG. 2. Experimental setup. (a) Configuration of the experi-
ments. In addition to the anti-Helmholtz coils for the MOT, two
external Helmholtz coils are used for generating uniform magnetic
fields directing to % and Z directions. (b) Level diagram of relevant
atomic transitions for the experiment. (c) Demonstration of the time
sequence of the experiment. The cooling repumping beams and MOT
coils are switched off after the cold atomic ensemble is prepared
during the MOT duration.

A diagram of the experimental apparatus is shown in Fig. 2(a).
The relevant frequencies are demonstrated in Fig. 2(b).

After preparing the atoms, we shine circular-polarized Ra-
man pulses to drive the Raman transition. The Raman laser
beam passes through an iXblue fiber-coupled electro-optical
modulator to generate the required frequency sidebands. The
frequency differences between the carrier and the first side-
bands are about the hyperfine splitting between two ground
states of |5S)2) of ¥Rb. For defining the quantization axis,
we apply two external magnetic fields through two Helmholtz
coils. We assume one is in the Z direction, and the other one
is in the % direction. The magnitudes of the magnetic fields
were regulated using voltage-controlled current sources that
passed through the coils. The magnitudes of the magnetic
fields were set to approximately 10 uT. There are overall three
Raman beams here, directing to (—% + )/ V2, —x+9)/ V2,
and —Z, respectively. These three directions are set to be lgxr,
Iey/, and l%z«, respectively. The beams are with 1/¢? beam waist
of ~3 mm and power of about 300 uW for the four-photon
Raman transitions and of about 100 uW for the two-photon
Raman transitions, respectively. By changing the quantization
axis and beam intensity, we can change between the four
configurations as demonstrated in Figs. [1(a)-1(d)].

We generate Ramsey fringes by shining two pulses
to form two beamsplitters which are separated by 2 ms.
Depending on the chosen configuration, the beamsplitters
were operated in either two-dimensional [Figs. 1(a) and
1(b)] or three-dimensional modes [Figs. 1(c) and 1(d)].
After the pulses, some of the atoms are therefore transferred
from F =3 to 2 state. The atoms remaining in F =3
are pushed away by a laser with the cycling transition
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FIG. 3. Characterization of multidimensional beamsplitter properties. The plots display experimental data as dots, whereas the lines
represent sine functions fitted with a linear drift, averaged over five measurements per data point. The fitted function is Ay sin [(§ — &9)T'] +
By(8 — é0) + Cp, where § denotes the angular two-photon detuning of the Raman transitions, and T is the time separation between pulses.
The detunings in all figures are §/27. (a) Ramsey fringe signals obtained with two individual beams and their combination, under identical
single-photon detuning for both Raman beams. (b) Ramsey fringe signals with two individual beams and their combination, but with a
single-photon detuning difference of approximately 120 MHz between the two Raman beams. In both cases, the pulse duration is 80 us.
(c) Ramsey fringe signals based on two-dimensional Raman transitions, with a similar setup as in (b), albeit with different pulse durations.
(d) Ramsey fringe signals based on three-dimensional Raman transitions with different pulse durations. The inset graphs the relation between

the fitted amplitude A, and the pulse duration.

|5S1)2, F = 3) — |5P3),, F' = 4). The population of atoms
in the state F' = 2 was detected by a charge-coupled device
camera through fluorescence imaging. The time sequence of
these operations is presented in Fig. 2(c).

III. RESULTS AND DISCUSSIONS

Fringes from Ramsey interferometry can be used to test
the properties of the beamsplitters. We used the same con-
figuration as that displayed in Fig. 1(a). As presented in
Figs. 3(a) and 3(b), the coherence of each Raman beam-
related beamsplitter was determined by the Ramsey fringes
generated. The offsets in the fringes could be due to the
single-photon scattering and the off-resonance of the Raman
transition. The pulse duration is set to be 80 us to achieve
the highest contrasts of the fringes, which corresponds to
the spectral bandwidth to be ~10 kHz. Therefore, when
we scan the two-photon detuning through a few kHz, it
would be outside the center of the transition and the offset
will drift.

The performance of the two-dimensional beamsplitter
was demonstrated by simultaneously directing two beams to
generate fringes. The difference in Figs. 3(a) and 3(b) demon-
strates the indistinguishability of multidimensional photons
when atoms occupy the virtual states; this is an issue asso-
ciated with multidimensional multiphoton beamsplitters. In

a one-dimensional system, atoms in virtual states tend to
resonate predominantly with a single electric field and then
emit corresponding photons through stimulated emissions.
However, in multidimensional beamsplitters, atoms in virtual
states can resonate efficiently with multiple electric fields.
Without precise control of the relative phases between the
beams, gradual phase shifts may disturb the signals and am-
plify the noise, as evidenced in Fig. 3(a). To enhance signal
stability and reduce noise, we introduced frequency differ-
ences in the single-photon detuning A across the various
Raman beam directions. Due to the Fourier transform, we
can estimate that the frequency difference between laser fields
should be much larger than 1/t, where 7 is the pulse du-
ration, to avoid interferences. Accordingly, in our setup, we
set the frequency difference to 120 MHz, which helped avoid
interferences. We achieved this by passing two beams through
acousto-optic modulators with 200 and 80 MHz, respectively.
In the original configuration displayed in Fig. 3(a), the single-
photon detuning A in the direction of &, is approximately
500 MHz blue-detuned from [5S,,, F = 3) — [SP3;2, F' =
4). The single-photon detuning A in the direction of k\,/
has the same value. The result after adjusting the frequen-
cies is shown in Fig. 3(b), here Ay =700 MHz and A, =
580 MHz. This modification resulted in a discernible reduc-
tion in noise compared with the initial configuration illustrated
in Fig. 3(a).
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FIG. 4. Ramsey fringes under different dimensional beamsplitter configurations. Dots represent experimental data; lines are sine functions
fitted to this data. Each data point is the average of five individual measurements. The fitted function is A sin [(§ — 80)T ] + C,. Here § has
the same definition as in Fig. 3. (a) Fringe signals with two four-photon Raman transitions in a two-dimensional plane, with configuration
the same as in Fig. 1(a). The pulse duration is 40 us. (b) Fringe signals with two two-photon Raman transitions in a two-dimensional plane,
with configuration the same as in Fig. 1(b). The pulse duration is 20 us. (c) Fringe signals with two four-photon Raman transitions and one
two-photon Raman transition in a three-dimensional space, with configuration the same as in Fig. 1(c). The pulse duration is 25 ps. (d) Fringe
signals with three two-photon Raman transitions in a three-dimensional space, with configuration the same as in Fig. 1(d). The pulse duration

is 20 us.

The fringes in Fig. 3(b) can be further improved by reduc-
ing the pulse duration, as demonstrated in Fig. 3(c). For better
demonstration, we employed the same frequency scanning
range as that used for the results in Fig. 3(b). In addition
to the wider Fourier transform of the pulses compensating
the ac Stark shift better, the superposition of states in the
multidimensional beamsplitters played a role in the improve-
ment. Activating multiple Raman beams simultaneously does
not guarantee that atoms achieve a superposition of multiple
virtual excited states during the transition. To further verify
the superposition, we considered the amplitudes in scenar-
ios where potential pathways in a beamsplitter could lead
to similar final states in the Ramsey interferometer. These
amplitudes should sum up coherently rather than accumulate
individually. When atoms are initially in the |0) state, after
a perfect 7 /2 beamsplitter the quantum state should being
transferred as |0) — (]0) + |1))/ V2. When two beamsplitters
are happening at the same time, then we can write |0) —
al0) + b|1) + c|1’), where a, b, and ¢ are complex numbers
and |a|*> + |b|* + |c|> = 1. In general |1) and |1’) represent
atoms with the same internal state but different external states
since atoms absorb momentum from photons in different di-
rections. However, for copropagating beams the momentum
difference is small and we can assume |1) =~ |1’) and the
relation becomes |a|?> + |b 4 c|?> = 1. For optimal contrast,
we should have |a| = 1/4/2 and |b| = |c| = 1/(24/2). This

implies that the reduction of the pulse duration in the Ram-
sey interferometer should enhance the overall contrast when
compared with the use of a single Raman beam. The results
are demonstrated in Fig. 3(c), with pulse duration set to be
80/2 = 40 ys.

A further example can be demonstrated in the three-
dimensional case, where the pulse duration should be even
shorter. Figure 3(d) presents a comparison of the results
obtained using the original 80-us pulse duration with those ob-
tained using the reduced duration, 80/3 & 26.6 =~ 25 us. Here
we are using the configuration demonstrated in Fig. 1(c), and
the single-photon detuning A in the direction of k, is about
500 MHz blue-detuned from [5S,,, F = 3) — [SP3;2, F' =
4). As illustrated by the inset of Fig. 3(d), the fringe contrast
peaked at approximately 25 us, aligning with our predictions.
Owing to the discrepancy in power distribution among all
three beams, the contrast did not decrease to zero for longer
pulses approaching the w-m pulse sequence in the Ramsey
interferometry.

Multiple methods exist for driving multidimensional beam-
splitters. As demonstrated in the Introduction, there are
at least two configurations for two-dimensional and three-
dimensional cases, respectively. The related fringes are shown
in Fig. 4. Here we use a different approach compared to
Fig. 3. We keep the power around the same level for differ-
ent configurations in two-dimensional and three-dimensional
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FIG. 5. Properties related to the alignment of the quantization
axes. (a) Scheme for demonstration of the tilting magnetic field as
the external quantization axis. (b) Calculation of the four-photon
transition amplitude under different tilting angles, here indicated as
/2 — ¢. Solid lines and dashed lines represent different intensities
of the laser beams, which indicate different Q. Different polariza-
tions are represented by different colors.

cases, respectively. The power for the two-dimensional cases
is about 600 uW and for the three-dimensional cases is about
700 uW. After tuning the intensity distribution to achieve
similar Rabi oscillation performances in different directions,
we adjust the pulse duration to improve the contrast signals.
As demonstrated in Figs. 4(a) and 4(b), the contrast in the
two-dimensional case with two-photon Raman transitions is
much better than the four-photon one. However, for the three-
dimensional case, as shown in Figs. 4(c) and 4(d), there are
not too many differences between them. This is because, in
the three-dimensional beamsplitter, the effectiveness of two-
photon Raman transitions diminished when the quantization
axis diverged from being parallel to the beam direction. A
combination of two four-photon and one two-photon Ra-
man transitions could result in more efficient optical power
utilization, despite the usual higher power requirement of
four-photon transitions.

We demonstrated the performance of the developed mul-
tidimensional beamsplitters with various configurations. The
findings reveal that the primary differences among these con-
figurations were related to the orientation of the magnetic
field, which serves as the quantization axis. We will there-
fore discuss the situation where the axis is away from the
assigned direction. The parameters we used to consider the
alignment are represented in Fig. 5(a). As the two-photon
Raman transition can be used to achieve parallel align-
ment between the beams and the external magnetic field,
four-photon Raman transitions can be used to achieve per-
pendicular alignment between the beams and the magnetic
field. Combining two-photon and four-photon Raman tran-
sitions, we can also ensure orthogonal alignments between
beams. On the basis of relevant studies on multiphoton Ra-
man transitions under different quantization axes [33], we
determined that equal signal intensities for different polar-
izations, namely o' and o, could be attained when the
beam is perpendicular to the quantization axis, as displayed
in Fig. 5(b). Therefore, by comparing signals across po-
larizations, we could ensure the beams are perpendicular
to the external magnetic field. This method streamlines the
alignment of the quantization axis in multidimensional beam-
splitters involving four-photon Raman transitions, particularly

when the axis aligns with the beams, as illustrated in Figs. 1(a)
and 1(c).

The deviation of the axis will happen more easily for the
two-photon Raman transitions-only configurations. In prac-
tice, the alignment of two-photon Raman transitions in one
dimension is optimized by maximizing signal strength using
reduced optical power. This method is not feasible for two-
dimensional or three-dimensional beamsplitters relying solely
on two-photon Raman transitions, as displayed in Figs. 1(b)
and 1(d), since the assigned quantization axis will not make
maximum signals. It becomes ambiguous if the increased sig-
nals come from the misalignment or from hitting more atoms.
Therefore, we will focus our discussion on the deviation with
two-photon Raman transitions-only cases.

The misalignment of the quantization axis in a two-photon
Raman process would make not only a loss of contrast but
also statistical and systematic errors. For demonstration, we
are considering the proposed square two-dimensional Mach-
Zehnder interferometry [19], as displayed in Fig. 6(a). In a
one-dimensional Mach-Zehnder interferometry case, the rel-
ative phase from atom-light interaction in a beamsplitter is
often overlooked, since the Mach-Zehnder configuration will,
in general, cancel out the phase contributions from atom-light
interaction of the same kind of beamsplitter. In a multidimen-
sional case, however, things are not the same. When there is
more than one kind of beamsplitter, as comes from asymmet-
ric quantization axes between Raman transitions, the relative
phase may not be totally canceled out. This situation is similar
to that observed in Bragg diffractions-based Ramsey-Bordé
atom interferometry [34], wherein the phase contribution from
atom-light interactions plays a crucial role in the systematic
errors.

Based on the model established in our previous study [33],
we can calculate the amplitude and relative phase when two
Raman pulses drive the transition at the same time as a two-
dimensional beamsplitter with different external magnetic
fields as quantization axes. Calculation results obtained for
/2 and 7 beamsplitters are shown in Figs. [6(b)-6(e)]. For a
7 /2 beamsplitter, atoms are initially set in |F = 3,0, 0, 0),
where the states are labeled by their internal state and the
momentum transfer along each direction of the Raman beams.
For a m beamsplitter, we assume atoms are following path A
in Fig. 6(a) and are initially in the |F = 2, hAk,/, 0, 0) state.

From calculations in Figs. [6(b)—6(e)], we could infer that
in a square two-dimensional Mach-Zehnder interferometer,
atoms could obtain different relative phases due to their ther-
mal velocities, which contribute to statistical errors. If we
assume the ®Rb atoms are cooling down to the recoil tem-
perature range in all directions, whose corresponding Doppler
shift will be about 3.86 kHz in the D, line, then the phase
shifts that form the statistical errors will be estimated about
~1 rad per atom.

Besides statistical errors, different quantization axes will
change the ratio between 7, 0™, and 0~ Zeeman transitions
in atoms and will change the relative contributions to the
ac Stark shifts. When single-photon detuning A is not infi-
nite, the resonance deviation from ac Stark shift will bring
out extra phase shifts. These phase shifts are constant and
become particularly pronounced when the measured rotation
and acceleration are small. We could consider the case in
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FIG. 6. Calculated properties related to two-dimensional Raman
transitions under different quantization axes. (a) Top view schematic
of a sequence constituting a two-dimensional Mach-Zehnder inter-
ferometer using atom-optical pulses, assuming pulse duration t is
much smaller compared to 7. Gray rectangular areas represent the
Raman beams. (b) Calculated |F = 2, hAk,,0,0) amplitudes af-
ter the two-dimensional /2 beamsplitter. Here each Raman pulse
is set to be 40 us and the intensity is set to achieve an overall
/2 transition for each output with 6 = 45° and ¢ = 0. The in-
set demonstrates the population transfer of the three states of the
atoms during the beamsplitter process. (c¢) Calculated relative phases
between |F = 3,0, 0, 0) before the pulse and |F =2, iAky, 0, 0)
after the pulse under different 6. The conditions for the Raman
pulses are the same as in (b). Calculation results with different
¢ are similar. (d) Calculated |F = 2,0, iAky, 0) amplitudes after
the two-dimensional = beamsplitter based on a pair of two-photon
Raman transitions. Here each Raman pulse is set to be 80 us and
the intensity is set to achieve an overall 7 transition with 6 = 45°
and ¢ = 0. The inset demonstrates similar population transfers of
the atoms as in (b). (e) Calculated relative phases between |F =
2, iAky,0,0) before the pulse and |F = 2,0, iAky,0) after the
pulse under different 6 and ¢. The conditions for the Raman pulses
are the same as in (d). (f) Calculated ac Stark shifts relative to differ-
ent tilting angles of quantization axes under different single-photon
detunings.

the proposed multidimensional atom interferometry [19] as an
example, and assuming using **Rb. Given interrogation time
T as 30 ms, wavelength as 780 nm, and the earth rotation rate

as 7.3 x 107> rad/s, we can estimate that the phase difference
related to the rotation AP will be about 25.3 mrad per shot.
Given 500 MHz blue-detuned away from |55/, F = 3) —
|SP3/2, F' = 4) in the 85RD case, the ac Stark shift calculation
is shown in Fig. 6(f). Based on the shift, we can estimate
the extra systematic error from the misaligned quantization
axis. The relative uncertainly from the state-of-the-art inertial
sensor [7] is demonstrated as 0.05/5.5 & 0.91%, which will
lead 0.23 mrad here. Therefore, the alignment of the quantiza-
tion axis could be better to be within approximately 10~2-deg
range. From the estimations, we can see in some cases the
alignment would be an issue of concern.

In addition to the approach of making appropriate align-
ments, another approach entails measuring the related fre-
quency at different values of T to account for the constant
phase shift [34]. Because the constant phase offset from
atom-light interactions contributes to the measured frequency,
which is inversely proportional to 7', the frequency has a linear
relation with 1/7T. By fitting the frequencies measured at dif-
ferent T', one can effectively eliminate the extra constant phase
shift. This approach will encounter the power distribution
issue in the original multidimensional atom interferometry
design, in which there will be one beam in each direction
to drive multiple beamsplitters at different locations. Varying
power distributions in the Raman beams leads to different ac
Stark shifts, causing an atom interferometer to retain differ-
ent phases at different time intervals. A potential solution is
to expand the beams, necessitating increased optical power.
Similarly, we can increase A to suppress the effect of ac Stark
shift, as also demonstrated in Fig. 6(f). It also implies higher
optical power requirements.

IV. CONCLUSION

In summary, we realize multidimensional matter-wave
beamsplitters, which pave a way for future applications
in multidimensional atom interferometers or even higher-
dimensional quantum information applications. Our experi-
mental results validate several predicted phenomena in multi-
dimensional beamsplitters, including parasitic resonances and
alterations in the efficient pulse durations of Ramsey fringes.
In addition to the conventional design of using two-photon
Raman transitions, we incorporated recently discovered four-
photon Raman transitions to construct beamsplitters and
conducted comparative analyses. The tradeoff between the
potential errors and power requirement when choosing the
proper direction of the external magnetic fields is discussed
and could be evaluated in future multidimensional applica-
tions using Raman transitions.
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