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Atomic beam deflection by coherent momentum transfer
and the dependence on weak magnetic fields
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Abstract. The deflection of Ne atoms in the metastable state 3P2 by coherent transfer of the momenta of
4 or 8 photons is demonstrated, based on the technique developed for coherent population transfer with
delayed pulses (STIRAP). After deflection the intensity profile of the isotope of mass 20 is fully seperated
from that for the undeflected atoms of mass 22. It is furthermore shown, how the interplay of Larmor
precession of the electronic magnetic moment and the sequential deflection in two spatially separated
zones can be used to measure the magnetic field, integrated over the flight-path between the transfer
zones.

PACS. 32.80.Lg Mechanical effects of light on atoms, molecules, and ions – 32.80.Wr Other multiphoton
processes – 42.65.Dv Stimulated Raman scattering; CARS

1 Introduction

The technique of coherent population transfer by STIm-
ulated Raman scattering involving Adiabatic Passage
(STIRAP) induced by delayed interaction of an atom or
molecule with two laser pulses, first suggested by Oreg
et al. [1], has been developed recently [2–5]. The objec-
tive of STIRAP is to transfer all the population from a
quantum state |1〉 to a quantum state |3〉. This is done
by a Raman-type coupling of these states by two radia-
tion fields, those of a pump laser and a Stokes laser, which
couple the initial and final state, respectively, to an inter-
mediate level |2〉.

The success of STIRAP relies on the fact that the
Stokes laser, which couples two states that are initially
not populated, interacts with the system before the in-
teraction with the pump laser begins, and that there is
a suitable overlap in time between these two pulses. In
essence, the Stokes laser creates a coherent superposition
of the two unpopulated eigenstates of the atomic or molec-
ular system such that the pump laser is prevented from
exciting systems from the populated state |1〉 to the inter-
mediate level [6]. A trapped state is formed [7–9] which
provides a pathway for smooth transfer of all of the pop-
ulation in state |1〉 to state |3〉 without ever populating
the intermediate level |2〉. This latter fact is crucial to the
success of STIRAP because it eliminates the dissipative
process of spontaneous emission to levels other than state
|3〉, which may also be coupled to the intermediate level
|2〉 by dipole transitions. A condition for the adiabatic evo-
lution involving the trapped state is that the pulse area
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of the laser pulse is large compared to unity, Ω∆τ � 1,
where ∆τ is the pulse length and Ω is the Rabi frequency
of the respective transition, determined by the transition
dipole moment µe and the electric field of the radiation,
Ω = µeE/~ [10]. In reality the explicit time dependence
of the interaction (and thus the Hamiltonian) results in
some nonadiabatic coupling during the transfer process
and some population will transiently reside in the inter-
mediate level from where it may be lost by spontaneous
emission. It has been experimentally verified that this loss
can be as small as 0.5% [11].

The remarkable properties of the STIRAP process
have stimulated a large variety of applications in areas
such as molecular reaction dynamics [12], electron colli-
sions [13], spectroscopy [14,15], laser cooling [16], manip-
ulation of atoms in a magneto optic trap [17] or emerging
from it [18] and in the context of atom interferometry
[19–21]. Future applications in other areas, such as cavity
quantum electrodynamics [22] are likely to emerge soon.

In this work, we demonstrate the potential of the
method for coherent momentum transfer, by showing the
deflection of an atomic Ne∗ beam while the quantum state
of the atom is preserved. For other recent work using stim-
ulated light forces to manipulate the transversal or longi-
tudinal velocity of atoms, see e.g. references [23–25]. In
our case the deflected beam is fully separated from the
undeflected one and thus the two isotopes of Ne of mass
20 and 22 are separated. Some earlier work along those
lines was reported by Lawall et al. [26]. We also show,
how the interplay of coherent momentum transfer in two
separated transfer zones and the Larmor precession can
be used for the detection of a weak magnetic field along
the flight-path of the atoms.
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Fig. 1. (a) Levels and coupling scheme for coherent popu-
lation and momentum transfer between m-substates in the
3P2(2p53s) electronic state of Ne. (b) Schematic diagram
of atomic beam deflection via coherent population transfer
as shown in Figure (a). The resonant wavelength of the
3D2 ↔

3P2 transition is λ = 633 nm.

2 Coherent momentum transfer

In the following, we discuss the coherent population and
momentum transfer within the 3P2 magnetic substates in-
duced by circularly polarized radiation, the frequency of
which is tuned to resonance with the 3D2 level of the 2p53p
configuration. As shown in Figure 1 two σ+ photons and
two σ− photons couple the m = +2 and the m = −2
state. The coupling consists of two sequential three level
systems, linked by the m = 0 substate of the 3P2 level.
Population transfer in multi level and multi photon ladder
systems has been considered theoretically previously [27].
Coherent transfer of population or momentum among m-
substates has also been experimentally demonstrated by
Pillet et al. [28] and Chu and coworkers [29], respectively.
Nevertheless, it is instructive to briefly consider necessary
conditions for the successful completion of the STIRAP
process for the level scheme and linkage shown in Figure 1.

A requirement is the existence of a trapped state (a
state with a zero energy eigenvalue throughout the inter-
action [30]). The Hamiltonian for the five level system of
Figure 1 reads

H(t) =
~
2


0 Ω12 0 0 0
Ω21 2∆12 Ω23′ 0 0
0 Ω3′2 2∆13′ Ω3′2′ 0
0 0 Ω2′3′ 2∆12′ Ω2′3
0 0 0 Ω32′ 2∆13

 (2.1)

where ∆ik is the detuning of the laser frequency from the
transition frequency between levels |i〉 and |k〉. A solution
of the Eigenvalue equation

H(t) C = ω C = 0 (2.2)

exists if the determinant of Ĥ vanishes at all times

detH(t) = 0. (2.3)

Equation (2.3) can be rewritten in the form

detH(t) = 2∆13 detH4(t)−Ω2
2′3

detH3(t) (2.4)

where Hk(t) describes the upper left k × k submatrix of
H(t).

Inspection of equation (2.4) allows the identification of
the condition for the formation of a state with zero energy
eigenvalue. The second determinant det Ĥ3 relates to the
three level system (m = −2,m = 0 andm = −1 in the 3P2

and 3D2 level, respectively). It is known that a zero energy
eigenvalue exists, if the laser frequencies are in two photon
resonance with the m = +2 and m = 0 state ∆13′ = 0

[31]. The first determinant det Ĥ4 need not be evaluated,
provided the four-photon resonance is also established. If
∆13 = 0 an eigenstate C with zero eigenvalue exists and
an adiabatic transfer path is available [5]. Since the pho-
tons of different polarization are derived from the same
laser beam, maintenance of the multiphoton resonances
is guaranteed provided the laser beams cross the atomic
beam at right angle to eliminate any Doppler shifts. Devi-
ation from the right angle by more than 1.5 mrad leads to
a detuning from the four photon resonance which exceeds
the multi-photon linewidth of about 2 MHz. Moreover the
Doppler shift which originates from the momentum trans-
fer to the atoms needs to be sufficiently small.

The results of a numerical integration of the Liouville
equation [32], using the parameters relevant for the exper-
iment (see below), show the evolution of the population
in the various levels, see Figure 2.

Results are shown for laser intensities of 310 mWcm−2

corresponding to Rabi- frequency of 0.24 rad/ns, leading
to a transfer efficiency of 82%. Increasing the intensity by
a factor of 20 will result in a transfer efficiency exceeding
99%. The transient population, which reaches the states
m = +1 and m = −1 in the 3D2 level due to nonadiabatic
coupling [2], is negligibly small and will be further reduced
when the Rabi frequencies are increased. As much as 30%
of the population resides in the m = 0 substate of the 3P2

level at intermediate times. Since this level is metastable
and there are no processes which interrupt the coherent
evolution, all of this population will eventually reach the
m = −2 final state.

When the laser beams of different polarization propa-
gate in opposite direction, the momentum transfer due to
the absorption process (σ− light) and the stimulated emis-
sion process (σ+ light) occurs in the same direction and
the atoms receive a momentum increment of 4 ~k trans-
verse to the beam axis. If the atoms return to the initial
level, m = +2, after passing through a second STIRAP
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Fig. 2. Evolution of the population in the various m-substates
(see Fig. 1) induced by delayed interaction of a Stokes and a
pump laser in STIRAP configuration for a laser intensity of
310 mW/cm2. At this intensity the transfer efficiency is 82%.
Increasing the intensity by a factor of 20 would result in a
transfer efficiency exceeding 99%. Some transient population

resides in level |3
′
〉 (m = 0). The very small transient popula-

tion in levels |2〉 and |2
′
〉 (|m| = 1 in the 3D2 level) is due to

nonadiabatic coupling.
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Fig. 3. Setup for the laser aided preparation of the atomic
beam. There is an additional aperture, for collimation of the
atomic beam, which is not shown. The metastable detection is
realized using a channeltron with a slit as entrance aperture
mounted on a precision translation stage.

zone a total of 8 ~k is transferred, provided the direction
of propagation and the sequence of interactions of the σ−

and σ+ light is interchanged as needed. We note that the
discussion of the process in terms of absorption and stimu-
lated emission is illustrative but may be misleading. In the
context of STIRAP the stimulated process does not trans-
fer population which resides in the intermediate level to
the third level. Rather the transfer occurs through a multi
photon process directly from the initially populated level.

3 Experimental

A beam of Ne atoms in metastable states emerges from a
cold cathode discharge nozzle source [33–35] which is wa-
ter cooled, see Figure 3. A fraction of the order of 10−4

of the atoms is in the metastable states 3P0 or 3P2 of the
2p53s electronic configuration. The flow velocity of the
atoms in the beam is about 850 ms−1 and the full 1/e2-
width of the velocity distribution is 300 ms−1. For the
experiments discussed in Section 6, the mean longitudinal
velocity of the atoms is reduced by cooling the source to
liquid nitrogen temperature. Furthermore, divergence of
the beam is reduced by one dimensional polarization gra-
dient laser cooling [36] a few cm downstream of the nozzle.
For all experiments the population of the 3P0 level of the
20Ne isotope is depleted by optical pumping: A prepara-
tion laser (λ =588 nm) excites the atoms to the 3P1 level
of the 2p53p configuration from where the atoms decay
either to one of the metastable levels or to the short lived
3P1 and 1P1 states of the 2p53s electronic configuration
followed by the emission of an VUV photon (74 nm) as
the atoms return to their 1S0 ground state. Since the in-
teraction time of the atoms with the preparation laser is
long compared to the lifetime of the upper excited level,
all atoms are eventually removed from the metastable 3P0

state.
The beam is collimated by 50 µm and 25 µm wide

slits positioned 30 cm and 115 cm, respectively, down-
stream from the nozzle. These slits provide a collimation
of the beam to 1 : 2.3 × 104. The half 1/e2-width of the
remaining transvers velocity distribution is equivalent to
a photon recoil of 1.2 ~k. The collimated beam enters the
main chamber and intersects the pump and Stokes laser at
right angle. The atoms are detected 82 cm further down-
stream by a channeltron behind a 10 µm slit. Channeltron
and slit are mounted on a translation stage, the position of
which perpendicular to the atomic beam axis is controlled
by a stepper motor with an accuracy of 1 µm.

The earth magnetic field is compensated by three pairs
of external coils in Helmholtz arrangement. Flux gate
probes [37] measure the components of the magnetic field
in all three dimensions near the atomic beam axis with a
resolution of 10 nT. Three independent servo loops control
the current through the coils. They are used to actively
stabilize the magnetic field to any given value and direc-
tion. The bandwidth of the servo loop is 1 kHz, which is
adequate to compensate time varying homogeneous fields
from nearby power supplies.

The laser beam from a Coherent 699 single mode laser,
operated with DCM dye, is delivered to the apparatus by
a single mode optical fiber. The polarization of the ra-
diation at the fiber exit is controlled by fiber polarizers
[38] and a Glan-Thompson prism. The subsequent opti-
cal arrangement, which sends this laser beam across the
atomic beam with appropriate polarization, direction of
propagation and spatial overlap, is shown in Figure 4 for
the case when two transfer zones are needed. The beam is
reflected by a polarizing beam splitter and circularly po-
larized by a λ/4 plate before it crosses the atomic beam
at right angle. After passing through a combination of a
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Fig. 4. Optics layout for the dual-zone setup. The combination
of lens and mirror acts as a cats eye reflector. The smaller cat
eye in the lower part of the figure can be used to control the
spatial displacement between both the pump and the Stokes
laser while the reflector in the upper part allows to change the
distance between the STIRAP zones easily.

lens and a mirror, equivalent to a cats eye reflector, the
laser beam crosses the atomic beam further downstream.
It is then linearly polarized again, passes through the po-
larizing beam splitter and is reflected by a second cats eye
arrangement.

The diameter of the laser beams at the crossing with
the atomic beam is 3.2 mm (1/e2 full width, measured by
a CCD camera). The position of the cats eye arrangements
is adjustable parallel to the atomic beam axis. In the setup
with two transfer zones, the overlap between the lasers in
each of the transfer zones is controlled by one of the cats
eye (the smaller one), while the distance between the zones
is controlled by the other. The small cats eye needs to be
readjusted when the large cats eye is moved. When only
one transfer zone is needed only one cats eye is used.

4 Atomic beam deflection

The first successful attempt to deflect particles of an
atomic beam by radiation forces dates back as far as 1933
[39]. An example for large angle deflection by spontaneous
emission forces, using the same equipment as for the co-
herent momentum transfer experiment discussed below, is
shown in Figure 5. for comparison. Here the coupling is
between the levels 3P2 and 3D3 λ =640 nm, which form
a closed cycle two level system. The narrow structure is
related to the undeflected 22Ne-isotope. The beam profile
of the deflected 20Ne-isotope is shown for the laser powers
(3; 6; 10; 15; 18; 30 mW), with the position of the maxi-
mum marked in the horizontal plane. The location of the
maximum increases less than linear with the laser power
P . The interaction time is long enough for several hun-
dred absorption emission cycles. Therefore the Doppler
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Fig. 5. Atomic beam deflection by the spontaneous emission
force, shown here for comparison. The narrow structure is re-
lated to the undeflected 22Ne isotope. The beam profile of the
deflected 20Ne isotope is shown for the laser powers (3; 6; 10;
15; 18; 30 mW), with the position of the maximum marked in
the horizontal plane.

shift due to the deflection may be larger than the satura-
tion broadened linewidth. The maximum deflection angle
ϑmax is then limited by that linewidth. Since the latter
increases proportional to

√
1 + P/PS [40] where PS is the

saturation power, we have ϑmax ∼
√
P for large P . The

dependence of spontaneous emission forces on the initial
state was recently investigated [41]. Although easy to im-
plement, the dissipative nature of the spontaneous emis-
sion process prohibits the use of such an approach when
the coherence of the matter waves needs to be maintained.

More recent attempts use, for example, the dipole force
exerted on an atom by an evanescent wave, the frequency
of which was detuned far to the blue side of the transi-
tion frequency (see e.g. [42–44]). The application of two
π-pulses from counterpropagating beams is a common
approach [45–47] in Ramsey-type atomic interferometry
[48]. In the former approach relatively high laser power is
needed, while in the latter one radiative loss from the in-
termediate state may be a problem. Alternative schemes
using magnetic forces have also been discussed recently
[49].

It is a distinct advantage of coherent momentum trans-
fer by the STIRAP process, that the dissipative process of
spontaneous emission is eliminated, even when short lived
intermediate states are used [50]. Furthermore, because of
the resonant coupling of the atomic levels moderate power,
within the limits imposed by the adiabatic following con-
dition [2], is adequate. Finally, since the STIRAP process
evolves along a zero energy eigenstate, the consequences
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Fig. 6. The interaction sequence of circularly polarized light in
the STIRAP configuration, shown in the lower part, prepares
the atoms automatically in the m = +2 substate, see upper
part of the figure.

of an AC Stark shift of the phase of the matter wave, and
the sensitivity of an interferometric setup to a small vari-
ation of the laser power, is reduced or even eliminated.

In the present experiment, we transfer atoms back and
forth between magnetic substates with |m| = 2. Such a
process has been demonstrated before in the time domain
[51]. There is no need to prepare the atoms initially in the
m = +2 via optical pumping by a separate laser before
they reach the transfer zones because this preparation is
intrinsic. The atoms are initially exposed to the σ+ radi-
ation. The population of all levels other than m = +2 is
depleted by optical pumping provided the atoms are ex-
posed to the Stokes laser radiation long enough to undergo
several optical pumping cycles before they reach the re-
gion where the two laser beams overlap, see Figure 6. The
lifetime of the 3D2 state is 19.6 ns [52]. Therefore the
extension of the zone with only the Stokes laser present,
should be (for particles traveling at a speed of the order
of 1000 m/s) no less than 0.1 mm. In our experiment, it
is about 1 mm wide.

The profile of the atomic beam is detected by a chan-
neltron behind a 10 µm slit 82 cm downstream of the
transfer zone. An example with only one transfer zone
in place is shown in Figure 7a, while the profile deter-
mined by the accumulated deflection of two transfer zones
is given in Figure 7b. The 22Ne atoms do not interact with
the radiation field. They are detected on axis. The width
of the peak is determined by the collimation of the atomic
beam. As shown in Figure 7b the profile of the deflected
beam is fully separated from the primary beam.
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Fig. 7. Profile of the beam of 20Ne atoms with respect to the
22Ne isotope (the latter marks the position and profile of the
original beam) with a single transfer zone (a) and a dual trans-
fer zone arrangement (b). In the former case a total momentum
of 4 ~k is coherently transferred while the transfer is 8 ~k in
the latter case. The maximum of the deflected beam (b) is not
exactly twice the displacement seen in (a) because of some in-
coherent momentum transfer due to the Stokes laser induced
optical pumping, see Figure 6. The longitudinal velocity dis-
tribution is the main cause for the broadening of the profile of
the deflected beam with respect to the undeflected one. The
deflection angle related to the maximum in (b) is 0.25 mrad.

Due to the longitudinal velocity distribution of atoms
in the beam the width of the deflected beam is broader
than that of the undeflected one. Comparison of the data
shown in Figures 7a and b reveals that the displacement
due to a momentum transfer of 4 ~k is 106 µm. The ex-
act position of the maximum of the distribution and the
increase in width are determined by two contributions:

(i) Some population reaches the m = +2 state during
the flight-path through the wings of the Stokes laser
beam profile after having absorbed and reemitted at
least one photon. Numerical simulation shows that this
initial optical pumping process leads, at the average,
to a shift of the distribution by 5 µm in the direction
of propagation of the Stokes laser, i.e. in the opposite
direction compared to the deflection by the coherent
moment transfer. This explains why the maximum of
the peak after the transfer of 4 ~k is found at a position
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less than half of the displacement found for the 8 ~k
peak.

(ii) The momentum transfer perpendicular to the atomic
beam axis is (except for the small contribution from
the incoherent process discussed under (i)) precisely
8 ~k. The momentum distribution parallel to the
atomic beam axis is, however, determined by the veloc-
ity distribution of the atoms. A time-of-flight analysis
of the deflected atoms would show a peak the width
of which is similar to the one of the undeflected 22Ne
atoms while its angular position would change with the
flight time (i.e. with the velocity parallel to the beam
axis).

Comparison of the area of the deflected and unde-
flected beams allows the calibration of the efficiency of
the transfer. The natural abundance of the 22Ne isotope
is 9.5%. Assuming uniform population of the m-substates
of the 3P2 level, 20% of the atoms in that state are in the
m = +2 state. From the branching ratios in the optical
pumping processes we find the ratio of the area of the de-
flected and undeflected beam should be γ = 2.02 : 1 for
a transfer efficiency of unity1. A background count rate
of about 100 s−1 (indicated by the thin line in Fig. 7)
needs to be subtracted from the signals. It results from
the emission of VUV photons from the nozzle. This ra-
diation is diffracted by the 25 µm collimating slit. The
zero order maximum of the diffracted light has a width
of 2.8 mm at the plane of the detector and contributes
to a background signal which is nearly constant over the
relevant area shown. After correction for this background
signal the ratio of peak areas is γ = (1.54 ± 0.06) : 1
which corresponds to a reflectivity of a single transfer zone
of R = (76 ± 3)%, in good agreement with the results
shown in Figure 2. Simulations show that a power density
of 6 W/cm2 (rather than 0.3 W/cm2 used when the data
of Fig. 7 was recorded) would yield a reflectivity exceeding
99%, provided the increase in laser power is not accom-
panied by detrimental influences such as induced by stray
light.

We emphasize that the deflection angle related to co-
herent momentum transfer is, in contrast to the data
shown in Figure 5, independent of the laser power, pro-
vided that adiabaticity [2] is satisfied. This is shown in

1 A fraction of 1/6 and 5/6 of the atoms is found in the 3P0

and 3P2 metastable states, respectively. Assuming uniform dis-
tribution of the population over m-states, we have 16.7% of
the 20Ne atoms in the m = +2 state of the 3P2 level. Based
on the relevant branching ratios we find that optical pump-
ing transfers 4% of the 3P0 level to the m = +2 state of the
3P2 level adding 0.67% with respect to the initial population
of 20Ne in metastable levels. Furthermore, transfer by optical
pumping from the m = +1 state of 3P2 adds another 3.89%
to the population of that state. Therefore the m = +2 state of
3P2 carries 21.26% of the population of 20Ne atoms initially in
a metastable state when they reach the overlap region of the
(first) STIRAP zone. With the natural abundance of 90.5% for
20Ne, we therefore find 19.24% of all metastable atoms in the
3P2 (m = +2) state, which is a factor of 2.02 more than the
9.5% natural abundance of the 22Ne isotope.
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Fig. 8. Atomic beam deflection by a single STIRAP zone as a
function of the laser power. The structure on the left is related
to the deflected atoms in the 3P2 state. This data was measured
without depopulating the 3P0 state. Therefore the reference
peak is more intense compared to Figure 7a.

Figure 8. For small laser power (< 2 mW) the efficiency
of the atomic beam deflector is rather small because in this
case the adiabaticity criterion is not fulfilled. Some popu-
lation reaches the intermediate states in the 3D2 level from
which the atoms decay to the ground state. For higher
laser power (> 30 mW) the adiabaticity criterion is satis-
fied. We observe, however, a decreasing transfer efficiency
with increasing power. In fact, stray light from the win-
dows, which does not affect the undeflected beam of 22Ne
atoms and possibly optical pumping induced by imperfect
polarizations of the laserbeams reduce the population of
atoms in the 3P2 states of 20Ne.

Finally, we show in Figure 9 the typical signature of
the STIRAP process for a power of the laser beam of
25 mW. The gray-scale representation shows the inten-
sity of the deflected and the undeflected beam as the spa-
tial overlap of the pump and Stokes lasers is changed.
The vertical scale gives the displacement ε of the axis of
the laser beams in units of the diameter d of the beams.
The zero of the vertical axis is precisely determined by
observing, at the entrance side of the fiber, the reflected
intensity which is coupled back into it. The axis of the σ+-
and σ−- beam coincide, when this intensity is maximal.
The data of Figure 9 confirmes that the efficiency of the
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Fig. 9. The “STIRAP-signature” of coherent momentum
transfer. Large deflection angles are observed when the laser
beams are spatially shifted. The deflection signal shown is ob-
served when the interaction of the atoms is first with the Stokes
(corresponding to positive values of ε/d). Since the m-state
preparation is intrinsic an equivalent deflection signal (not
shown) is observed around ε/d ≈ −0.4 and a detector posi-
tion near +200 µm.

momentum transfer is insensitive to small variations of the
spatial overlap of the pump- and Stokes laser. This is an-
other example demonstrating the remarkable robustness
of the STIRAP process [2].

5 Dependence on weak magnetic fields

Methods for measuring small magnetic fields are well es-
tablished. These include traditional devices such as flux
gate or Hall effect sensors [37] and very sensitive opti-
cal pumping schemes [53,54]. New methods based on the
highly dispersive nature of coherently coupled quantum
states [55–57], are emerging as well. It has also been shown
that the interplay of the Larmor precession and the mo-
mentum transfer which accompanies optical pumping in
a closed loop system renders the deflection of a beam of
metastable He atoms sensitive to a magnetic field in the
region where optical pumping occurs. Implementation of
this “mechanical Hanle effect” [58] requires a closed loop
level system with ju ≤ jl (jl 6= 0) where u and l refer
to the upper and lower level respectively in the two level
system. Such a closed loop level system is not available for
Ne∗.

Here we demonstrate how the interplay of the Lar-
mor precession and the deflection by coherent momentum
transfer can be used to measure the magnetic field along
the axis of the molecular beam, averaged over the flight-
path given by the distance between the two STIRAP de-
flection zones. Such an in situ measurement of the mag-

x

z

y

σ+

σ-

σ+

σ-

Fig. 10. This figure shows the interaction region (the central
part of Fig. 4) for the Larmor velocity filter in combination
with the transfer of population between m-states which takes
place either in the two STIRAP zones or in the flight path
between both zones induced by the magnetic field.

netic field, often needed to zero it, is required for many
atom optics experiments.

Consider the dual-zone arrangement, shown in
Figure 10. In the first zone, atoms are prepared in the
m = +2 substate and transferred to m = −2. They will
be transferred back to the initial quantum state in the
second zone, provided they remain in the m = −2 state
along the flight-path between the two zones. When the
laser beams are counterpropagating, as shown in the fig-
ure, the momentum transfer of 8 ~k results in the deflec-
tion, see Figure 7b. The intensity at the maximum of the
profile of the deflected beam is proportional to the flux
of atoms in the m = −2 magnetic substate at the loca-
tion of the second transfer zone. Larmor precession due
to a magnetic field in the region between the two transfer
zones will therefore interfere with the momentum transfer.
In fact, a nonvanishing component of the magnetic field
perpendicular to this initial quantization axis will result in
a Larmor precession and the m-states will be mixed dur-
ing their flight between the zones. The Larmor precession
angle evolves as

Θ = ω̄Larmor tflight (5.1)

with tflight = D/v, where D is the distance between the
transfer zones, v is the velocity of the atoms along the
atomic beam axis taken as the y-direction, and the flight-
path averaged Larmor frequency

ω̄Larmor =
gJµB

~
B̄ (5.2)

with

B̄ =
1

D

D∫
0

√
B2
y(y) +B2

z (y) dy . (5.3)
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The fraction of atoms found in the state |m
′
〉 = | − 2〉

at the second transfer zone is determined as follows: Af-
ter the first deflection zone the atoms are found in the
state |m

′
〉 = | − 2〉 by transfer from the initially prepared

quantum state |+ 2〉. A maximum of the flux of deflected
atoms will be observed when the Larmor precession an-
gle Θ along the flight-path to the second transfer zone is
Θ = nπ, i.e. when all of the population of the magnetic
substate |m

′
〉, which is coupled by the magnetic interac-

tion to other substates has returned to the substate |m
′
〉.

The variation of the flux of deflected atoms with B̄ is dis-
cussed next.

The projection of the substate m
′

at time t = 0,
|m
′
, 0〉, referring to the quantization axis parallel to k̂,

onto the substates |M
′
, 0〉 defined with respect to the

quantization axis B̂ with the angle β = ∠(B̂; k̂), is

〈m
′
, 0|M

′
, 0〉 = d

(2)

m′ ,M′
(β) where d

(2)

m′ ,M′
(β) is the re-

duced rotation matrix element for J = 2. The state vector
|M
′
; t, B̄〉 evolves according to

|M
′

; t, B̄〉 = d
(2)

m′ ,M′
(β)|m

′

, 0〉 exp
(
−iΘ(t, B̄)M

′
)
. (5.4)

The projection of the states |M
′
; t, B̄〉 on the quantization

axis defined by k̂ results in the vector |m
′′
; t, B̄〉 given by

|m
′′

; t, B̄〉 =
∑
M′

d
(2)

M
′
,m
′′ (−β)|M

′

; t, B̄〉. (5.5)

For t = tflight this reads

|m
′′

; tflight, B̄〉 =

[∑
M
′

d
(2)

m′ ,M′
(+β)d

(2)

M′ ,m′′
(−β)

× exp
(
−iΘ(tflight, B̄)M

′
)]
|m
′

, 0〉 .

(5.6)

Population in state |m
′
〉 at t = 0 which is found later in

state |m
′′
〉 at t = tflight is given by

Pm′′ ,m′ (tflight, B̄) =

[∑
M
′

d
(2)

m
′
,M
′ (+β)d

(2)

M
′
,m
′′ (−β)

× exp
(
−iΘ(tflight, B̄)M

′
)]2

.

(5.7)

Applied to our experimental situation β = π/2 and m
′

=

m
′′

= −2 equation (5.7) yields

P−2,−2(tflight, B̄) =
1

64

[
cos 2Θ(tflight, B̄)

+4 cosΘ(tflight, B̄) + 3
]2

(5.8)

or, using trigonometrical identities and the definition of
Θ(tflight, B̄) (Eqs. (5.1) and (5.2)):

P−2,−2(tflight, B̄) =
(

cos
µBgJ

2~
tflightB̄

)8

. (5.9)

Only the atoms in the substate m = −2 will acquire an
additional momentum of 4 ~k. Atoms in other states are
excited to the 3D2 state by the first radiation field of the
second transfer zone from where most of them decay to
the ground state and therefore do not reach the detector.
For completeness we also give the probabilities for finding
atoms in magnetic substates other than m = −2:

P−1,−2(tflight, B̄) = 4
(

cos
µBgJ

2~
tflightB̄

)6

×
(

sin
µBgJ

2~
tflightB̄

)2

P 0 ,−2(tflight, B̄) = 6
(

cos
µBgJ

2~
tflightB̄

)4

×
(

sin
µBgJ

2~
tflightB̄

)4

P+1,−2(tflight, B̄) = 4
(

cos
µBgJ

2~
tflightB̄

)2

×
(

sin
µBgJ

2~
tflightB̄

)6

P+2,−2(tflight, B̄) =
(

sin
µBgJ

2~
tflightB̄

)8

.

Equation (5.9) reveals that P−2,−2(tflight, B̄) is very sen-
sitive to the B-field for

Θ(tflight, B̄) = nπ, n = 0, 1, 2, ... (5.10)

Upon increasing of the magnetic field strength a periodic
change of the detector signal will be observed, reaching
a maximum value when the condition equation (5.10) is
fulfilled.

According to equation (5.9), we can expect a very nar-
row central maximum (n = 0), but broader structures for
n > 0 since the precession angle depends on the velocity.
The velocity dependence of Θ(tflight, B̄) will be used to
design a “Larmor velocity filter”, see Section 6.

Figure 11 shows experimental results together with
those from simulation studies. The magnetic field in the
z-direction is scanned via electronic control of the cur-
rent through the Helmholtz coils while the field in the
y-direction is varied in increments. Since the field
strengths which leads to Θ(tflight, B̄) = nπ depends on
the direction of the field perpendicular to the direction of
the laser beam but is independent of the azimuthal angle,
a circular structure is seen. The results for a flight-path of
2.5 mm or 5.5 mm, shown in Figure 11a or b, reveal the
n = 0 and n = 1 or the n = 0, 1, 2 and 3 maxima, respec-
tively, in agreement with the results from the simulation
studies, Figure 11c and d.

The consequences of the velocity dependence of the
Larmor precession angle accumulated during the flight-
path between the transfer zones is more clearly recog-
nizable in Figure 12, which shows results from a differ-
ent set of experiments with enhanced on-axis intensity,
achieved by one-dimensional polarization gradient cool-
ing. The data shown in this figure correspond to a cut
through data, such as shown in Figure 11, for By = 0.
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Fig. 11. Variation of the atomic beam intensity at the position
of the maximum of the deflected beam (dual zone arrangement)
as a function of the magnetic field in z- and y-direction. Dark
areas indicate high intensity. Deflection by coherent momen-
tum transfer of 8 ~k is only possible for zero magnetic field or
for a field which allows n full Larmor precession cycles. Since
the Larmor frequency depends only on the magnitude of the
component of the magnetic field perpendicular to the quan-
tization axis, a circular structure is seen. The panels (a) and
(b) show experimental results for a separation of the transfer
zone by 2.5 mm and 5.5 mm respectively. Related results of
simulation studies are shown in panels (c) and (d).

Fig. 12. The interplay of Larmor precession and deflection by
coherent momentum transfer in the dual zone arrangement as
Bx is varied for By = 0 together with simulation studies based
on equation (5.9) including the longitudinal velocity distribu-
tion of the atoms in the beam. The spatial separation of the
two STIRAP zones is 23 mm.

Fig. 13. Time-of-flight spectra for the dual zone coherent mo-
mentum transfer arrangement for B = 20 µT.

Obviously, the maximum intensity at the peaks is re-
duced as they broaden with increasing order n. The in-
tensity near the central peak falls to 50% of its maximum
value at a magnetic field of about B = 0.4 µT. This value
determines the precision with which the magnetic field can
be nulled by the external coils in the present experimental
arrangement. We are in the process of installing a Zeeman
slower to reduce the atomic beam velocity. Reduction of
the velocity of the atoms to 100 m/s will increase the sen-
sitivity to 100 nT (or 1 mG). Increasing the length of the
flight-path between the transfer zones would further in-
crease the sensitivity. An accuracy of the order of 10 nT
over a 50 mm long flight path should be achievable.

6 The Larmor velocity filter

The velocity dependence of the precession angle, equa-
tion (5.9), is demonstrated in Figure 13. The discharge
source is pulsed for time-of-flight analysis. The typical
length of the pulses was 10 µs.

The distribution of arrival times at the position of the
deflected beam is converted to a distribution of velocities.
The magnetic field perpendicular to the quantization axis
is set at 20 µT, which is far beyond the value that allows
the resolution of individual peaks in Figure 12. The num-
ber above the peaks in Figure 13 give the number n of full
Larmor precession cycles during the flight time between
the two transfer zones. We have n = 4 for v ≈ 840 m s−1,
n = 7 for v ≈ 500 m s−1 and n = 10 for v ≈ 320 m s−1.
The envelop of the peaks reflects the velocity distribu-
tion for the atoms in the beam. Clearly, only atoms with
a certain velocity are transmitted through this “Larmor
velocity filter” arrangement.

Once the order n of the maxima, such as those seen
in Figure 13, is known and the corresponding velocity
vmax is measured, the strength of the B-field in the direc-
tion perpendicular to the laser beams can be determined.
Reducing the B-field results in a reduction of the vmax.
A “Larmor velocity filter” can also be implemented with
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copropagating pump and Stokes laser in the two transfer
zones. The net momentum transfer will be zero in such an
arrangement and the velocity distribution of the atoms,
transmitted through the two STIRAP zones can be de-
termined at the atomic beam axis. Atoms at velocities,
which fulfill the resonance condition between the flight
time from one transfer zone to the other (i.e. execute n
cycles of the Larmor precession), will be transmitted and
recorded at the detector. All other atoms will be lost from
the metastable state by optical pumping.

7 Conclusion

We have demonstrated experimentally that efficient co-
herent momentum transfer by partially overlapping laser
pulses can be used to fully separate the deflected and un-
deflected part of the atomic beam. The process makes use
of the same concept as the STIRAP technique, which was
developed for population transfer. The interaction, which
leads to the deflection, is nondissipative. Although some
energy due to the photon recoil is added to the particle,
this element can be used in atom optics experiment, in
particular in the context of interferometry, since coher-
ence is preserved. The reflectivity of the mirror, discussed
in this paper, is of the order of 80%. However, increase
in laser power will increase the reflectivity to values much
closer to unity. We have shown deflection by up to two
sequential transfer zones. Adding more of such zones will
allow larger deflection angles. It was furthermore shown,
how the effect of the Larmor precession during the flight-
path between transfer zones can be used to determine the
magnetic field perpendicular to the laser beam propaga-
tion. In particular, external control of the current through
the Helmholtz coils may lead to the desired cancellation
of the field, a process which can be monitored with the
help of the Larmor velocity filter. With atoms slowed to
100 m s−1 an accuracy, integrated over the flight-path be-
tween the transfer zones, of the order of 10 nT (0.1 mG)
is achievable, corresponding to a Larmor frequency (for
electrons in the quantum state use in this experiment) of
the order of 100 Hz.
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