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Abstract. A new Stern Gerlach interferometer operating with a nozzle beam of metastable argon atoms
Ar* (3p° 4s, ®P3) is described. The selection of incoming (polarisation) and outgoing (analysis) Zeeman
sublevels is achieved by use of laser induced transitions at two wavelengths, 811.5 nm (closed J =2 — J =3
transition) and 801.5 nm (open J = 2 — J = 2 transition). Linear superpositions of Zeeman sublevels, just
beyond the polariser and just before the analyser, are prepared by means of two zones where Majorana
transitions take place. In between, a controlled magnetic field configuration (the phase object) is produced
within a triple py-metal shielding. Standard interference patterns are obtained by scanning the field and
detecting the atoms by secondary electron emission from a Faraday cup. When a static radial magnetic
gradient is used, the beam profile is modulated by interference. The transverse pattern, which can be
translated at will by adding a homogeneous field, is observed for the first time using a multi-channel
electron multiplier followed by a phosphor screen and a CCD camera. The results satisfactorily agree with

all theoretical predictions.

PACS. 03.75.-b Matter waves — 03.75.Be Atom and neutron optics — 03.75.Dg Atom and neutron
interferometry 39.25.4+k Atom manipulation (scanning probe microscopy, laser cooling, etc.)

1 Introduction

In the historic Stern Gerlach experiment, magnetic atoms
are differently deflected according to the projection of
their moment along the direction of the magnetic gradient.
This experiment involves an incoherent mixture of atoms
(no interference) but it can be considered as the first at-
tempt to exhibit at a macroscopic scale the effect of the
field configuration on an atomic beam profile. The fun-
damental importance of such transverse effects has been
recognized for a while by theoreticians [1-3]. On the other
hand Stern-Gerlach interferometry (SGI) has proven its
ability to manipulate, in a non-trivial manner, through the
phaseshifts among different Zeeman sublevels, a beam of
atoms having a magnetic moment [4]. Up to now, in such
experiments, interferometric effects have been observed on
the total outgoing atomic flux, without entering the detail
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of the density flux profile. The motivation of the present
paper is to show how, owing to special properties of rare
gas metastable atoms, SGI and imaging techniques in the
transverse plane can be combined to obtain new physical
insights as well as technical applications.

This polarisation interferometry requires a preparation
of the beam in a spin eigenstate usually done without af-
fecting the atom trajectories. However, the beam could
be shaped, in a controlled way, previous or during polari-
sation, e.g. by transverse cooling [5]. This would improve
older results on atomic diffraction expected to be very sen-
sitive to the macroscopic diaphragms of the interferometer
set with a radial gradient of magnetic field [6].

The Majorana transition [7] or “spin flipping” of the
polarised beam, yields a linear superposition of Zeeman
states. A magnetic profile confined in a macroscopic re-
gion along the path of the atoms, forms the heart of the
interferometer and creates the different “optical paths” or
arms of the interferometer. As a general fact, the clas-
sical external motion of the atomic centre of mass is not
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Fig. 1. General scheme of the experimental set up. Distances from the nozzle source are indicated.

affected in this type of interferometer. Nevertheless, it will
be shown in this paper that longitudinal and transversal
modulations in the density profile of a supersonic beam of
metastable argon atoms result from interference.

The experimental study of a new Stern Gerlach inter-
ferometer [8] using a supersonic beam of metastable argon
atoms (Ar* 3P) is the subject of this paper. Our exper-
imental set-up is described in Section 2. We present first
the characteristics of the atomic beam and its detection.
Details are given for our laser configuration, using two
diode lasers to polarise and analyse the Ar* beam. Fi-
nally the interferometer is described in its different parts.
In Section 3, we give the results obtained for two con-
figurations of static magnetic fields: a transverse uniform
field and a transverse radial gradient field. Conclusions are
given in Section 4.

2 Experiment
2.1 Supersonic beam and detection

A continuous supersonic argon beam is excited beyond a
skimmer by an anti-parallel electron gun producing a high
flux of metastable argon atoms [9] in the 3P (11.71 eV)
and 3Py (11.54 eV) states. In our experiment *Py atoms
(one sixth of the total metastable flux according to the
Zeeman degeneracy) contribute as a background signal
since they do not possess any magnetic moment. Neverthe-
less, these atoms could be de-excited to the ground state
by the use of a proper diode laser beam (A = 795 nm).
Time-of-flight measurements using the electron gun with
a pulsed accelerating voltage give a Gaussian velocity dis-
tribution with an average velocity of 545 m/s and a half
width of 44 m/s (Av/v ~ 8%). These results are in good
agreement with previous measurements carried out with
a slotted disk chopper [9]. In experiments with Ar (5%)
seeded in hydrogen (95%) an average velocity of 1650 m/s
with the same resolution is achieved with comparable
fluxes. The angular divergence of the supersonic beam is
about 8 mrad when a circular aperture (1 mm in diameter)
is placed after the electron gun (Fig. 1).

A Faraday cup detector, consisting of a stainless steel
disk of diameter 10-mm is connected to a pico-ammeter.
A polarised ring helps to extract the Auger emission elec-
trons produced at the surface when metastable argon
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Fig. 2. Energy levels of argon atom involved in this exper-
iment. Long-lived levels (ground-state and metastable states)
are indicated by bold lines. Undulating lines show spontaneous
decay. The ionisation limit is 15.76 eV.

atoms hit the disk. This allows a measurement of an abso-
lute flux of the full beam (4 mm in diameter at the Faraday
disk), through the positive current indicated by the pico-
ammeter. Typical currents are in the range 0.1 to 2 nA
depending on the electron gun settings, thus giving fluxes
in the 100 atoms/s range (i.e. 10** at/s/sr). When this
global detector is moved out of the beam, a position sensi-
tive detector composed by a micro-channel-plate electron
multiplier followed by a phosphor screen detects the beam.
An interfaced CCD camera outside the vacuum chamber
then records transverse profile images.

2.2 Laser system

The wavelengths chosen for the purpose of spin polarisa-
tion and analysis of the 3P, state of a metastable argon
atom in the interferometer are respectively 811.5 nm and
801.5 nm (Fig. 2).

Two diode lasers are used in comparable set-ups
(Fig. 3). The scheme is the following. A laser diode work-
ing at low power (10 to 15 mW) is mounted in a Littrow
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Fig. 3. Lasers system. DL: diode laser and associated colli-
mating optics, G: grating on piezo-ceramic, M: mirror, AP:
anamorphic prisms, OI: optical isolator, PC: polarising cube,
PD: photodiode, L: lens, FOC: fiber optics coupling.

type extended cavity: a reflection grating (1200 lines/mm,
blazing angle 27°) acts as both the end mirror of the cav-
ity and the dispersion element according to the incidence
angle. A piezo-electric ceramic on which the grating is
mounted allows for fine-tuning of the frequency as well as
for cavity stability when a retroaction signal on the ref-
erence atomic line is applied. After crossing a half-wave
plate, the laser beam is shaped in a small circular form by
passing a pair of anamorphic prisms at Brewster incidence.
An optical isolator is used to prevent back reflections. One
part of the beam is taken from a polarisation cube thus
allowing saturated absorption spectroscopy along the ref-
erence atomic line in an argon discharge cell (0.5 torr,
50 MHz). The second part, more intense, is sent through
a single mode fibre to the vacuum chamber.

2.3 Interferometer

The interferometer is placed on a small optical frame in-
side the vacuum chamber (Fig. 4). Two counter propa-
gating laser beams, about 2 mm in diameter, cross the
atomic beam in order to polarise it. A triple y-metal pot,
of cylindrical symmetry, with guiding coils at the entrance
and exit, shields the sensitive zone from stray magnetic
fields. This shielding also creates, at each of its sides, a
Majorana transition region where the direction of the im-
posed inner and outer tiny magnetic fields varies abruptly
by about 90°. As a consequence, the spin rotating at the
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Fig. 4. Scheme of the interferometer. The circularly polarised
laser light at A = 811.5 nm in a magnetic field transverse with
respect to the atom beam (horizontal axis) is used as a po-
lariser (M = 42 sublevel, see Fig. 6). A second laser beam
at A = 801.5 nm, crossing the atom beam at right angle in a
longitudinal magnetic field, is used as an analyser (M = 0, see
Fig. 8). “Guiding” coils set at both ends of the shielded zone
allow for the adjustment of the Majorana zone operation (see
text). Inside the shielded region (phase object) copper bars
supplied with DC currents produce various magnetic field con-
figurations.

Larmor frequency does not adiabatically follow the new
direction of the inner magnetic field. In the inside shield-
ing, each atom in a superposition of M states (quantized
along the new transverse field direction) evolves in the
magnetic field created by a set of copper bars where a
current is allowed to flow. There are 8 such copper bars,
5 mm in diameter, 52 mm in length, placed evenly on a
12.5-mm radius circle. When properly supplied by electric
DC currents they create a transverse magnetic field. Af-
ter the exit-guiding coil, the atomic beam is analysed by
a second laser. Its quantization axis is defined here by a
magnetic field directed along the supersonic beam axis.

The polariser and analyser of the interferometer will
be now described in more detail. The Majorana zones and
the adiabatic evolution of the atom M states in the triple
p-metal cylinder will be detailed in Section 3.

2.4 Polarisation

To polarise the Ar* 3Py beam in the Zeeman state
M = +2, or equivalently M = —2 (which leads to an
identical interferogram), we use a laser beam frequency
connecting the metastable state J = 2 to the J = 3 (3D3)
upper radiative state. The wavelength of this closed transi-
tion is 811.5 nm (Fig. 2). We use circularly polarised light
in a standing wave crossing the atomic beam at right an-
gle. This is achieved when the collimated light beam at
the fibre output is polarised linearly by a proper polari-
sation cube, then circularly by a rotatable A\/4 plate. In
the crossing region a uniform magnetic field of 2.3 G is set
orthogonal to the atom beam. The light is retro-reflected
(R = 95%) and then goes without losses to a calibrated
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Table 1. Main characteristics dealing with the two optical transitions used in this experiment. Zeeman frequency shifts (in
MHz/G) are given for all allowed transitions between the sub-levels.

Transition 811.531 nm 801.479 nm
Landé factors gi =1.506 gr=1338 ¢;=1506 gr=1.112
Linewidth I'/27 5.8 MHz 5.6 MHz
Total decay time 27 ns 29 ns
Transition decay time 27 ns 104 ns
Transition probability 100% 28%
Saturation intensity 1.3 mW /cm? 4.4 mW /cm?
Light polarisation o i
Atomic dipolar transition AM =+1 AM =0
from M = —2 2.34 2.66 1.10
Zeeman shift  from M = —1 2.11 2.11 0.55
(MHz/G) from M =0 1.87 1.56 no
from M =1 1.64 1 —0.55
from M =2 1.40 no -1.10
photodiode when the A\/4 plate sets a circular light fully ' ' ' ' '
reflected at the prism. In this configuration, atoms see 120
the same helicity with respect to the quantization axis
imposed by the magnetic field. The polarisation process, 100
through the closed transition, does not induce losses in ¢ ) Fd 5
the detected metastable flux. Therefore, to obtain (by 'E 80 L CIRCULAR &°® & a@ﬁ LINEAR i
means of a metastable flux measurement) an information 8 " ] ‘ ” |
about the degree of M = +2 atomic polarisation, we use N “e
the same optical device with the open transition line at 60 = \ { 1
801.5 nm (see Tab. 1) which partly depopulates the 3Py [ e
state. This line connects the metastable state J = 2 to 40 F° 3 H
the J = 2 (3Dy) upper radiative state, which can decay g
to the ground state wvia the 3P; and 'P; radiative levels 20 e T N 0
(Fig. 2). A simplified rate equation formalism whereby the -2000 -1000 0 1000 2000

magnetic field is 0 and the laser light polarised circularly
predicts a stationary *Paj/—, o metastable flux equal to
0.275 times the initial 3Py flux, initially distributed evenly
in each M states ranging from —2 to 42 (statistical mix-
ture) [10]. This result still holds when the interaction takes
place in a moderate magnetic field. We checked this point
with the Faraday cup detector giving a metastable sig-
nal equal to about 40% of the initial flux including the
non resonant *Py atoms, in agreement with the expected
value: (0.275x 5+1)/6. More information can be obtained
by measuring the metastable flux. We carried out various
scans at a fixed laser power, in a magnetic field varying
from negative to positive values. In Figure 5 the depopu-
lation signal obtained with a circular polarisation, under
saturation conditions is shown (open circles).

Symmetrical depopulation, with a maximum depletion
when the applied magnetic field is 0 indicates (i) a loss
of the imposed quantization axis which is replaced by the
residual magnetic field, (ii) an optimal tuning of the cross-
ing angle between the laser and the atoms (the Doppler
shift is 2 MHz per mrad at 1650 m/s). We observe a de-
population reaching 60% when the field is around 2.3 G,
when the transition is saturated. This demonstrates that
this field is high enough to balance the residual earth mag-
netic field and small enough to stay within the partial
width of the line decaying to the metastable state. Push-
ing effects by the laser are prevented, as observed on the

coil current (mA)

Fig. 5. Depopulation effect induced by a linearly (open
squares) and a circularly (open circles) polarised laser light
at A = 801.5 nm (*P2 — ®D> open transition) as a function of
the applied magnetic field (23 G/A). The laser power saturates
in both cases the transition. Ar atoms are seeded in a H» nozzle
beam (velocity v = 1645 m/s); insets: zoom on the small-field
region. “Counts” correspond to the digitised analogue output
of the pico-ammeter.

2 -1 4 +1 +2
Fig. 6. Polariser: Ar*(3P;) atoms are optically pumped to
the M = +2 Zeeman sublevel by means of a circularly (o)

polarised laser light at A = 811.5 nm (3P2 — 3Dj3 closed tran-
sition).

phosphor screen detector, because the laser beam without
detuning is retro-reflected. Then the polariser is set back
to the other wavelength to realise the full polarisation of
the whole Py beam (Fig. 6), as it will be confirmed by
the interference patterns.
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Fig. 7. Analyser: depopulation effect on metastable argon
atoms Ar (®Pg2) induced by a linearly polarised laser at
A = 801.5 nm, as a function of the laser power. Experiment:
open circles: v = 550 m/s, applied field (referred to the beam
direction) 42.3 G; solid circles: v = 550 m/s, applied field
—2.3 G; open squares: v = 1645 m/s, applied field: —2.3 G,
solid squares: v = 1645 m/s, applied field +2.3 G. Calculated
results are shown as continuous lines. Curve: exponential fit;
lower horizontal line: depopulation limit assuming no decay
to ®Pa, M = 0 sublevel; upper horizontal line: depopulation
limit including decay to 3Pz, M = 0. It is observed that de-
population limits for the positive value of the magnetic field
are slightly lower than the limits for the negative value. This
asymmetry can be explained by a small Doppler shift (laser
beam not exactly perpendicular to the atom beam).

2.5 Analysis

The method chosen to analyse the coherent superposition
of Zeeman sub-states consists in filtering the M = 0 part
of it by using the open transition at 801.5 nm. The laser
photons do not affect this particular state when a linear
polarisation parallel to a magnetic field is applied (M = 0,
AJ =0, J =2 Clebsh Gordan coefficient is zero). On the
other hand, all other M states are efficiently depopulated
via UV emission from the 3P; and the 'P; radiative states
(Fig. 2).

A numerical calculation shows that the amount of
spontaneous emission going to the M = 0 state is
0.066 times the ®P, initial population when the follow-
ing conditions are fulfilled: (i) the laser interacts with a
fully depolarised statistical population of metastable ar-
gon atoms in the 3Py state, (ii) we assume saturation and
linear pumping in a zero magnetic field. Different scans
have been recorded with the Faraday detector, at differ-
ent laser intensities in a variable magnetic field. One of
them, at saturation is shown in (Fig. 5, open squares).

A Faraday signal ratio with and without the laser (de-
population ratio shown in Fig. 7) is then deduced for a def-
inite magnetic field (2.3 G). As it can be seen saturation
conditions are fulfilled even for higher velocities when the
laser power is larger than 500 pW. We present also what
would be an ideal filtering ratio, i.e. without spontaneous
emission to the M = 0 state. This ratio is 33% including

' h ' |
! ! ' \
' ! ' §

! -2 ¢ -1 0 +1 Y +2 )

Fig. 8. Analyser: Ar*(*P2) atoms experience a linearly po-
larised laser light tuned on the open %P2 — 3Dy transition
(A = 801.5 nm). The only M = 0 Zeeman sublevel remains
populated in a stationary regime. In this ideal scheme contam-
ination of the M = 0 sub-level by spontaneous emission from
radiative M = +£1 levels is ignored.

the 3P state (1/6 + 1/6). We emphasise that the exper-
imental case when we do interferometry measurements is
probably close to the ideal filtering case (shown in Fig. 8),
especially in the vicinity of a central bright fringe, where
the whole population is in the dark state.

3 Results and discussion
3.1 Interferometric signal

Let us consider the ideal case of an atom of velocity v,
parallel to the symmetry axis of the interferometer (Oz).
We simplify also the external motion and consider a plane
wave whose wave vector is k = mv/h. The atom is po-
larised in the Zeeman state |J = 2, M = +2) in the quanti-
zation axis defined by the magnetic field in the laser inter-
action region. The evolution of the spin is adiabatic, and
the field direction before the Majorana transition is Oz,
that of the guiding magnetic field just before the shield.
The wave function can be written e'** @ |J =2, M = 2),.
Let us now consider the first Majorana transition where
the field direction is going to rotate by 90° around a trans-
verse r-axis. A criterion describing this sudden transition
is wp > wy, where wp is the angular velocity of the mag-
netic field and wy the Larmor frequency. This condition
is best satisfied when the atom velocity is high and when
the residual magnetic field inside the shield is small. We
can write (e.g. [11]):

|J = 27M> = ZDE\(/;’:]\?(O"ﬁ77)|J = 27M’>7
M/

where M is quantized along (Oz) and M’ along the new
direction of the inner magnetic field, usually transverse
(0z"). D) is the finite rotation matrix for a spin J (also
called Wigner matrix), and «, [, v are the Euler angles
of transformation from the old reference frame (z, y, z),
to the new one (2, 3/, z’). In the particular case of a 90°
swing, « and v can be set to zero, and thus we can write:

P J=2,M=2)=
@Y dip (8= )10 =200
M/
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where the matrix elements daas are given in [11]. One
can write the incoming state explicitly (states J, M will
be simply noted from now, M):

) 1 1 3
ikz
——22/———121 —OZ/
: ®@|> SESTREET
1 1
——|+ D +=4+2)]). (1
14D gl 42 ). ()

If we call ¢pp (2) the part of the wave function describing
the external motion state of the M’ component, then the
wave function interacting with a uniform magnetic field
along z’, localized in the region [0, L], is written as a sum
of tensorial products of internal and external states:

Wrae(2)) = Y darr(2) © |M'). (2)
w

The time independent Schrédinger equation at energy
E = h%k?/2m leads to a set of 2J + 1 uncoupled equa-
tions since |M’) is an eigenfunction of the Zeeman oper-
ator V. = gupJ - B = gupB(z)J, with the eigenvalue
M'gupB(z). Notice that even in the case of a uniform
magnetic field there is a gradient B(z) at both sides of the
field, which is responsible for a longitudinal Stern Gerlach
effect. Thus we can write for each M:

{;—jja i Mce(z)} () = Eoa(z)  (3)

where £(z) = gupB(z) is the Zeeman energy for M’ = 1.
Equivalently we can write:

[A+ K (2)]dar (2) = 0 (4)

where

Kur () = ) (B~ Vir ()
is the local wave number, and Vj;(z) =
Zeeman energy for M’.

Because any potential variation Vi (2), at the local
wavelength scale Ay (2) = 27/ Ky (2), is very small com-
pared to the local kinetic energy, the WKB approximation
is widely justified. In our experiment the Ar* atoms have a
velocity of 550 m/s (1650 m/s when they are seeded in hy-
drogen) and a narrow velocity distribution (dv/v = 8%).
Their kinetic energy is about 60 meV. This is a very high
value compared to typical Zeeman energies of a few neV.
Furthermore, an alternative form of the WKB condition,
valid for our problem is:

M'e(z) the

de(z)

2rE
| < “T2 Where A = 0.18 A (pure Ar)

AdB

or 0.06 A (Ar seeded in Hy),

corresponding to an upper limit of 2 eV/ A. A consequence
of E > |Vjy| is that, for the calculation, the external mo-
tion of the atom can be considered as uniform (and clas-
sical): r(t) = ro + (¢t — to)v, making the effect of Vj; be

+1 +i

4

& &

=1 I
H 4

Fig. 9. Magnetic field configurations used in the phase ob-
ject: (a) homogeneous field (“Helmholtz” configuration) pro-
duced in the vicinity of the z-axis by paired currents +ig.
(b) quadrupolar field (“Helmholtz” configuration) produced
by alternate currents +iam. Field lines (hyperbolae) and
constant-field lines (circles) in the vicinity of the z-axis are
shown.

restricted to an action on the internal components (spin)
parts of the wave function, incorporating into each ¢y (2)
its own phase-shift @u = fOL (Km(2) — k)dz. Using
E > £(z) allows simplifying the phase-shift ¢y = Mg
in the Glauber form [12] with:

1 L

g0~—% .

e(z)dz. (5)
In the case of a uniform magnetic field, named By
(“Helmholtz” field), created by the current iy (Fig. 9a),

we can write in the vicinity of the z-axis:

V2o .

BH = iHX (6)

Ta

a is the distance of the bars to the Oz axis and now,
L
B ByL
QOM’ :lesz/guB\/ dZ H(T) sz/g‘u‘B H .
hJo v hv
(7)

In the case of a quadrupolar magnetic field, named Ba
(“anti-Helmholtz” field) created by the current ia
(Fig. 9b), we can write in the vicinity of the z-axis:

2
Ba = ~%i4pii = Gp (8)
™a

where 11 is the unit vector along the hyperbolae field lines,
G the radial uniform gradient and p, the distance between
the atom and the z-axis. Then in this case:

omr =M'p

L

B GL

_ —M’WTB/ g Bale2) S 9EGL, )
0 v U

Obviously, all atoms having a trajectory parallel to Oz
will develop this phase shift. Notice the linear dependence
on p. For any straight line trajectory, in general not par-
allel to Oz, owing to the linear dependence of B on p,
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an expression of the phaseshift similar to (9) is obtained,
p being replaced by p,,, the value of p in the mid plane
of the phase object. Thus we can express the two differ-
ent cases, with a common developed phase shift ¢ and we
will distinguish later between the Helmholtz case (v de-
pendent) and the anti-Helmholtz case (v and p dependent
in this simple model). In the limit of the plane wave, the
state of the atom after the interaction with the magnetic
field profile becomes factorisable and can be express as
follows:

. 1 : 1 : 3
ikz —2i —i
— —22/ | g—— —12/ ¥ —OZ/
¢ ®<4| ) gl e +\/;|>
1 +ip 4 L +2i
~31H et 4 1+ 20t ) (10)

We consider now a second Majorana transition (90° rota-
tion leading to a new axis opposite to Oz). The signal after
the (ideal) analysis of the M = 0 spin state is written:

1 /3 5, 1\/5 1\/§+2w
4\/;e V2 TaVse
3

3
a(3 — 4 cos2p + cosdy) = 3 sin® -

2

(11)

One may notice because of this special exit Wigner rota-
tion that terms e*i¥ are absent, giving an unambiguous 7
period to the interferential function.

This is the general form of the expected signal, in the
present polarisation scheme (polariser M = 42, analyser
M = 0). Here, the central fringe is a dark one. Similar ex-
pressions are easily derived for all other possible schemes.

3.2 Experiment with a transverse uniform field

A current iy is scanned among 4 bars in order to ob-
tain a homogeneous field through the whole Ar*(Hy) beam
(Fig. 9a). Fast Ar* atoms (v = 1650 m/s) have been pre-
ferred to thermal ones (v = 550 m/s) because of some
difficulties to handle the Majorana transitions and the in-
ner residual field. Nevertheless, interference patterns have
also been obtained with slow atoms. However the central
fringe and the fringe period do not fully agree with simple
theoretical predictions.

We emphasise here that the whole beam is detected.
At the Faraday plate we record the analog output of the
pico-ammeter, converted to digital counts through a time-
to-frequency converter. The signal is then sent via a multi
channel analyser card to our computer. The following sig-
nals are recorded:

(i) the signal without lasers,

(ii) the signal with polariser and analyser,

(iii) the signal without polariser and with analyser,

(iv) the background signal (the Faraday plate is set out
of the beam).

0,40
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Fig. 10. Interference pattern obtained in the Helmholtz con-
figuration, using the Faraday-plate detector, by scanning the
current ¢ (1 mA correspond to 0.45 mG). The (constant)
contribution of 2Py atoms and the background signal are sub-
stracted. The signal is normalised with respect to the total
incident metastable flux. The lower part of the figure shows
the calculated pattern.

It is then possible to normalise our interferogram
(Fig. 10) with respect to the amount of polarised inter-
fering atoms. Comparison with a theoretical ideal signal
is given. Each scan is of 40 s duration, and we carried out
10 pass counts. We remark a good general behaviour in
the number of visible fringes. We count about 21 fringes
at a full 300 mA range, making thus a fringe interval of
about 14.28 mA. The field generated by 4 bars has been
calculated in vacuo (0.50 mG/mA). It gives a similar total
number of visible fringes in the 300 mA range making a
fringe interval of 16.6 mA. It is likely that this small dis-
crepancy is due to the presence of the high permittivity
p-metal inner shielding (radius 20 mm), making appear
image bars that increase the field by a factor 1.4 for an
infinitely thick wall, and a smaller factor for the present
finite thickness of the material (1 mm). Although, the ex-
periment provides unambiguously the right interfringe, in
our case the smallest possible one as predicted by for-
mula (11).

The maximum amplitude of fringes in the experimen-
tal normalised pattern is 0.30, to be compared with the
theoretical value 0.375. The constant limit of the interfer-
ogram towards high interference orders is experimentally
0.23 instead of the theoretical value 9/64 ~ 0.14. The cen-
tral dark fringe (¢ = 0) should theoretically give a zero
signal value while experimentally it is about 0.05. This
corresponds to a lack of about 20% in contrast. Neverthe-
less this is in reasonably good agreement with the calcula-
tion since this latter assumes ideal polarisation processes.
In particular in the ideal analysis process the selection of
the M = 0 sub-state is assumed. Actually this state is also
populated by spontaneous emission from other upper sub-
levels the populations of which depend on the phase-shift
in the interferometer.
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Fig. 11. Same as Figure 10 in the anti-Helmholtz configura-
tion (quadrupolar field), by scanning the current 74 (the gradi-
ent G is 51 mG/mm/A). The lower part shows the calculated
pattern.
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Another discrepancy is seen in the shape of the fringes
themselves, which exhibits a slight asymmetry with re-
spect to the sign of 7g. This effect can be attributed to an
imperfect operation of the Majorana zones which cannot
be exactly described by a simple /2 rotation.

3.3 Experiment with a radial gradient field

In a second scan of current ig (Fig. 9b) we create
a quadrupolar field through the whole Ar*(Hs) beam
(Fig. 11). Notice a slower modulation than in the pre-
vious Helmholtz case. The discrepancies already noticed
in the Helmholtz case are enhanced here, which can be
explained by the use of a quadrupolar magnetic field.

Then we remove the Faraday plate from the beam in
order to use the position sensitive detector. In a first step,
the Gaussian atomic beam profile (without the interfer-
ometer) is centred on the detector. When the interfer-
ometer and its two diaphragms (2 mm in diameter) is
positioned, the resulting profile appears slightly shifted
(by about 2.5 mrad) in the laboratory horizontal direc-
tion (vertical direction in the figures). This explains why
the profile observed with no field in the interferometer is
not Gaussian (see the first image in the series of Fig. 12).

In a first series we use gradients (51 mG/mm/A) in-
creasing by steps (Fig. 12). The expected interference pat-
terns, namely a central dark hole surrounded by annular
fringes is observed. The whole pattern is more and more
compressed as the gradient is increased. Notice the fixed
position of the central fringe. It shows the good coinci-
dence of the magnetic and the collimation axes of the
interferometer. At the maximum value of the gradient
used (20 mG/mm) the diameter of the hole (150 pm) ap-
proaches the finite resolution of the detector.

In a second series, an increasing homogeneous field B g
is added to the quadrupolar field (Fig. 13). As expected
the whole interference pattern is translated. Due to the
fact that the homogeneous field is produced by bars set
at 45° from the “i4 bars”, this translation is directed per-
pendicularly to the “Helmholtz field” direction. Obviously,
at large enough values of iy the central hole gets out of
the field of detection insofar as the zero field line gets
out of the beam inside the interferometer. Notice that the
remaining part of the annular fringes have opposite con-
cavities according to the sense of the translation.

A high sensitivity of these images to the misalignment
(offset of the source point and polar angles of the mean
velocity axis) of the supersonic beam with the magnetic
axis has been observed. For a single value of the gradient
and two slightly different positions of the beam impact on
the detector, e.g. with a 4 mm shift, dramatic changes in
the interference patterns are observed, in agreement with
a simple simulation.

4 Conclusion

In this work, we have demonstrated the feasibility of a
Stern Gerlach interferometer operating with a supersonic
beam of Ar* atoms. Laser diodes have successfully been
used to polarise (M = 42) and to analyse (M = 0), a
3P, Ar* atom beam. Global detection of the interference
signal has been done with a Faraday plate detector con-
nected to a pico-ammeter. Typical fluxes are in the range
of 1019 atoms/s, thus giving precise interferograms ob-
tained with acquisition times of the order of one minute.

The high internal energy (=11.5 eV) of metastable
Ar* atoms, allows a position-sensitive detection by means
of a micro-channel-plate detector followed by a phosphor
screen. The ultimate resolution of the detector is 50 um,
the distance between two adjacent channel axes. This cor-
responds to a width of about 13 pm in the mid plane of
the interferometer. An external CCD camera used for the
first time in Stern Gerlach interferometry shows the pos-
sibility of modulating the transverse profile of the atomic
beam by an interference pattern, here a central dark spot
surrounded by annular fringes. This has been done in an
immaterial way, by simply using a quadrupolar magnetic
field at the heart of the interferometer. It has also been
demonstrated that the addition of a homogeneous field
allows a translation of the pattern as a whole in any
transverse direction and by a controlled amount. Atomic-
polarisation schemes different from the present one are
feasible as well. In particular it is rather easy to pass
from a central dark fringe to a bright one, which provides
us with an atomic spot that can be displaced at will in
the transverse plane. A key point in the experiment using
a nozzle-beam with a narrow angular distribution is the
quality of the alignment of the beam axis with the mag-
netic symmetry axis, an alignment to which the resulting
modulated profiles are very sensitive.

In the near future, experiments using a central bright
peak are planned in order to investigate which ultimate
spot size is achievable by increasing the magnitude of the
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Fig. 12. Left panel: beam profiles recorded by the camera
(transverse axes z, y), for increasing values of the gradient.
Values of the gradient G are indicated (in mG/mm). The scale
is given by the outer circle which is the border of the phosphor
screen (diameter 10 mm, corresponding to 2.4 mm in the mid
plane of the interferometer). Right panel: sections of these pro-
files (counting rate as a function of camera pixel number) by
the horizontal line passing through the centre of the pattern.
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Fig. 13. Beam profiles recorded at a fixed value of the gradi-
ent (G = 12.75 mG/mm), an homogeneous field (By) being
added to the quadrupolar field, to produce a translation of the
interference pattern as a whole, in a direction making an an-
gle /8 (downwards) with the horizontal direction. Algebraic
values of By are indicated (in mG). One may notice the oppo-
site concavities of the remaining annular fringes at both ends
of the scan.
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gradient. In principle, owing to the low values of the gra-
dient used so far (G < 20 mG/mm) quite large reduction
factors should be obtained. Nevertheless, in such experi-
ments several criteria must be fulfilled: (i) a good superpo-
sition of the beam and the magnetic axes; (ii) a good spa-
tial resolution of the position sensitive detector (<1 pum);
(iii) the atomic wave packets splitted out by the intense
magnetic gradient should overlap in order to preserve their
interference; indeed there exists as the distance of observa-
tion becomes larger and larger, a competition between the
natural (hyperbolic) spreading of the wave packets and the
(linear) Stern Gerlach deflection. While they need delicate
instrumental improvements, the realisation of these crite-
ria appears quite achievable. Beyond this step, this device
could be used as a versatile optical element in what con-
cerns: (i) micro-probing of surfaces, (i) atomic lithogra-
phy, (iii) realisation of new atomic sources for fundamental
interactions studies.
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