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Abstract. A new magnetic field configuration has been used in the mixing and elongating regions of
the longitudinal Stern-Gerlach interferometer. This configuration has proven to considerably improve
the performances of the interferometer. An analysis in terms of the vector model of a spin 1 particle

is presented.

PACS: 32.60.+i, 07.60.Ly

Recently the field of atomic interferometry underwent a sig-
nificant development with the realization of several interfer-
ometers, each of them working with very different methods:
use of a Young’s slits [1], use of material gratings [2], use of
a four-zone Ramsey configuration [3], use of stimulated Ra-
man transitions [4], and use of a longitudinal Stern-Gerlach
device [5]. This spectacular progress in the field in a few
months opens very fascinating perspectives because of the
great sensitivity of such devices. Indeed, the typical atomic
wavelength is about 10* smaller than typical optical wave-
lengths in the visible range. Among all the possible applica-
tions, one may quote the measurement of topological phases
(Aharonov-Casher effect, Berry’s phases), the study of colli-
sional phaseshifts and surface imaging but one may also per-
form more fundamental tests of physics such as the valida-
tion of the charge neutrality of atoms or the non-separability
of quantum mechanics. With respect to this latter point, the
longitudinal Stern-Gerlach interferometer is very interesting
since it provides atoms which exhibit a permanent multiple
localization regarding the center-of-mass variables (beaded
atoms [6]). The manipulation of these atoms allows the study
of the external atomic wavepacket and related properties [7].

In this paper, our purpose is to report a significant im-
provement on our previous results [S]. This has been ob-
tained by using a different magnetic field configuration as
described below.

1 Experimental Set-up and Result

The present longitudinal Stern-Gerlach atomic interferom-
eter (Fig. 1) operates with a beam of metastable hydrogen
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atoms H*(2s,; /2)- This beam is produced by an 80eV elec-
tronic bombardment of a thermal beam-of H, molecules.
The resulting time-of-flight distribution is well reproduced
by f(z) = 12.5z7° exp(—2.5z7?) with 2 = t/t,, where ¢ is
the time of flight and #; its most probable value correspond-
ing to the atomic velocity vy = 10km/s [8}. The atoms are
then partially polarized in hyperfine states 2s,/,, F' = 1,
Mp = 0,1 by passing them through a transverse polariz-
ing magnetic field B, (B, < 600 G). The resulting motional
Stark effect quenches the hyperfine states 2s;/,, F' = 1,
Mp = —1 and 2813, F' =0, Mp = 0 (Lamb and Rether-
ford’s method [9]). The atoms then enter a region which is
carefully shielded by a triple y-metal cylinder in between
two (quasi) zero-field regions (u-metal chambers C and C).
In this region the magnetic field configuration is that of two
pairs of half turns M and N and a frame F (Fig.2a). The
fields By, Br, and By created by M, F, and N are transverse
and the gradient of their magnitudes is longitudinal (Fig. 2b).
In the first mixing region .% (consisting of C and M) the
rapid passage from the B, fringe field to that of By and the
abrupt change in d1rect10n of By through M induce transi-
tions among the Zeeman states of the type already described
by Hight and Robiscoe [10]. After a flight path L = 85 mm
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Fig. 1. Scheme of the experimental set-up: electron gun K, A; polarizing -
Bp and analyzing B, magnetic fields (> 600G); p-metal chambers
C,C'; pairs of half-turns M, N; frame F; detector D specific to H*(2s)
atoms
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Fig. 2a,b. Magnetic configuration in the mid-part of the interferometer.
(a) two pairs of half-turns M, N; frame F. This configuration produces
on the Z axis a transverse field parallel to the X axis. (b) Profile of
this transverse field Bx = By + Br + By in arbitrary units

through B, the atoms enter the second mixing region .78’
(consisting of C’' and N) and then penetrate a transverse ana-
lyzing magnetic field B (Bs > 600G). %2’ and B, operate
similarly to .2 and b, finally, the remaining atomic flux is
measured by a detector D specific to H*(2s) [8].

In the first step, the H*(2s) atoms are produced contin-
uously. In the first experiment, B, and B, have the same
direction and the field Bf is scanned over the narrow range
~130mG up to 130mG at the center of the frame. The de-
tected signal has been plotted as a function of the intensity
i in the frame. Figure 3a shows the experimental result. The
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Fig. 3a,b. Detected signals versus the intensity iz in the frame (a) Bp
and B have same direction; (b) Bp and B, have opposite directions.
The acquisition time is 3200's
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Fig. 4. Same as Fig. 3b with a pulsed H*(2s) source and selection of a
slice 6t ~ 5 us in the time-of-flight distribution. 4: experiment; dashed

curve: theoretical calculation with A = 1 (see text). The acquisition
time is 300 s per point

contrast g of the interference pattern is rather good (= 23%).
The fact that only a few fringes are seen comes from the
velocity spread of the beam (6v/v > 100%). A second ex-
periment has been carried out under the same conditions but
with opposite directions for Bp and B,. The result is shown
in Fig. 3b. Instead of a black central fringe, a bright central
fringe is now observed. The contrast g is about 25%.

In the second step, the production of the H*(2s) atoms is
pulsed (pulse width 5 us, repetition rate 4 kHz). The number
of counts in a slice of width 5 s from ¢y in the time-of-flight
distribution has been plotted as a function of i (Fig. 4). the
contrast of the interference pattern is ¢ &~ 33%. The number
of fringes is increased since, by taking a slice in the time-of-
flight distribution, one artificially reduces the velocity spread
of the beam (6v/v =~ 40%).

2 Discussion

As the magnitude of the fields is weak in the investigated
magnetic range, a fine structure decription of the results, as
done in [5], is in fact not appropriate. A hyperfine structure
description is, however, necessary. Nevertheless, the appli-
cation of the vector model of a spin 1 particle is largely
justified for two basic reasons: (i) the magnitude of Bg and
of the fields in %2 and %8 is weak (< 0.5G); (ii) as a con-
sequence, because of their energy separation, no transitions
between the 2s)/,, F' = 1 and the 255, F' = 0 levels will
occur. This latter level being initially quenched, it will never
participate in the experiment. Hence, the general scheme de-
veloped in [6] is recovered for j = 1. In the following dis-
cussion, we will consider that all parts of the interferometer
act on the atoms independently from each other, allowing us
to express the whole evolution as piecewise evolutions. Let
us assume that the initial external motion is described by a
wavepacket |Z2(t)) (b = 1):

PR, 1) = (RIZAD)
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where M is the mass of the atom. Then the complete atomic
state at the entrance of .73 is

[Ze()) = |7)) ® lop) = |PD) @Y amBim, @)
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where the internal incoming state |p) is a coherent superpo-
sition of spin 1 states referred to the Bp axis. As the external
motion is quite unaffected in F3 (weak fields acting on a
short domain), the atomic state at the entrance of the Bp
region is given by

Pr(t)) = |72() ® lop) = |270) @ Y An®hy, - 3)

The internal state |@g) is obtained from |pp) by saying that
the atoms are at rest and see a time-dependent magnetic
field b(t) in .78. Following Majorana [11] as quoted in [10],
the physical effect of % is simply to induce a rotation of
the spin so that the evolution is described by a dynamical
Wigner matrix ZM(q, 8,7) where the Eulerian angle 3 is
Jjust the angle between By and, so to say, the final direction
of the spin. Hence, if A and a denote column vectors of
elements A,, and a,,, one gets:

A=9Y,8,7)a. @

This formula is nothing other than the result of the evolution
of the spin in . when expressed in the adiabatic basis.

In the Bg region, it can be shown [6] that the net effect
will be a longitudinal Stern-Gerlach effect (the gradient of
Br being longitudinal) so that, in the adiabatic approxima-
tion, the atomic state at the entrance of .% is:

Be®) =Y A |[Fon(®) B ®)

where (R|7,()) is obtained from (R|ZX(t)) by replacing R

AZ(K
by (R ~m 2( )
psE~! [ B(Z)dZ. E = K?/(2M) is the kinetic energy of
the atoms, pp is the Bohr magneton, uz is the unit vector
of the axis of propagation Z of the atoms and B(Z) is the
magnitude of the field in between Bp and B,. From the
characteristics of M, N, and F, one gets:

0= K62 =0093|igmA)|z  with z=t/t. 6)

uZ> in the integrand with AZ(K) =

The second mixing region 72’ acts similarly to .%. Conse-
quently, at the entrance of the B4 region, one has:

Ta®) = > |Fult)) @ B,

where

(Fa®) = Y Bam Am|Fin(®)) . 7

Fig. 5. Bvolution matrices through the magnetic fields b and b’ in
and .72". The same Wigner matrix £ describes the evolution from
Bp to Bg and from (—By) to (—Bg)
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The expression of the evolution matrix % of the spin in
J2' depends on the relative directions of Bp and B,. Let
us first examine the case for which these directions are op-
posite. Assuming that Bp and B, have the same profiles,
it is easy to see, by cousidering that the atoms are travel-
ling in the opposite direction, that the passage from Bp to
Bg is identical to that from (—By) to (—Bp) (Fig.5). It is
then equivalent to say that in %2’ the atoms are at rest and
experience —b(—t). Writing down the Schrodinger equation
for the internal state and making the formal transformation
t — (—t), one can easily show that in .92’ the matrix .%
is simply [2W0(a, B, 7)1, As the @} | part of |[Wa(t)) is
quenched by By, the detected signal in this experiment will
be I = <F1lF1> ~+ (F0|F0>

Let us now come to the case in which the directions of Bp
and B4 are identical. It is easy to see that by reversing B,
one will quench the &%, part of [F4(t)). then the detected
signal in this situation will be J = (F_{|F|) + (Fo|Fp) =
1 — (F1|F1). In the experiment, since the incoming beam is
partially polarized, the signal comes from the contribution of
a(1,0,0) and a(0,1,0). In the case of a monokinetic beam,
after some tedious calculations, one gets:

TE=05+0.125[\cos(p/2) F (2 — V. (8)

I+ (respectively 7 7) is the normalized signal when Bp and
B, have the same (respectively opposite) directions and A
stands for sin? 3. \ measures the efficiency of % and %%
A = 0 means a completely adiabatic evolution in the in-
terferometer whereas A = 1 means a completely diabatic
evolution. Taking into account the time-of-flight distribution
f(x) of the beam, one gets the predicted signal for the ex-
periment:

(%) (i) = / F@T* @, in)da ©)

The above analysis does not provide the  and ir dependence
of A. A detailed measurement of the field configuration in .58
or J2' and the complete resolution of the dynamical coupled
equations of evolution would be necessary for that. How-
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Fig. 6a,b. Calculated interference patterns when the production of
H*(2s) atoms is continuous. (a) Bp and B, have the same direction;
(b) Bp and B have opposite directions
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ever, to understand the principle of the interferometer, such
a machinery is not needed: in our calculations A has been
fixed to the constant value 0.75 (Fig. 6a) and to 0.69 (Fig. 6b)
in order to recover the experimental contrast of the patterns
[note that the maximal theoretical contrast from (8)-is 33%].
As one can see, the agreement is extremely good. Another
calculation has been made in the x-integration range [1, 1.4]
with A = 1. The result is shown in Fig.4 together with the
corresponding experimental results. The agreement is rather
good.

3 Conclusion

The longitudinal Stern-Gerlach interferometer has now be-
come an efficient machine providing interference patterns
with small error bars and a good contrast in less than one
hour. Furthermore, the theoretical analysis shows that its
operation is well understood. Some improvements remain to
be done: increase of the metastable flux and of the range
of visibility of the fringes for example. This latter point
could be achieved by the velocity selection described in [12].
Nevertheless, we are now in a position to study topological
phaseshifts (such as those of a conical magnetic field con-
figuration) or collisional phaseshifts. In this latter case, the
phaseshift is proportional to x and the net effect will be a
global shift of the interference pattern.
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