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Can a Matter-Wave Interferometer Detect Translational Speed?

Ruyong Wang*, Yi Zheng and Aiping Yao
St. Cloud State University, St. Cloud, MN 56301, USA

Based only on the Galilean addition of velocities and the de
Broglie relation, it is deduced that in a matter-wave interferometer with
slow-speed particles, a moving segment of AL with a velocity V
contributes A¢ = (2n/VA)V-AL to the total phase difference of the
interferometer, where v is the speed of the particles and A is the
wavelength. This expression is exactly the same as the generalized Sagnac
effect for light waves found by experiments except that v is replaced by c.
For a rotational motion, it leads to the Sagnac effect. Additionally, the
scientific value of this relationship is also to explore the possibility of
detecting translation speeds by a matter-wave interferometer. Two
configurations of the experimental setup have been indicated and the key
element is that the paths of the interfering beams constitute a loop with an
opening. If the possibility is confirmed by experiments, the conclusions
will be that there is a preferred reference frame for matter waves and a
speedometer with a very high sensitivity is possible.

PACS numbers: 03.75.-b, 03.75.Dg, 06.30.Gv

That a matter-wave interferometer can detect the rotation of the Earth was first
predicted in 1975 and the formula of the phase shift was obtained by an analogue of the
Sagnac effect for light waves [1]. The prediction was confirmed by an experiment using a
neutron interferometer in 1979 [2]. Since then the Sagnac effect of matter waves has also
been shown in the atom interferometer [3] and the electron interferometer [4]. Similar to
the Sagnac effect of light waves which has a variety of interpretations, the Sagnac effect
of matter waves also has different interpretations, some of which are common for both
light waves and matter waves [4, 5]. Here we present a concise interpretation based
directly on only two fundamental equations, the Galilean addition of velocities and the de
Broglie relations. Because the Sagnac experiments of matter waves use slow-speed
particles, the relativistic effects do not need to be considered.

For a matter wave in a segment of a matter-wave interferometer that is at rest in
an inertial frame X (Fig. 1), we have the de Broglie wavelength:

A = himv (1)

where m is the mass of a particle and v is the speed of particles. The phase shift in the
segment of the length AL is



¢ = 2n(AL/A). (2)

)y

Fig. 1 A moving segment of the matter-wave interferometer.

Now allow this segment of the interferometer to move with velocity V in the reference
frame X. According to the Galilean addition of velocities, the speed of the particles in the
direction of the matter wave is v+Vcosé. Therefore we have a new wavelength

A’ =h/m(v+Vcosd) = A[1+(VcosOIV] 3)

Because the total energy of the particle is almost the same, the frequency of the matter
wave does not change. Thus, the phase shift in the moving segment is

¢ = 2n(AL/A’) = 2n(AL/A)[1+(VcosO)/Iv] 4)
Hence for the segment AL, the phase difference between the two cases is
Ap=¢ - =2 [(VcosON](AL/L) = (2r/vA)V-AL (5)

Here, the magnitude of vector AL is the length of the segment, and its direction is along
the propagating matter wave. This expression tells us that when the direction of the
matter wave changes to the opposite direction, i.e., AL changes to -AL, the phase
difference changes its sign.

Note that this expression is exactly the same as the expression of the generalized
Sagnac effect (GSE) obtained by experiments for light waves [6, 7] except that v is
replaced by c. The GSE states that in a loop a moving segment of AL with a velocity V
contributes A¢ = (4n/ch)V-AL to the total phase difference between two counter-
propagating beams in the loop (the phase difference is doubled because of two counter-
propagating beams in the interferometer). The contribution A¢ is independent of the
refractive index of the waveguide. Furthermore the motion of the segment can be either
linear or circular. The GSE includes the Sagnac effect of rotation as a special case.
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Similarly, for the rotation of the matter-wave interferometer (Fig. 2), the phase difference
between the two paths is

27 27 2
Ap=22 (fABC Vdl— fADC V'dl) ~ v (fABC Vdl+ fCDA V'dl) - ;143 V-l (6)

A

Fig. 2 The Sagnac experiment of the matter-wave interferometer.

Applying Stokes’s theorem, we obtain the Sagnac effect of rotation for matter waves

rg=2F le—Zﬂﬂ(vV)dA—ZﬁﬂzgdA—MQA—MQA 7
¢_vi T WIAE =0 Y (7)
A A

where Q is the angular velocity of the rotation and A is the area enclosed by the paths of
the interferometer.

While the enclosed area is widely cited as a factor of the Sagnac effect,
experiments for the GSE indicate that the velocity and length of the moving waveguide
are the fundamental factors, rather than the enclosed area [6]. Actually, the experiments
show that the enclosed area can be zero for a non-zero phase shift caused by the motion
of the interferometer’s segments. Similarly, this work shows that the fundamental factors
for the Sagnac effect of matter waves are not the speed of the rotation and the enclosed
area, but the velocity and the length of the path. The velocity changes the momentum of
the particles, which causes the change of the wavelength of matter waves, which in turn
causes the phase difference in the interferometer.

The scientific merits of this concise and direct analysis are not only in interpreting
the Sagnac effect of rotation, but also in exploring the possibility of detecting translation
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speeds by a matter-wave interferometer, i.e., the possibility of existence of a preferred
reference frame for matter waves. It can be shown that if the matter-wave interferometer
is a Mach-Zehnder type interferometer with paths constituting a closed loop (Fig. 3a), a
matter-wave interferometer cannot detect translational speeds. The phase difference
between two paths from A to B is

Ap=Ag, - Mg =2 ([, Vdl— f, V) (8)

Because in the case of a translational motion all the segments have the same velocity V,
we have

9= 2V-(f, = 1) =0 X
B
I
\Y
A I
(a)
i ~ Detector \Y
Beam 2 Beam 1
| e eem o ! Wide beam
©) (d)

Fig. 3 Detecting the translational motion with a matter-wave interferometer. (a) A
Mach-Zehnder type interferometer without an opening and (b) with an opening. (c)
Interference between two independent beams. (d) Coherently extracting two separated
“narrow” beams from a “wide” beam.

However, if the paths of the beams constitute a loop with an opening, for example, with a
distance D between the starting points of the two beams (Fig. 3b), the translational
velocity V will have a net effect for the interferometer:

, 2 27 m
g =2v.(f, dl- [, dl) = 2VDcoso= (&) VDcosd (10)
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The possible configurations having two beams with an initial distance D include:
(1) utilizing the interference between two independent beams [8], especially two
separated atom lasers which interfere with each other [9] as shown in Fig. 3c, and (2)
coherently extracting two separated “narrow” beams from a “wide” beam as shown in Fig.
3d.

A typical value for v of matter waves is 10® m?/s, therefore even if the size of
the opening D is only 100 um, experiments should be able to examine whether A¢ =
(2rt/vA.)VDcosH exists or not with a speed V slower than 102 cm/s. And if this effect is
confirmed by experiments, using the matter-wave interferometer we could have a
speedometer with a very high sensitivity.

It would seem that detecting translational speeds using a matter-wave
interferometer having slow-speed particles is impossible because it violates the classical
principle of relativity. However, we know that the classical principle of relativity is valid
for the phenomena of mechanics; i.e., it is based on the particle-like property of matter. It
has not been examined by experiments whether or not the classical principle of relativity
is valid for matter waves. Fig. 3c and 3d are the proposed experiments for the examining.
If the fringe shifts are found by the experiment, the conclusion will be that there is a
preferred reference frame for matter waves.

*Electronic address: ruwang@stcloudstate.edu
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