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Interference fringes of the atom interferometer comprised of four copropagating
traveling laser beams

Shinya Yanagimachi, Yasuo Omi, and Atsuo Morinaga
Department of Physics, Faculty of Science and Technology, Science University of Tokyo, 2641 Yamazaki, Noda-shi, Chiba 278

~Received 22 September 1997!

An atom interferometer comprised of four copropagating traveling laser beams has been developed using a
thermal calcium atomic beam and the performance of the interference fringes was investigated experimentally.
The interference fringes with a visibility of 0.2 were observed at an excitation power of 0.6 mW. The
signal-to-noise ratio was about 100 at an integration time of 5 ms. The equations for the interference signal
were derived from the evolution matrices of spinors and the visibility was calculated in consideration of the
divergent thermal atomic beam. The experimental results were described well by the present calculation.
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PACS number~s!: 03.75.Dg, 42.50.Vk
n
in

e
er
er
th
ve

o

er
th

je
ve
an
er
pr
h

-
hl
ha

m
lo
th
in
in
o

ht
a
o

e
r

for
ave
mic
in-
av-
or a

ow-
not
the
m.
de-
ce

um
av-

ith
ries
I. INTRODUCTION

Atomic interferometers are expected to be used as se
tive detectors in a variety of precision measurements, s
the de Broglie wavelengths of atoms are about 10 000 tim
shorter than those of light. Moreover, atomic interferomet
have the potential for applications in new experiments wh
neutron or electron interferometry is not applicable, using
atom’s internal energy structure. Since 1991, several
sions of the atomic interferometer have been presented@1–
5#.

A typical atom interferometer using coherent deflection
an atomic beam by light is the Ramsey-Borde´ atom interfer-
ometer@6#. A thermal atomic beam interacts with four las
beams, two of which propagate in one direction and the o
ers in the opposite direction, and forms a trapezoidal tra
tory. The phase difference between two trajectories is gi
by the detuning frequency, optical phase difference,
atomic phase shift caused by external perturbations. Th
fore in this interferometer phase shift can be measured
cisely from frequency shift of the resonance frequency. T
Sagnac effect@3#, ac and dc Stark effect@7–9#, and recently
the Aharonov-Casher effect@10# were measured by this in
terferometer. However, this interferometer requires a hig
frequency-stable laser to measure an extremely small p
shift.

On the other hand, four laser beams traveling in the sa
direction form a closed trajectory in the shape of a paralle
gram. In this case, the phase shift is determined by only
differences between optical phase and atomic phase, s
the two trajectories are symmetric. This means that this
terferometer is far less sensitive to frequency fluctuations
the laser. And this interferometer works like a white lig
interferometer, so that it may be suited to measure the ph
of the Aharonov-Casher effect which is independent
atomic wavelength.

Such an atomic interferometer was discussed by Bord´ a
few years ago@11#. Previously a very similar interferomete
geometry has been realized using ap/2-p-p/2 pulse se-
quence with Raman transitions by Kasevich and Chu@4,12#.
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In their case, laser pulses separated in time were used
cold atoms. On the other hand, Morinaga and Ohuchi h
developed this interferometer using a thermal calcium ato
beam@13# and have already derived an equation for the
terference signal of the interferometer composed of four tr
eling laser beams and calculated the interference signal f
phase shift due to dc Stark effect@14#. The behavior of the
experimental results was reproduced by the calculation, h
ever, the divergence of the thermal atomic beam was
taken into account. Therefore we derive an equation of
interference fringes for a divergent thermal atomic bea
The resonance profile is calculated as a function of the
tuning of laser frequency and the visibility of the interferen
fringes is obtained.

This paper describes the performance of the calci
atomic interferometer comprised of four copropagating tr

FIG. 1. Interaction geometry of the atom interferometer w
four copropagating traveling laser beams. Two pairs of trajecto
make two interferometers.a, ground state~solid line!; b, excited
state~broken line!; f i , phase of thei th laser beam~dotted line! at
time t; andD andd are beam intervals.
3830 © 1998 The American Physical Society
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eling laser beams which was investigated experimenta
The experimental results are compared with the calcula
which is derived in this paper.

II. PRINCIPLE

We consider a two-level atom interacting with four tra
eling laser beams which propagate in thez direction. The
laser beams have the same frequencyv0 and the same powe
p. The geometrical paths of the atom are shown in Fig
The atomic waves which move in thex direction interact
with the laser beams and split into two paths: the path of
excited stateb, which has a recoil velocity in thez direction
in addition to the initial velocity, and the path of the groun
state with an initial velocitya. After the atom interacts with
the four laser beams, there are 16 trajectories. When
ly
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beam spacing between the first and the second interactio
equal to that between the third and the fourth ones, t
Mach-Zehnder interferometers are formed by two pairs
trajectories, as seen in Fig. 1. The interference fringes
obtained from the variation of the population probability
either the upper state or the lower state. Conventionally,
observe the population probability of the excited atom
monitoring the fluorescence signal from the excited sta
Therefore, in the present paper, we consider eight trajecto
whose final states are the excited state in order to calcu
the interference fringes.

The wave function of the atom in the excited stateb after
interactions with four copropagating laser beams is descri
using the method of the evolution matrices of spinors deriv
by Bordéet al. @15#.
t

ectories in
b5exp~2gbt!exp$ i ~2d2kvz!~T812T14t!/2%@B1A2A3A4 exp$2gb~2T1T8!/2%exp i $~D2kvz2d!~2T1T8!/22f1%

1D1B2A3A4 exp$2gb~T1T8!/2%exp i $~D2kvz2d!2T8/22f2%

1B1A2C3B4 exp$2gb~T1T8!/2%exp i $~D2kvz2d!2T8/22f11f32f4%

1D1B2C3B4 exp~2gbT8/2!exp i $2~D2kvz2d!~2T2T8!/22f21f32f4%

1B1C2B3A4 exp~2gbT!exp i $~D2kvz2d!~2T2T8!/22f11f22f3%

1D1D2B3A4exp~2gbT/2!exp i $2~D2kvz2d!T8/22f3%

1B1C2D3B4 exp~2gbT/2!exp i $2~D2kvz2d!T8/22f11f22f4%

1D1D2D3B4exp i $2~D2kvz2d!~2T1T8!/22f4%#. ~1!

Notations used here are the same as those used by Borde´ et al. @15#: D is the detuning frequency fromv0 , d is photon recoil,
k is wave number of light,vx andvz are initial velocities of the atom in thex andz directions,gb is the relaxation constan
of the excited state, andf i is the optical phase. Subscripti denotes the number of interaction zones.T, T8, andt are pass
times of the first~or third! and central field-free zone and laser beam, respectively. There areD/vx , d/vx , and 2w/vx , where
D and d are lengths of the first and central field-free zone andw is a radius of the laser beam.Ai , Bi , Ci , and Di are
parameters which describe the transition between states. Each of the eight terms corresponds to one of the eight traj
sequence, as shown in Fig. 1.

The population probability of the excited state can be obtained from the product ofb with its complex conjugate,

bb* 5exp~22gbt!@ uB1A2A3A4u2 exp$2gb~2T1T8!%1uD1B2A3A4u2 exp$2gb~T1T8!%

1uB1A2C3B4u2exp$2gb~T1T8!%1uD1B2C3B4u2 exp~2gbT8!1uB1C2B3A4u2 exp~22gbT!

1uD1D2B3A4u2exp~2gbT!1uB1C2D3B4u2exp~2gbT!1uD1D2D3B4u2

1$~B1A2C3B4!~D1B2A3A4!* exp$2gb~T1T8!%exp iDf1c.c.%

1$~B1C2D3B4!~D1D2B3A4!* exp~2gbT!exp iDf1c.c.%1O„exp~6 ikvzT!,exp~62ikvzT!…#, ~2!
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where Df denotes the optical phase difference, name
Df52f11f21f32f4 . The first eight terms are nonin
terference terms and give the background population.
next two terms having the optical phase give the interfere
fringes and correspond to the two interferometers in the
ure. Since the four laser beams have the same power
phases of the two interferometers become the same.
other terms proportional to a function of exponential ofkvzT
,

e
e
-

the
he

or 2kvzT vanish by the integrals ofvz on the assumption tha
the residual Doppler width is large compared to the frin
width. Therefore we omit them from the equation in the c
culation hereafter.

When an atom with a particular velocity ofvx interacts at
a right angle with laser beams of a resonance frequency
population probability of the excited state is calculated
the following equation:
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bb* ~vx ,u!5exp~22gbt!sin2
u

2
cos2

u

2

3XH 11expS 2gb

D

vx
D1expF2gbS D1d

vx
D G

1expF2gbS 2D1d

vx
D G J cos4

u

2

1H expS 2gb

D

vx
D1expS 22gb

D

vx
D

1expS 2gb

d

vx
D1expS 2gb

D1d

vx
D J

3sin4
u

2
22H expS 2gb

D

vx
D

1expS 2gb

D1d

vx
D J sin2

u

2
cos2

u

2
cosDfC,

~3!

whereu5Vabt is the pulse area andVab is the Rabi fre-
quency. The results are shown in Fig. 2, as a function
various pulse areas. The solid line is the population proba
ity for optical phase ofp rad, and the dashed line is that fo
0 rad. When the pulse area isp/2, the probability of the
excited state is changed from 0.75 to 0.25 depending on
optical phase difference. Therefore the maximum visibil
of 0.5 can be obtained at the excitation ofp/2 pulse using the
present atom interferometer.

III. EXPERIMENT

The experimental setup is shown in Fig. 3. A therm
calcium atomic beam with the most probable velocity of 7
m/s, which corresponds to de Brogie wavelength of 13 p
was generated from an oven at a temperature of 700 °C.
collimated to give a residual Doppler full width of about
MHz using two diaphragms. An output beam with a wav
length of 657 nm and a frequency stability of 20 kHz from
high-resolution dye laser spectrometer@16# was used to ex-
cite calcium atoms to the3P1 state from the ground stat

FIG. 2. Probability of the excited state for the phase differen
of p rad ~solid line! and 0 rad~dotted line!, as a function of pulse
area.
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1S0 . The laser beam is transferred to the atomic beam ap
ratus by a polarization-preserving optical single-mode fib
The laser beam was collimated by a high-quality microsco
lens so as to be a beam waist at the zone where it inter
with the atomic beam. The radius of the beam waist is 1
mm. The output intensity was stabilized at the exit of t
fiber to be less than 0.1% at an integration time of 5 ms.

In order to generate two parallel laser beams with eq
power, we used an optical parallel plate. One-half of
front surface of this plate reflects 50% of the beam and
other is coated with an antireflection coating. The rear s
face has a perfect reflection coating. The beam space
tween two beams is 20 mm and the parallelism is within 1
We introduce two parallel beams with equal power into t
optical plate. The beam intervalD between the two inciden
beams is changed from 5 to 15 mm. The parallelism of
two incident beams is tested by monitoring the spectrum
that both laser beams interact with the same atoms with
resonance width of about hundreds of kilohertz. A sm
magnetic field was applied perpendicular to both the ato
beam and the laser beams in the interaction zone. The p
ization of the laser beam was set so as to excite only
Dm50 transition. The fluorescence from the3P1 state with
a lifetime of 0.4 ms is detected atL5250 mm downstream
by a photomultiplier with a diameter ofl 55 cm. A glass
plate was mounted on a scanning galvanometer and it
inserted in the path of the fourth beam before interact
with the atomic beam and was tilted in order to give atom
variable optical phase shift.

The fluorescent intensity on resonance frequency w
monitored by a digital oscilloscope as a function of tim
scanning the phase shifter, as shown in Fig. 4. Each p
was measured at an integration time of 5 ms. The inter
ence fringes are well described by a sinusoidal function
the optical phase shift, as expected. The visibility of interf
ence fringes is 0.2 and the signal-to-noise ratio of the frin
is about 100 at integration time of only 5 ms. This corr
sponds to a phase resolution of 30 mrad. The final alignm
of laser beams was performed so as to maximize the in
ference fringes which were monitored on the oscilloscop

With an optimum alignment, the visibility of interferenc
fringes was examined atD54.5 mm as a function of lase

e
FIG. 3. Experimental setup for the calcium atom interferome

together with a partial energy diagram of Ca. PS, phase shifter;
photomultiplier; BS, beam splitter;M , mirror; AR, antireflection;
HR, half reflection; and PR, perfect reflection.
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FIG. 4. Interference fringes of atom interferometer as a function of phase, together with a sinusoidal curve~solid line!. Data were taken
every 5 ms.
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power. The results are shown in Fig. 5. The visibility i
creases as the power increases. The visibility becomes
most maximum at a power of 0.6 mW, which is the pu
area ofp/2 for atoms with the most probable velocity@17#.
The visibility of 0.2 could be obtained, but it is smaller tha
that of 0.5 calculated from Eq.~3! for monovelocity atoms a
a pulse area ofp/2.

IV. DISCUSSION

A. Parallelism of laser beams

The visibility of the interference fringes depends strong
on the parallelism of four laser beams. We examined
dependency of the visibility on the parallelism of four las
beams by inclining a pair of laser beams from the other p
by a few milliradian. As shown in Fig. 6, the visibility de
creases to half of maximum, when the one pair is deflec

FIG. 5. Visibility versus the excitation laser power, togeth
with the calculated curves. Dotted curve, calculation taking i
account the atomic velocity distribution; and solid curve, calcu
tion taking into account the atomic beam divergence in addition
al-

e
r
ir

d

by 0.3 mrad from the other. The frequency of the deflec
laser beams is shifted by 350 kHz from the resonance
quency due to the Doppler effect. The shift is about twice
large as the transit width@full width at half-maximum
~FWHM!# of 180 kHz @18# at the present condition, so tha
the degree of interference decreases. Therefore, in orde
get good interference signals, the parallelism of the four la
beams should be within 0.05 mrad~namely, 10 s or 60 kHz!.

If the four laser beams incline from a right angle to t
atomic beam by the same inclination, velocity selective
terference fringes will be obtained. Although the size of t
signal decreases, the visibility increases to a value whic
limited by the divergence of the atomic beam.

In the present experiment, each beam waist of the la
beams was located at the interaction zone. For the b
collimation, we used a high-quality 103 microscope lens
with a focal distance of 18 mm. When the position of t
lens was changed by 0.02 mm, the visibility was reduced
about half of the maximum.

o
- FIG. 6. Visibility versus deflection angle of one pair of las
beams from the other pair of beams.
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B. Difference between beam intervals

The behavior of the visibility was examined when t
beam interval between the first and the second beams di
from that between the third and fourth beams. We introdu
a thick optical plate into the fourth beam and changed
beam interval between the third and the fourth beams
tilting the thick plate. The visibility was measured as a fun
tion of the differenceDD between two intervals, as shown
Fig. 7. The result shows that the visibility was reduced
half of the maximum at the displacement of 0.5 mm.

In Sec. II we assumed that the beam interval between
first and the second laser beams is the same as that bet
the third and the fourth. However, if there is some differen
DD, the phase in the interference terms is given by

w5~D2kvz2d!
DD

vx
1Df. ~4!

The first term is the residual Ramsey fringes which arise a
function of the laser frequency and the third term is a sm
phase shift due to the atomic path difference. On the o
hand, the second term fluctuates depending onvz timesDD
and finally the fringes disappear asDD increases. If we cal-
culate the phase shift for atoms with a most probable ve
ity, the difference should be 0.5 mm in order to change
phase by 2p rad. The estimation confirms the experimen
result. Therefore the difference between two zones shoul
less than 0.1 mm to get the maximum visibility, although t
beam radius is 1.55 mm.

C. Calculation of the visibility

In order to calculate the visibility of the interferenc
fringes, we must take account of the specific features of
Ca atomic beam device; the divergent thermal atomic be
and the interaction physics. The 0.4 ms lifetime of the
cited 3P1 state is much longer than the interaction time a
the effect of collisions in the atomic beam can be complet
neglected. For atoms with the most probable velocity,
transit linewidth is about 180 kHz@18#. The recoil shift of 12
kHz can be neglected. Therefore the nutation frequencyV,
which determines the matrices ofA, B, C, and D @15#, is
given by

FIG. 7. Visibility versus difference between lengths of two fr
zones.
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V5A~v2v0!21Vab
2 . ~5!

First we consider the thermal atomic beam which intera
with the laser beam perpendicularly. On resonance freque
v0 , the pulse area depends on the velocity of the ato
When the laser beam is assumed to be a Gaussian beam
the various velocities of atoms the pulse area in Eq.~3! is
given by

u5
2m

hvx
S p

e0cD 1/2

, ~6!

wherep is the power of each laser beam andm is the dipole
moment. In order to calculate the fluorescence signal
tected by a photomultiplier, the Maxwell velocity distribu
tion for the atomic beam at an oven temperature ofT, and
the positionL and diameterl of the photomultiplier were
taken into consideration. The equation for the fluoresce
signalbb* (v0) is

bb* ~v0!52S m

2kBTD 2E
0

`

bb* ~v0 ,vx!vx
3 expS 2

mvx
2

2kBTD
3expS 2

gbL

vx
D H 12expS 2

gbl

vx
D J dvx , ~7!

wherem is the mass of the Ca atom andkB is Boltzmann’s
constant. Using this equation, we calculated the visibi
which is given by a dotted line in Fig. 5.

Next, we should take into account the divergence of
atomic beam, which is collimated with two diaphragms.
particular atomic beam diverges with an angle ofa from the
central atomic beam which interacts with the laser beam n
mally. The declined beam witha is resonant with the lase
beam whose frequency is shifted fromv0 by D5v0avx /c
due to the Doppler effect. The profile of beam divergen
can be expressed as a function of detuning frequencyD;
g(D). Therefore the declined beam is excited by laser bea
with off-resonance frequency. At off-resonance conditio
the pulse area depends on the detuning laser frequenc
well as the laser power, as shown in Eq.~5!. Then the fluo-
rescence signalI (v) from the excited state is given by
convolution of functions ofbb* (v) andg(D),

I ~v!5E g~D!bb* ~v2v02D!dD. ~8!

In the present case, the Doppler linewidth is about o
order larger than the transit linewidth. The beam diverge
function is assumed to be a Gaussian function with a FWH
of 3.2 MHz. Then the calculated spectra forp50.3 mW are
shown in Fig. 8, together with the experimental result, wh
the calculated peak intensity of the spectrum forDf5p is
normalized to the experimental value. The experimental p
files are reproduced by the calculated profile, although
former is wider at near resonance and narrower far fr
resonance than the latter. The peak intensity of the calcul
spectrum forDf50 is a little smaller than the experiment
value. A rectangular function and a triangular function
g(D) were also assumed, but there were no significant
ferences on the peak intensity forDf50. Therefore we
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adopted the Gaussian function for the calculation. Thus
calculated the visibility for various laser powers. The calc
lated results are shown by a solid line in Fig. 5, together w
the experimental ones. The experimental results are well
scribed by the calculated curve, although the agreement
tween the experiment and the calculation is not perfect.
believe a small discrepancy is caused by the intensity di
bution of the laser beam in they direction @19# and the dif-
ficulty of achieving perfect alignment in the experiment.

D. Beam interval

The visibility was measured as a function of the be
interval D, as shown in Fig. 9. The visibility atD515 mm
decreases to half of that atD55 mm. We can understan
from Eq.~3! that the fluorescence signal decreases due to
relaxation asD increases, but the decrease of the visibility
very small. There will be other effects which prevent t
interference of atomic waves, in addition to the longitudin
relaxation effect, for example, a transverse relaxation ef
of a metastable atom, or phase change of laser beam du
the time when atoms travel between the beam interval. F
the experimental results, we could expect a visibility
0.075 with a signal-to-noise ratio of 500 at an integrati
time of 1 s when the beam interval is 15 mm.

V. CONCLUSION

We investigated the performance of the interferen
fringes of the atom interferometer comprised of four c

FIG. 8. Experimental~solid curve! and calculated~dashed
curve! fluorescence spectra from the excited state with optical ph
shift of p and 0 rad. The calculated curve for the optical phase op
rad is normalized to the experimental one.
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propagating laser beams. With a careful alignment, the
ibility of interference fringes for a thermal atomic beam w
about 0.2 at an excitation power of 0.6 mW and a relativ
small beam interval of 5 mm. The signal-to-noise ratio of t
fringe was about 100 for an integration time of 5 ms. T
experimental results were reproduced well by the calcula
using the equation derived for the divergent thermal atom
beam.

As well as the pulsed geometry reported by Kasevich a
Chu @4#, an interferometer geometry with three beams
p/2-p-p/2 sequence separated in space is attractive bec
it is a simple geometry and expected to get a higher visi
ity. Recently, we have developed this interferometer a
could improve the visibility to 0.3. We plan to publish th
details in the future. However, we aim to use the interfero
eter comprised of four laser beams to measure the Aharo
Casher effect@10#, where the central free zone is importa
for the measurement.
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