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Interference fringes of the atom interferometer comprised of four copropagating
traveling laser beams
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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 numbd(s): 03.75.Dg, 42.50.Vk

I. INTRODUCTION In their case, laser pulses separated in time were used for

cold atoms. On the other hand, Morinaga and Ohuchi have

Atomic interferometers are expected to be used as sendileveloped this interferometer using a thermal calcium atomic
tive detectors in a variety of precision measurements, sinceeam[13] and have already derived an equation for the in-
the de Broglie wavelengths of atoms are about 10 000 timetgrference signal of the interferometer composed of four trav-

shorter than those of light. Moreover, atomic interferometer$ling laser beams and calculated the interference signal for a

have the potential for applications in new experiments wher&hase shift due to dc Stark effeldt4]. The behavior of the

neutron or electron interferometry is not applicable, using th&*Perimental results was reproduced by the calculation, how-

atom’s internal energy structure. Since 1991, several ver€Ve", the divergence of the thermal atomic beam was not

sions of the atomic interferometer have been preselited j[aken Into accpunt. TherEfOFe we derive an equatlpn of the
5], interference fringes for a divergent thermal atomic beam.

The resonance profile is calculated as a function of the de-
tuning of laser frequency and the visibility of the interference
fringes is obtained.

A typical atom interferometer using coherent deflection of
an atomic beam by light is the Ramsey-Boatem interfer-
ometer(6]. A thermal atomic bee}m intergcts .With four laser This paper describes the performance of the calcium
beams, two of which propagate in one direction and the othy; i interferometer comprised of four copropagating trav-
ers in the opposite direction, and forms a trapezoidal trajec-
tory. The phase difference between two trajectories is given

by the detuning frequency, optical phase difference, and A A A ‘//{ o
atomic phase shift caused by external perturbations. There- /.—>'/
fore in this interferometer phase shift can be measured pre- // R4
cisely from frequency shift of the resonance frequency. The Hid i’
Sagnac effeclt3], ac and dc Stark effe¢¥—9], and recently z p
the Aharonov-Casher effe€10] were measured by this in- b i e
terferometer. However, this interferometer requires a highly L 7 P
frequency-stable laser to measure an extremely small phase X A /’
shift. // R4

On the other hand, four laser beams traveling in the same £ d
direction form a closed trajectory in the shape of a parallelo- ~ Calcium P
gram. In this case, the phase shift is determined by only the Beam i _ 7
differences between optical phase and atomic phase, since : >
the two trajectories are symmetric. This means that this in- (251 ¢2 a ¢3 ¢4
terferometer is far less sensitive to frequency fluctuations of i D e d —= D i
the laser. And this interferometer works like a white light
interferometer, so that it may be suited to measure the phase
of the Aharonov-Casher effect which is independent of Laser Beams
atomic wavelength. FIG. 1. Interaction geometry of the atom interferometer with

Such an atomic interferometer was discussed by Barde four copropagating traveling laser beams. Two pairs of trajectories
few years agq11]. Previously a very similar interferometer make two interferometersa, ground statgsolid line); b, excited
geometry has been realized usingmé2-m-m/2 pulse se- state(broken ling; ¢;, phase of théth laser beantdotted ling at
guence with Raman transitions by Kasevich and Gh@2].  timet; andD andd are beam intervals.
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eling laser beams which was investigated experimentallypeam spacing between the first and the second interactions is
The experimental results are compared with the calculatioequal to that between the third and the fourth ones, two

which is derived in this paper. Mach-Zehnder interferometers are formed by two pairs of
trajectories, as seen in Fig. 1. The interference fringes are
Il. PRINCIPLE obtained from the variation of the population probability of

. . . . either the upper state or the lower state. Conventionally, we

We consider a two-level atom interacting with four trav- observe the population orobability of the excited atom b

eling laser beams which propagate in thalirection. The o pop P Iy : y
monitoring the fluorescence signal from the excited state.

laser beams have the same frequedgyand the same power . . . X .
p. The geometrical paths of the atom are shown in Fig. 1_'I'herefore, in the present paper, we conspler eight trajectories
The atomic waves which move in the direction interact whose final states are the excited state in order to calculate
with the laser beams and split into two paths: the path of th&h€ interference fringes. _ _

excited statd, which has a recoil velocity in the direction 1€ wave function of the atom in the excited statefter

in addition to the initial velocity, and the path of the ground interactions with four copropagating laser beams is described

state with an initial velocitya. After the atom interacts with  Using the method of the evolution matrices of spinors derived
the four laser beams, there are 16 trajectories. When th@y Bordeet al. [15].

b=exp(— y,7)exp(i(— 5—kv,) (T’ + 2T +47)/2}[ B1AAsA, exp— v(2T+T')/2lexpi{(A—kv,— 8)(2T+T')/2— by}
+D,BAsA, expl— yo(T+T")/2lexpi{(A—kv,— 8)2T' 12— ¢y}
+B1A,C3B, expl— u(T+T')/2expi{(A—kv,— 8)2T' 12— ¢y + dbs— ba}
+D,B,C3B, exp— v, T'/2)expi{— (A —ko,— 8)(2T—T')/2— byt dg— dbs}
+B1CyB3A, exp(— ypT)expi{(A—kv, = 8)(2T—T')/2— ¢1+ ¢~ ¢3}
+D1D,BsAexp(— ¥, T/2)expi{—(A—kv,— 8)T' /12— ¢3}
+B1CsD3B, expl— yp T/2)expi{— (A —Kv,— &) T'12— 1+ do— P4}
+DD,D3Bexpi{—(A—kv,— 8)(2T+T')/2— ¢a}]. 1)

Notations used here are the same as those used by Boadld15]: A is the detuning frequency from,, §is photon recoil,
k is wave number of lighty, andv, are initial velocities of the atom in the andz directions,y, is the relaxation constant
of the excited state, and, is the optical phase. Subscriptlenotes the number of interaction zon€s.T’, and 7 are pass
times of the first(or third) and central field-free zone and laser beam, respectively. Thei@/are d/v,, and 2v/v,, where
D andd are lengths of the first and central field-free zone andks a radius of the laser beard;, B;, C,, andD; are
parameters which describe the transition between states. Each of the eight terms corresponds to one of the eight trajectories in
sequence, as shown in Fig. 1.
The population probability of the excited state can be obtained from the prodbctwviah its complex conjugate,

bb* =exp( — 2y, 7)[|B1A2AzA|? exp{— yu(2T+T')} +|D1BAsAl% exp{— vp(T+T')}
+[B1A2C3B|%exp{ — yp(T+T')} +|D1BC3By|* exp(— ypT') +[B1CoBsA|* exp( —2,T)
+|D1D2B3A|%exp — ¥, T) +|B1CoD 3Byl %exp — y,T) +|D1D,D3By[?
+{(B1A,C3B,4)(D1B,AzA)* exp{— y,(T+T')}expiAo+c.c}
+{(B1C,D3B4)(D1D,B3A,)* exp(— y,T)expiA ¢+c.c}+ O(exp xikv,T),exp = 2ikv,T))], 2

where A¢ denotes the optical phase difference, namelyor 2kv,T vanish by the integrals af, on the assumption that
Ap=— 1+ P+ Pp3— p,. The first eight terms are nonin- the residual Doppler width is large compared to the fringe
terference terms and give the background population. Thevidth. Therefore we omit them from the equation in the cal-
next two terms having the optical phase give the interferenceulation hereafter.

fringes and correspond to the two interferometers in the fig- When an atom with a particular velocity of, interacts at

ure. Since the four laser beams have the same power, theeright angle with laser beams of a resonance frequency, the
phases of the two interferometers become the same. Thmopulation probability of the excited state is calculated by
other terms proportional to a function of exponentiakofT ~ the following equation:
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FIG. 2. Probability of the excited state for the phase difference FIG. 3. _Experlm(_antal setup for the calcium atom mterfer_om(.ater,
- . . together with a partial energy diagram of Ca. PS, phase shifter; PM,
of 7r rad (solid line) and 0 rad(dotted ling, as a function of pulse L ) . . .
area photomultiplier; BS, beam splittetl, mirror; AR, antireflection;

HR, half reflection; and PR, perfect reflection.

0 0
bb* (vy,8)=exp — 2y, 7)sin > cog > 1s,. The laser beam is transferred to the atomic beam appa-

ratus by a polarization-preserving optical single-mode fiber.
D D+d
X1 1+ex RGN +expg — vy >
X X

+

X

.0 0
sir? 5 cog 5 cosAqS),

The laser beam was collimated by a high-quality microscope
lens so as to be a beam waist at the zone where it interacts
with the atomic beam. The radius of the beam waist is 1.55

2D +d 0 mm. The output intensity was stabilized at the exit of the

+exr{ - Vb( ) cos' 5 fiber to be less than 0.1% at an integration time of 5 ms.

X In order to generate two parallel laser beams with equal

D D power, we used an optical parallel plate. One-half of the

ex;{ RGN +ex;{ — 2y v_) front surface of this plate reflects 50% of the beam and the

X X . . . . .

other is coated with an antireflection coating. The rear sur-
d D+d face has a perfect reflection coating. The beam space be-

+ex;{ Y, +ex;{ BRLI ] tween two beams is 20 mm and the parallelism is within 1 s.

X X We introduce two parallel beams with equal power into this

< sirf f—z(exp( B R) optical plate. The beam intervBl between the two incident

2 Yo, beams is changed from 5 to 15 mm. The parallelism of the

two incident beams is tested by monitoring the spectrum, so

+ex;{ _ D+d that both laser beams interact with the same atoms within a

by resonance width of about hundreds of kilohertz. A small

3 magnetic field was applied perpendicular to both the atomic
beam and the laser beams in the interaction zone. The polar-
where =0, is the pulse area anfl,, is the Rabi fre- ization of the laser beam was set so as to excite only the
quency. The results are shown in Fig. 2, as a function oAM=0 transition. The fluorescence from tA@, state with
various pulse areas. The solid line is the population probabil@ lifetime of 0.4 ms is detected &t=250 mm downstream
ity for optical phase ofr rad, and the dashed line is that for by @ photomultiplier with a diameter df=5cm. A glass
0 rad. When the pulse area ig/2, the probability of the Plate was mounted on a scanning galvanometer and it was
excited state is changed from 0.75 to 0.25 depending on thi@serted in the path of the fourth beam before interaction
optical phase difference. Therefore the maximum visibilityWith the atomic beam and was tilted in order to give atoms a
of 0.5 can be obtained at the excitationo® pulse using the ~Variable optical phase shift.

present atom interferometer. The fluorescent intensity on resonance frequency was
monitored by a digital oscilloscope as a function of time
Il EXPERIMENT scanning the phase shifter, as shown in Fig. 4. Each point

was measured at an integration time of 5 ms. The interfer-
The experimental setup is shown in Fig. 3. A thermalence fringes are well described by a sinusoidal function of
calcium atomic beam with the most probable velocity of 780the optical phase shift, as expected. The visibility of interfer-
m/s, which corresponds to de Brogie wavelength of 13 pmence fringes is 0.2 and the signal-to-noise ratio of the fringes
was generated from an oven at a temperature of 700 °C. It is about 100 at integration time of only 5 ms. This corre-
collimated to give a residual Doppler full width of about 3 sponds to a phase resolution of 30 mrad. The final alignment
MHz using two diaphragms. An output beam with a wave-of laser beams was performed so as to maximize the inter-
length of 657 nm and a frequency stability of 20 kHz from aference fringes which were monitored on the oscilloscope.
high-resolution dye laser spectromef&6] was used to ex- With an optimum alignment, the visibility of interference
cite calcium atoms to théP, state from the ground state fringes was examined & =4.5 mm as a function of laser
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FIG. 4. Interference fringes of atom interferometer as a function of phase, together with a sinusoidéalishae). Data were taken
every 5 ms.

power. The results are shown in Fig. 5. The visibility in- by 0.3 mrad from the other. The frequency of the deflected
creases as the power increases. The visibility becomes dhser beams is shifted by 350 kHz from the resonance fre-
most maximum at a power of 0.6 mW, which is the pulsequency due to the Doppler effect. The shift is about twice as
area of#/2 for atoms with the most probable veloc{ty7].  large as the transit widthfull width at half-maximum
The visibility of 0.2 could be obtained, but it is smaller than (FwHM)] of 180 kHz[18] at the present condition, so that
that of 0.5 calculated from E¢3) for monovelocity atoms at  the degree of interference decreases. Therefore, in order to
a pulse area ofr/2. get good interference signals, the parallelism of the four laser
beams should be within 0.05 mragamely, 10 s or 60 kHz
IV. DISCUSSION If the four laser beams incline from a right angle to the
atomic beam by the same inclination, velocity selective in-
terference fringes will be obtained. Although the size of the
The visibility of the interference fringes depends stronglysignal decreases, the visibility increases to a value which is
on the parallelism of four laser beams. We examined thdimited by the divergence of the atomic beam.
dependency of the visibility on the parallelism of four laser In the present experiment, each beam waist of the laser
beams by inclining a pair of laser beams from the other paibeams was located at the interaction zone. For the beam
by a few milliradian. As shown in Fig. 6, the visibility de- collimation, we used a high-quality ¥0 microscope lens
creases to half of maximum, when the one pair is deflectewith a focal distance of 18 mm. When the position of the
lens was changed by 0.02 mm, the visibility was reduced to

A. Parallelism of laser beams

0.4 T ' ' T ' about half of the maximum.
0.3F _ 0.16F { ' ' ' ' =
2
= 0.12 -
Q2 0.2F . .
7] - ° >
> ° L4 =
o =
. ° 9 0.08F 1
011 . < {
[ ]
; 0.04f+ (3 .
0'0" 1 1 1 | L
0.0 0.1 0.2 0.3 0.4 0.5
Laser Power [mW] -85 o1 0.2 03 0 0.5
FIG. 5. Visibility versus the excitation laser power, together Angle [mrad]

with the calculated curves. Dotted curve, calculation taking into
account the atomic velocity distribution; and solid curve, calcula- FIG. 6. Visibility versus deflection angle of one pair of laser
tion taking into account the atomic beam divergence in addition. beams from the other pair of beams.
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0.16 | | L Q= \(0—w)*+ 03, ®)
First we consider the thermal atomic beam which interacts
0.12 § 7 with the laser beam perpendicularly. On resonance frequency
é’ s wq, the pulse area depends on the velocity of the atom.
2 0.08F i When the laser beam is assumed to be a Gaussian beam, for
< the various velocities of atoms the pulse area in 6).is
given by
0.04 .
2/-’“ p 1/2
1 2E
0.00t . | ! 4 Uy | €C
0.0 0.2 0.4 0.6
AD [mm] wherep is the power of each laser beam aads the dipole

moment. In order to calculate the fluorescence signal de-
FIG. 7. Visibility versus difference between lengths of two free {gcted by a photomultiplier, the Maxwell velocity distribu-
Zones. tion for the atomic beam at an oven temperaturd pfand
the positionL and diametel of the photomultiplier were
B. Difference between beam intervals taken into consideration. The equation for the fluorescence

The behavior of the visibility was examined when the Signalbb* (wo) is
beam interval between the first and the second beams differs 2 . 2
from_ that b_etween thg third and fourth beams. We introduced bb*(w0)=2( m ) j bb*(wo,vx)vi exy{ _ m”X)
a thick optical plate into the fourth beam and changed the 2kgT/ Jo 2kgT

beam interval between the third and the fourth beams by
tilting the thick plate. The visibility was measured as a func- v exy{ _ VbL) [ l—exr{ Yol ) ] do %)
tion of the difference\ D between two intervals, as shown in X
Fig. 7. The result shows that the visibility was reduced to
half of the maximum at the displacement of 0.5 mm. wherem is the mass of the Ca atom akg is Boltzmann’s
In Sec. Il we assumed that the beam interval between thgonstant. Using this equation, we calculated the visibility
first and the second laser beams is the same as that betwe&hich is given by a dotted line in Fig. 5.
the third and the fourth. However, if there is some difference Next, we should take into account the divergence of the
AD, the phase in the interference terms is given by atomic beam, which is collimated with two diaphragms. A
particular atomic beam diverges with an anglendfom the
A central atomic beam which interacts with the laser beam nor-
¢=(A—kv,—9) U_X+A¢' (4) mally. The declined beam witk is resonant with the laser
beam whose frequency is shifted fram by A= wqgav,/C
due to the Doppler effect. The profile of beam divergence
The first term is the residual Ramsey fringes which arise as aan be expressed as a function of detuning frequeticy
function of the laser frequency and the third term is a smally(A). Therefore the declined beam is excited by laser beams
phase shift due to the atomic path difference. On the othefith off-resonance frequency. At off-resonance condition,
hand, the second term fluctuates depending ptimesAD  the pulse area depends on the detuning laser frequency as
and finally the fringes disappear A increases. If we cal- well as the laser power, as shown in Eg). Then the fluo-
culate the phase shift for atoms with a most probable velocrescence signal(w) from the excited state is given by a
ity, the difference should be 0.5 mm in order to change theonvolution of functions obb* (w) andg(A),
phase by z rad. The estimation confirms the experimental
result. Therefore the difference between two zones should be
less than 0.1 mm to get the maximum visibility, although the
beam radius is 1.55 mm.

Ux X

I(w)=J g(A)bb* (0—we—A)dA. (8)

In the present case, the Doppler linewidth is about one
] o order larger than the transit linewidth. The beam divergence
C. Calculation of the visibility function is assumed to be a Gaussian function with a FWHM
In order to calculate the visibility of the interference of 3.2 MHz. Then the calculated spectra for 0.3 mW are
fringes, we must take account of the specific features of thehown in Fig. 8, together with the experimental result, where
Ca atomic beam device; the divergent thermal atomic bearthe calculated peak intensity of the spectrum dap= 7 is
and the interaction physics. The 0.4 ms lifetime of the ex-normalized to the experimental value. The experimental pro-
cited 3P, state is much longer than the interaction time andfiles are reproduced by the calculated profile, although the
the effect of collisions in the atomic beam can be completelyformer is wider at near resonance and narrower far from
neglected. For atoms with the most probable velocity, theesonance than the latter. The peak intensity of the calculated
transit linewidth is about 180 kHZA.8]. The recoil shift of 12  spectrum forA ¢=0 is a little smaller than the experimental
kHz can be neglected. Therefore the nutation frequedcy value. A rectangular function and a triangular function as
which determines the matrices &f B, C, andD [15],is  g(A) were also assumed, but there were no significant dif-
given by ferences on the peak intensity far¢=0. Therefore we
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FIG. 8. Experimental(solid curve and calculated(dashed 0 0 5 10 15
curve fluorescence spectra from the excited state W|_th optical phase Beam Interval [mm]
shift of 7~ and 0 rad. The calculated curve for the optical phase of
rad is normalized to the experimental one. FIG. 9. Visibility versus the beam interval of free zone.

adopted the Gaussian function for the calculation. Thus we ing | b ith ful ali he vi
calculated the visibility for various laser powers. The calcu-Propagating laser beams. With a careful alignment, the vis-

lated results are shown by a solid line in Fig. 5, together withiPility of interference fringes for a thermal atomic beam was
the experimental ones. The experimental results are well débout 0.2 at an excitation power of 0.6 mW and a relatively
scribed by the calculated curve, although the agreement psmall beam interval of 5 mm. The signal-to-noise ratio of the
tween the experiment and the calculation is not perfect. W&inge was about 100 for an integration time of 5 ms. The
believe a small discrepancy is caused by the intensity distriexperimental results were reproduced well by the calculation
bution of the laser beam in thedirection[19] and the dif-  using the equation derived for the divergent thermal atomic
ficulty of achieving perfect alignment in the experiment.  beam.
As well as the pulsed geometry reported by Kasevich and
D. Beam interval Chu [4], an interferometer geometry with three beams of

The visibility was measured as a function of the beam™/2-7- /2 sequence separated in space is attractive because
interval D, as shown in Fig. 9. The visibility @ =15mm it is a simple geometry and expected to get a higher visibil-
decreases to half of that &i=5 mm. We can understand ity. Recently, we have developed this interferometer and
from Eq.(3) that the fluorescence signal decreases due to theould improve the visibility to 0.3. We plan to publish the
relaxation ad increases, but the decrease of the visibility isdetails in the future. However, we aim to use the interferom-
very small. There will be other effects which prevent theeter comprised of four laser beams to measure the Aharonov-
interference of atomic waves, in addition to the longitudinalCasher effecf10], where the central free zone is important
relaxation effect, for example, a transverse relaxation effector the measurement.
of a metastable atom, or phase change of laser beam during
the time when atoms travel between the beam interval. From

the experimental results, we could expect a visibility of ACKNOWLEDGMENTS
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