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Three-level atom interferometer with bichromatic laser fields
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We have developed a three-level atom interferometer using three-level atoms coupled with bichromatic
fields in order to investigate the phase information between two excited states. First, we presented a theoretical
description of the interaction of three-level atoms with bichromatic fields based on single-transition operators.
Using the time evolution of a wave function, the equations of the interference fringes and the visibility were
derived and calculated for several types of the three-level atom interferometers with bichromatic fields. Opti-
mum excitation conditions were evaluated. Next, several types of three-level atom interferometers were dem-
onstrated experimentally using a thermal calcium atomic beam with two Zeeman substateslohndm
= —1 in the long-lived excited state coupled with bichromatic resonant fields between the ground state and the
excited states. The behaviors of the interference fringes were compared among them along with the calculated
results. The three-level atom interferometer excited by two bichromatic laser beams separated in space was
found to produce the largest visibility among them when the excitation power of each frequency component
was the same.
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[. INTRODUCTION Al which is composed of two excited states and a ground
state will be required.
During the past ten years, Ramsey-Boatem interfer- Up to now, several types of three-level Als were devel-

ometers have been developed as indispensable tools of freped. Chuet al. developed the three-level Al using stimu-
guency standardgl], sensitive detection for precise mea- lated two-photon Raman transitions between the ground hy-
surementg2,3], and fundamental tests of quantum physicsperfine states of sodium atoms and an intermediate excited
[4]. Most of these experiments were achieved by the converstate[9]. The amplitude of the interference fringes was ana-
tional Ramsey-Bordeatom interferometers composed of a lyzed by his group in detafl10]. Consequently, it was found
two-level atom. The atom interferometer consists of thethat this three-level system reduced to a two-level system by
ground state and a long-lived excited state coupled with @diabatic elimination of the intermediate state. Ertmer and
resonant laser beam between tHéh The two wave packets co-workers[11] developed a three-level Al with two excited
of the ground state and the excited state are split and argates, which are coupled with a monochromatic laser beam
recombined by use of the interaction with a resonant lightsimultaneously. The interference signal was calculated using
Then the phase difference between two wave packets causéte concept of momentum families of the two-level Al as
by a perturbation before recombination is observed as thdescribed by Bordet al. [6]. Furthermore, a multilevel in-
phase of interference fringes appeared in the populatioterferometer was developed by ith and co-workersl 2],
probability of the ground state or the excited state. The phaseut it is not related specifically to the Ramsey-BoAle
in the ground state differs by rad from that in the excited On the other hand, we have developed three-level Als
state. The amplitude or visibility of the interference fringesusing calcium atoms in order to observe the Aharonov-
can be calculated using the evolution of spinor operator€asher phase difference between the Zeeman sublavels
derived by Bordeet al. [6]. =1 andm= —1. First, we developed a three-level Al, which
Such a two-level atom interferometétereafter, atom in- was excited by two parallel laser beams with one resonant
terferometer is referred to as JAlorks like a polarizing frequency and by another equally spaced two parallel laser
interferometer in optics, so that the difference of the electrobeams with the other resonant frequeft$]. Next, we have
magnetic properties between the two states could be investileveloped a three-level Al excited by two bichromatic fields
gated under an electromagnetic field. In particular, the symF14]. The Al was composed of the grourt&, state and two
metrical Ramsey-Bord&l demonstrated by Morinaga and nondegenerated Zeeman sublevelsrsf 1 andm=—1 in
Ohuchi[7] is useful because the phase is free from the flucthe 3P, state which were coupled with™ ando~ polarized
tuation of the laser frequency. For instance, the phase shifieams, respectively. The atom was excited by bichromatic
between the®P state and'S state of calcium atoms due to ¢ ando~ laser beams, simultaneously, at two points sepa-
the Stark effect was clearly observigd]. However, there is a rated spatially. The phase difference between the two Zee-
case where it is desirable to investigate the phase differenaaan sublevels was analyzed and it was found that both
between two long-lived excited states. Then, the three-levgbhases of interference of the Zeeman sublevels are the same
after the recombination, so that the interference fringes are
enhanced. Consequently, the interference signal could be ob-
*Present address: National Metrology Institute of Japan, AlSTserved in the sum of the fluorescence signal from both ex-
Tsukuba central 3, 1-1, Umezono, Tsukuba-shi, Ibaraki 305-8563;ited states. Conversely, the fringe phase of the excited states
Japan. differs by 7 rad from that of the ground state. It should be
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I\ and |a), while the field of w, only couples statefy) and

Ea |a> |b). This assumption can be true strictly for photon polariza-
tion or for an energy split between states and|b), which
Eb —|b> is larger than the resonance widths of the transitions.
®a When the interaction of the atom and the field is assumed

to be the electric dipole interaction, the Hamiltonian can be

@ @b written in the semiclassical description as

D)

£ E 2> . P’ AT

& g g A=+ E—i—|[I)I]- > d.E (2
m |:§a,b | 2 | >< | n:Za,b n ( )

FIG. 1. Energy diagram of the three-level atom and bichromatic
field. The frequencies, and w,, of the bichromatic field are tuned wherem andp are the mass and the momentum of the atom
to the resonance frequencies of transitiggis|a) and|g)-|b), re-  and T, is the relaxation rate of thl) state. The electric
spectively. dipole moment of the transitiohg)-|n) is d, and d,-E,
) ) ) =d,-E,=0 is assumed from the resonant condition.
noted that this three-level Al differs from the Al using the  This Hamiltonian is rewritten by using the *“single-

s_timulated Raman transitipns at this point. Thus, varioug,ansition operatorss;syz[15,1(ﬂ, which facilitate the trans-

the three-level Al will become a powerful tool as a polariz- ¢eq as
ing Al. However, the amplitude and visibility of the interfer-

ence fringes of the three-level system cannot be calculated (r|S8lsy=(%), (s|SZ|ry=4%,

using the evolution of spinor operators, which was used in

the two-level systerfi6]. To the best of our knowledge, there (r|S;5|s):(— i12), (s S;S|r): i/2,

has been no report presenting formulas for the three-level Al

with bichromatic fields. <r|5;S|r>:(%), (s|S|s)=— 1 3

In the present paper, we discuss the interference fringes of
the three-level Als theoretically and experimentally. In Secsand zero otherwise, whereand s are g, a, and b. These
Il and IlI, we derive a theoretical framework and descriptioninclude “spin operators” for the two-level atom in the com-
for the interference fringes of the three-level Al excited with ponents involved with thér) and|s) states. In addition, we

bichromatic laser fields in terms of single-transition operadefine the level-shift operators . in the 3x3 matrix
tors[15] and we present the calculated results of the interform as o

ference fringes and visibilities for the three-level Als of sev-

eral excitation schemes. In Sec. IV, we demonstrate a 0 00 0 0O
different scheme of the three-level Al experimentally and s =0 0 0 s =0 1 0
s ag egegs g 1 a L]
compare the visibilities among the three schemes of the 00 1 00 0
three-level Al along with the calculated results.
1 00
1. INTERACTION OF A THREE-LEVEL ATOM
AND BICHROMATIC FIELD Ip={0 0 0 (4)
0 0O

We consider a three-level atom which is composed of a

ground statdg) and two long-lived excited statda) and  ere, the wave-function vector of the atom i€y ,C,,Cq)
|E>v as ého"é’” in F&% 1. The energies of sta@s |Etj>' r?”dh with a probability amplitudes; of the |i) state.
|b) areEy, E,, andEy, respectively. It is assumed thatthe  \when the initial atom momentum is perpendicular to the

atom moves with a velocity of=(vy,vy,v,) and a laser propagation direction of the laser beam, the Hamiltonian is
beam propagates parallel to thexis. The laser beam is a

bichromatic field whose frequencies abg and wy,, which H iE, Ty iE, . r,
are tuned to the resonance frequencies of transitigna) in (T+ > 29— 7 T St 7)Ea
and|g)-|b), respectively. The electric field of the laser beam
can be written in the classical description as iE, . ry

- T +id,+ ? Eb

E(r,t)= > €A.co8 yot—K.z—Kot+dn), (1)
ab T e + 210,00 ywut — kvt — Koz + ¢b,) S92

wherek, is the wave numbere, is the polarization vector, +2i Q0,008 yopt — Ky t—kpz+ )Y, (5)
A, and ¢, are the amplitude and the phase of each frequency
component of the field, ang=1—0v?/c? is the relativity =~ where 5n=hkﬁ/2m is the recoil shift and),=|d,- €,A,|/%

effect which causes a higher-order Doppler effect. We asis the Rabi frequency. In this equation, the initial kinetic
sume that the field of frequenay, only couples stately) energy of the atom is excluded.
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In order to eliminate the time-dependent terms in thecouples to the transitiojg)-|a). Then the statelgy) and|a)
Hamiltonian, the rotating-wave approximation is applied toevolve as a two-level system, while stat® evolves inde-
the transitiongg)- |a> and|g)-|b) [15]. The Hamiltonian in  pendently. The wave function can be easily solved as

the rotating frameH becomes A
. a
- l//R(t)ZEXP{ [ 7(t—t0)]

H
EMA SatiAp2,+iQ,(c08p,S57—sing,S)7)

Q5
0047(t—t0)](29+2a)

| A
+i1€0p(CoSpS2e+ sings, S, (6) + 2ISIn[f(t—to)H = Q—E,‘S?a
a
where Q
a .
E,—E r,—T +—(CoshS{ +sing a)]
Ap=yo— 8 s i (@) o ¢ 5
h 2
A
The evolution of the atomic wave functiapir(t) in the +exp{i(Ab— f)(t—to)]zbl Yr(to), (11
rotating frame is given by the Schdimger equation
d'/fR( ) A where
if =Hgig(1). (8) ,
dt QL=O5+ A2 (12)

When yx(t) is denoted agir(t) ='(cyCq Cg), the Hamil-

. . c C. Case lll: Bichromatic field
tonian can be deduced in the<3 matrix form as follows:

In general, it is difficult to solve the wave function ana-

iA 0 Oy —idy lytically when frequency components of a bichromatic field
'2p 1> ¢€ are resonant with two transition frequencies of the atom.
dun(t) Q However, it can be resolved easily in the following two
d;Rt — 0 iA, i Tae—iqsa (). cases.
0 o 1.A,=A,=A
i 7bei b {‘ei ba 0 This is the case where the detuning of the laser frequency

w, from the resonance frequency of transitifim-|a) is
equal to that ofw, from the resonance frequency of transi-
pon lg)- |b) With the generalized Rabi frequendf’?

Generally, the equation must be resolved numerically, but i
Y g 4 =02+ 02+ A2, the Hamiltonian is

can easily be solved analytically in the following case.

Hr . . .
A. Case |: Field-free zone WZ'A(Ea‘FEb)“Qa{COS(i’aSﬁa_ sin .y
In the field-free zone, each state of the atom evolves in- . by, o by
dependent of each other, so that the time evolution of the +iQy{cos¢pS, +sin S (13
wave function can be obtained as In the rotating frame, the two excited states are degenerated

Pr(t) =[S g+ e2all 03+l 10F yp(ty). (10) since their energies are equal. Therefore, two excited states
can be mixed and the Hamiltonian can be transformed into
the form where one mixed excited state and a ground state
|g) evolve like a two-level atom and the other mixed excited
The monochromatic field corresponds to the case wherstate evolves independently. As a result, the time evolution of
O, or Qy is zero. Here, assuming,=0, the light field only  the wave function is

A Q'
I/IR(t):eX[{ —I E(t_to)] CO%?(t_to)

Q,0pA O2A
+5in ¢, S)9) + ° (cos(¢a—¢b)$b+sin(¢a—¢>b)$b)—AS§a—%Sib}+

B. Case Il: Monochromatic field

Q4(C0Sh,SI?—SiN o SI?) + Oy COSPSY?

2 [Q
|+§Sln T(t_to)

!

e*i%t—cosﬂ—(t—t )
2 0

e

S.t+3, Q2-0F ZQa
s g S b{cosuba bp) S+ Sin( b %)@}Hmao (14

with Q2=02+ 02 and| is the identity operatof,n|l|m)= &,,.
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2.A,=—A,=A and Q,=Q, =0

When the magnitudes of two detunings are the same, but their signs are opposite, and the field amplitudes of two frequency
components are the same, the evolution of the wave function is

4A? 2 ! Q%2 0%+4A%2 Q' A QO ab
Yr(t) = Q,2+Qrzcos—(t to) (2gt Q,2+—cos—(t to) | (2a+2p) +4i Q—sm7(t t))S
20?2 Q' b A Q' !
t 7|05y ()1 {cog pa— dp) S+ SIN( o — by $} o | €0z (t-to)— L Hising-(t=t)
20| 2A Q' L ba b
><(cos¢a82a—sm¢a83a)+§ o 1—c037(t—t0) +|sm7(t—to) (cosppS 0 +sin g, S9) | hr(to), (15
|
with Q'2=4A%+202. bichromatic laser beams. In this section, we derive formulas
Of course, the wave functions in the cases Il 1 and Il 2for the magnitude of the interference fringes of three types of
are consistent with each other whar=0 and(Q,=Q,. the three-level Als.

The following first two interferometers are composed of
four monochromatic laser beams, two of which have fre-

IIl. THREE-LEVEL ATOM INTERFEROMETERS quencyw, and the other two have frequeney,. When the
atom is irradiated by a sequence ©@f-w,-wp-wy, (type A),
Atom interferometers are constructed using coherent inz A is produced by one pair of wave packets whose atomic
teractions of an atom with light as a beam splitter. A typicalgiaioq jn the central zone are the ground state. When it is
symmetric two-level Al is composed of four COprOpagat'ngwradiated by a sequence of,-wp-w,-wp, (typeB), the other

traveling monochromatic laser beams, whose beam spac g is produced by the other pair of wave packets whose

of the f|rst tW.O beams' is equal to that of the last two b.eamsatomic states in the central zone have different excited states.
Then this Al is comprised of two Mach-Zehnder-type inter-

; : . The last Al is composed of two bichromatic laser beams of
ferometers formed by two pairs of atomic trajectoriég].

_ . . frequenciesw, and wy, (type C). It corresponds to the de-
The two interferometers differ on the point that the two wave, o4 configuration ab,-wy-w,-wy, Whose first two

packets of the atom are the ground state or the excited sta | WO laser ms overl rfect|
in the interval between the second and the third be@®is- d last two laser beams overlap perfectly.
ter zong. On the other hand, several types of Als can be

constructed by combinations of the three-level atom and A Type A: @,-04-op-0,

The Al with a configuration ofv;-w,4-wp-wy, IS shown in

1 2 % AAL 3 Fig. 2. The beam spacinB between the first and second
D D’ s p i beams is equal to that of the third and the fourth beams. The
3 AT Al is composed of two trajectories. One is the atomic trajec-
P A ‘* tory where the atom is excited {@) after the first beam,
R g/ decayed tdg) at the second beam, not excited at the third
R % beam, and interacts with the fourth laser beam again. The
2> élb/‘; . other atomic trajectory is the one where the atom i$gip
le> A i throughout the first and second beams and excitgd tat
g g : : the third beam. Thus, the two trajectories make a closed loop
* * at the fourth beam and interfere. This interferometer can be
Ma Ma Wb b

described using case | and case Il in Sec. Il. From(Eg),
FIG. 2. Al interacting with a sequence af,-w,-w,-0, . Atom  the interaction of the atom witl, in the matrix form is

trajectories are indicated by straight lines and dashed lines. Thexpressed by

atom in the ground statgy) which comes from the left interacts

with four copropagating laser beams, indicated by wavy lines. The Anp 0 0

frequ_e_ncywa of the first and second laser be_ams is resonant to the ei@a2)7f Ana Bne*i‘f’n . n=12, (16

transition|g)-|a). The frequencyw, of the third and fourth laser ié

beams is resonant to the transitign-|b). The spacing between the 0 Cpefn Dn

first and the second laser beams is the same as that between the

third and the fourth laser beams. The two trajectories indicated by

straight lines make a closed loop and the interference signal is gewvhere 7 is the interaction time and is the order number of

erated after the fourth interaction. the laser beams. The interaction with is
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Anp O Bre® B,=C,=i D sinQr,n
d@27 0 AL, 0 |, n=34 (17 T T2
C,e® 0 D,
In Egs.(16) and(17), Q- A, "
D,=coS——7—1— sin——r, (18
_ Am 2 O’ 2
Ap=expi| A ——|7(,
' 2
Q’ A Q’ wherem=a andl=Db for n=1,2, andm=b andl=a for
An’m:cos—mfﬂ—r’”sin . n=3,4. The final probability amplitudes after interactions
2 Q 2 ¢ri="(Cp,Ca,Cqy)¢ Can be given by
|
D,D,D3B,e %4+ B,C,D3B e (AaT ~ 41t d27d4)
Ch +DD,B3A, e (AT~ %3) + B C,BaA, e {(AaT 20T~ ¢1t d2= sl
Cy| =el(Batip)T DlBZAS,aA4,aei{Aa(T+T,)_¢2}+ BlAZ,aAS,aA4,aei{Aa(2T+T')_ b1} ) (19
Cy/ D,D,D3D,+B;C,D3D e/ (AT~ 91742) + D, D,B,C e (46T~ ¢3T 6a)

+ BICQB3C4ei{(Aa+A3)T7 (2% ¢’27¢3+¢4}

The signal of the interference fringes is observed as thevherek,~ k,, 8,~ 6, andl’ ;~TI",, are assumed. It is found
fluorescence signals from the excited states after the interathat the phase of interference does not depend on laser fre-
tions. The interference signal is included in the fluorescencguency, but depends on the frequency difference between the
signal when the atom decays frdim). However, it is diffi-  difference ofw, and w, and resonance frequency of transi-
cult to distinguish the signal from the state$ and|b). The  tion |a)-|b). Therefore, the Ramsey fringes occur as the de-
signal is observed as the total fluorescence signal. Thereforgyning of the difference frequency, if the resonance fre-
the interference signal is equal to the subtraction of the probguency of transitiona)-|b) is less than 1 THz.
ability of the ground statég) from unity. The time interval Using Eq.(18), the explicit probability of the atom in the
when the atom passes through the beam spabing T  excited states is
=D/v,. The terms with an exponential function AT and
ApT vanish by the integral ob,, because the transverse
velocity distribution of the atom is larger thank®/. Then,
the population probability of the atom in the excited states is — 2a§a§(1—ag)(l—ag)cos{(Ab—Aa)T

W=1-(2at—2a2+1)(2ap—2a3+1)

W=1-|D;D,D3D4*~|B1C;D3D,|*~|D1D,B3C,|? — 3t dut p1— ¢t o}, (23
—|B1C,B3C4|*~2|D;,D,B3C,B} C5 D5 D |
XCOJ(Ap—A)T— gt dat b1~ dot o}, (20

where

2

where Q, . Qg
a,=\/1- ESIn?T ,
+_ DiD2B:C;B{CIDID] o a
|D1D,B5C,BI C5 D3 D} 0 o
b . b
The interference fringes result from the term which is ap= \/1— ES'n?T (24
b

proportional to a function of cosine in the above equation.
The phase of fringes depends on three parts, which &ge (
—A,)T, the difference of phases between laser beams, and The maximum visibility of V=(Wax— Wnin)/ (Whax
the difference of amplitudes between laser beams denoted byW,y,;,) is 1/6 ata2=a2=1/2. If A=0, the pulse area of

Eq. (21) [18]. From the first part and Eq7), each laser bearf) 7 corresponds to ar/2 pulse. This nu-
E_E merical value can be confirmed easily by calculating the final
_ _ _,_EbTEa population probabilities for each excited trajectories, as
(Ap=Aa)T=) Y(@wa=wp) il @) shown in Fig. 2.
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B. Type B! @ -wy-wa-wy the interference occurs in the probabilities of stdt®sand

Figure 3 shows the configuration of the Al with a se- |9). _ ) ) ] ] _
quence ofw,-wy-w,-wy,, Where the frequencies of the sec- This Al is also described using the interactions of case |
ond and the third laser beams in typeare interchanged. In and case Il in Sec. IIl. Far=1,3, the interaction is given by
this case, an atomic trajectory is a wave packet which i$g. (16) with a matrix element of Eq(18) at m=a and|
excited to|a) at the first beam and decayed|tp) at the third ~ =b; while for n=2,4, the interaction is given by Eq17)
beam. The other atomic trajectory is in the stak before ~ with a matrix elements of Eq18) atm=b andl=a. Sub-
the second beam and excited|b) at the second beam. The sequently, the final probability amplitudes of the states are
two trajectories make a closed loop at the fourth beam andiven by

D1D2D3B4eii¢4+ D1BZA3’bA4’bei{Ab(T+T’)7¢2}

Cp + BlAz,aC334ei{Aa(T+T’)’¢’1+¢’3*</>4}
Ca| =ellhatdn)7 D1D283A4’aei(AaT* #3) 1 BlAZ’aAsyaAA’aei{Aa(2T+T’)* b1} | (25)
Cg f D1D2D3D4+ BlAzyaC3D4ei{Aa(T+T,)*(/’1+(/>3}

+D;ByA; bc4ei{Ab(T+T')*¢2+¢4}

Using EQgs.(18), the sum of the population probabilites ~ When the excitation powers of four beams are equal, the
on the excited states is calculated as visibility becomes a maximum atw’=a2=(1+5)/2
—J(1+/5)/2~0.59, which corresponds to the pulse area of

1 AANA L2004 A2\2__ A201 _ A2\2 )
W=1-aza,—ap(1-a;)"~a3(1—ap) each laser beam of aboutr8. The maximum visibility is

a

—2a,ay(1-ad)(1-ad)cod(Ay—A)(T+T) [-9+5.\5+2(2+ \/5)1’2]./2w0.43, which is larger than the
Al of wa-w,-wy-wp. With four equal excitations ofr/2
— ot st d1— 3t} (26)  pulses, the visibility becomes 4/11, which is confirmed by
the calculation of the population probabilities of each excited
where trajectory as shown in Fig. 3. Furthermore, the visibility of 1
could be achieved if the pulse areas of the first and the fourth
oo D1B,A;,C4BTA3,C3D; @7 beams arer/2 and the second and the third are Therefore,
|D1B,A;,C4B% A%, C3 D} | this Al is one of the more attractive ones.
The phase of the interference depends on the same terms C. Type C: (w,,wp)-(w,, @p)
as described in the Al ab,-w4-w,-wp, however the period The three-level Al composed of two copropagating

of the Ramsey fringes caused frofy, — Ay, is shorter than  bichromatic beams of frequencies @f and wy, is shown in

the latter because the trajectories are in the different excitegig. 4. The two trajectories are wave packets of the excited

states in the central zone. statega) and|b) in the zone between two bichromatic laser
beams. These wave packets overlap each other, if the energy

1 2 3 4 difference between the statgs and|b) is less than 1 THz.
f : It works as a polarizing Al.
§ The interaction of the atom with bichromatic fields is
§ given by Eq.(9) with a matrix element
An,b Enei(¢n,a_¢n,b) Bn'be_i‘f’n,b

Fnei(¢n,b_¢n,a) An,a Bn‘ae_i‘f’n,a
|g>— e :-‘-'- Cpp€' Pnb Cp €' %na D,
0 b ©a b n=1,2, (28)

FIG. 3. Al interacting with a sequence of-wy-w,-wp,, where ~ Where E, and F,, indicate a two-photon resonant Raman
the frequencies of the second and the third laser beams of Fig. 2 ateansition between statéa) and|b). In this case, the final
interchanged. Details are the same as in Fig. 2. probability amplitudes of the states are given by
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Cp D;Bype %20+ B, E,e' (AT~ ¢1at b2a b2p) + B A, e/ (A0T~ P1b)
Ca| =| DiBoae P22+ B Ay € (BaT™ 912+ By pF @' (40T~ Punt P20~ d2a) | (29
Cg/ ; \ DiDp+ By Coqe!daT™ %127 9200+ By Cype! (40T~ 107 20)
|
and fluorescence in the end of this Al is in proportion to o A Q'
D,=cos—7,—i—sSin—r
2" 2"
W=1-|Dy|?|Do|*~|By1al?|C24l?~ B1/[Capl?
—2|B1pCopB1a* Coa*[COJ(Ap—AQ) T+ 14 0.0, Q' o QA O
En=Fn=———|cos—-7—e 27| +i———sin—_-7,
—¢2a= b1t P2pT Phbad, (30) : 2 Q' 2
(32)
where
wherem=a or b, Q'2=02+02+A2? andQ2=02+ Q2.
B, CoiB. *C, * The sum of the population probabilities of the excned states
@i Pbhaa 1072071 F2a (31)  is deduced to
|Bl,bC2,bBl,a* C2,a*|

The derivation of the matrix elements in E&8) is gen-
erally difficult. However, in case IlI1 A,=A,=A" and
case 12 “A,=—Ap=A andQ,=Q,=," in Sec. I, they
could be obtalned easily.

1. Case ofA,=A,=A

When the detuning of the laser frequeney from the
resonance transition of statfg)-|a) is the same as that of
oy, from the resonance transition ff)-|b), using Eq.(14)
matrix elements of the interaction in E(R8) are given as
follows:

0z Q2A QO 0f
—CcOS— T7+i——Ssin—71+ —
02 2 o 2 a.°

A = e (A2
n,m

e

Q)
ZIESIH—T,

Bn,m:Cn,m 2

Q' [QI+0F Qi+0p O
W25|n2—7- a "b_Ta “hgp
Q/Z QI4 2

0202 Q'

T S'n2_7{1+005(¢1a h2a— Prpt dap)} |-
(33

In this case, the phase depends on only the phase differ-
ence and the amplitude difference of the laser beams. Con-
sequently, the Ramsey fringes are not observed on the detun-
ing of A. The visibility as a function of the pulse area of one
bichromatic beam()’ 7 is shown in Fig. 5, whergp=1
+0402+ 0402 and q=A%(Q2+Q2)/Q202. The p indi-
cates the difference of the two intensities of the two fre-
quency components in the bichromatic field. Whex,
=Q0,, p=3, otherwisep>3. g is in proportion to the
square of the detuningdy. As the difference of the intensities
between two components increases,ncreases and the
width of the pulse area in order to get high visibility becomes
narrower, but the maximum visibility is constant. On the
other hand, aRA| is increasedg increases and the maximum

1

_P_39 q_O
038 — p=10,4=0
---p=10, g=1
206 -—-p=3.q=1
2 X .
] ,’7 N ,’7
> 04 AN //
/ \ /
g7 AN g/
0.2 4 /, \\\\\‘ 4 //
/ /// \\\\ / / //
FIG. 4. Al interacting with a sequence ob{,wp)-(w,,wy). ol 4 N sl
The atom interacts with two laser beams which are indicated by 0 T 9t [rad] 2" 3n

double wavy lines. The frequencies of the laser beamsogrand

wy - The interference of fringes occurs due to the phase difference FIG. 5. Visibility of Al interacting with a sequence of

between the wave packets of two excited stagsand|b) in the
zone between the first and the second laser beams.

(wg,0p)-(w,,w,) VS pulse ared)’ 7 in the case ofA,=A,. p
=1+ Q202+ 0202 andq=A%(Q2+Q2)/Q20%.
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visibility decreases. Thus, the velocity distribution along the
laser beams, namely, Doppler shift, leads to a reduction in
visibility.
2. Case ofA,=—A,=A,Q,=Q,=Q
When the three-level atoms are excited by the bichromatic
fields, one of which is the detuningy and the Rabi frequency

Q) and the other is the detuning A and the same Rabi
frequency(), the matrix element of Eq15) is obtained from

Visibility

PHYSICAL REVIEW A 68, 043621 (2003

=)

n

Eq. (29):

0% 02+4A2 Q' 2A Q'

A”’a:F—FTCOS?T—HESIn?T’
N _QZ+QZ+4A2 Q  2Aa  Q
n'b_m TCOSTT—IESIHTT,
. 20A( o o
Bha=Chop g cos7r—1 +|§sm77,
20A Q' Q Q9
Bnp=Chp= > 1—00577 +|—,sm77,
L4A% 207 @
H_F+WCOS7T'
02 Q'
En:Fn:m 0057—1 s

where Q'?=4A?+202. The sum of the population prob-

abilities in the excited states is deduced to

16 Q' 4
W=1— —| Q2 cos— 7+ 2A?
Q/S 2

2n 3n 4n
Q' 7 [rad]

FIG. 6. Visibility of Al interacting with a sequence of
(wg,wp)-(w,,wp) VS pulse ared)’ 7 in the case ofA,= — A, and
0,=0,. q=2A%/02,

ibility reaches to 1 at co${’ 7/2)= —q. With a further incre-
ment ofq larger than 1, the maximum visibility is reduced.
The visibility atq=0 agrees with the visibility ap=3 and
g=0 in the case oA,=A,.

D. Comparison of the three Als

Figure 7 shows the comparison among the visibilities of
the three Als under the condition tha} andw,, are tuned to
the resonance frequencies and the power of each frequency
component is the same. The horizontal axis indicates the
pulse area for one frequency component in the one laser
beam. Therefore, the pulse area for the bichromatic fields is
J2 times as large as the value of the horizontal scale. Con-
sequently, the total power of the laser beams is the same for
the three Als.

For a small pulse area, the three visibilities are almost the
same, however, with a pulse area larger thd®, a big dif-
ference among the three visibilities appears. This difference
occurs due to the extra trajectories which do not participate
in the interference fringegThey are indicated by dashed

lines in Figs. 2—4.In type C, noninterference terms in the
matrix of Eq.(29) are canceled out perfectly at the pulse area

8Q8 ’ 2\ 2 Q' 2 b - -
= | cos— 74 14+4— ( 1—cos— 7 of /2 and the visibility of 1 can be obtained. Contrarily, in
[ 2 02 2 type A the maximum visibility is only 1/6 due to the nonin-
terference terms. However, in the case of tahe maxi-
X{1+cog —2AT+ 15— b2a— P1pt+ P2pt Pobad}
(35 1
a-Wa-Wb-Wb
where 0.8 Da-b-Wa-Ob ~=====- /
-((,Ou, 0)b)-(0)a, (Db) ............. ;
’ > i
Q' sin—r = 06f
Pbbaa 2 = .
tan——= ; (36) £ 04} PN
2A| cos—-7— 1) 3 .'ﬁf"'/ \\\
2 0.2}
The Ramsey fringes with a fringe cycle of T appears on - il . s s
y g ge =y P V=6 w3 w2 2n3 b

the detuning ofA. The visibility versus the pulse area of
each excitatiorf)’ 7 is shown in Fig. 6, wherg=2A%/Q2,
which is in proportion to the square of the detunikgin the FIG. 7. Comparison of visibilities among three Als. The hori-
case of Bsg=1, the pulse area for the maximum visibility zontal axis indicates pulse area of one frequency component per
shifts from 7 to 27 as g increases, but the maximum vis- laser beam.

Pulse area [rad]
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(|a>) m=+1 Ca beam DIDTD
p

Aa, : DOPD
m=0 [ 1 [ 1

4 A4

L 1
A® A® - A2
(> m=—1 PS
" ®
o EOM
FIG. 9. Experimental setup of Al interacting with a sequence of

w4-wy-wa-wy, (typeB). The four parallel laser beams are generated
FIG. 8. Energy diagram of Ca and resonant laser frequencieby an optical plate. EOM, electro-optic modulator; PS, phase

under a magnetic field. shifter; A/4, quarter-wave plate; and’2, half-wave plate.
mum visibility of 1 could be obtained if the second and the A special beam splitter was used to generate four laser
third laser beams are pulse, as we mentioned before. beams copropagating in the same direction with equal beam
spacing and equal powé¢i3]. The diameter of each laser
IV. EXPERIMENT AND DISCUSSION beam was 3 mm. Using quarter-wave plates and a half-wave
] plate, the first and the third laser beams were set to &€ a
A. Experimental apparatus circular polarized beam and the second and the fourth laser

As described in our previous papgfis3,14, we have al- beams were set to be @ circular polarized beam. The
ready actualized the three-level Als of typeand typeC,  extinction ratio ofc* to o~ was less than 0.01 and vice
using a thermal calcium atomic beam. In the present experiversa. By removing the half-wave plate, the Al of tyfas
ment, we demonstrated the three-level Al of tyeadding  constructed. A phase plate was inserted in the path of the first
to typeA andC. A partial level scheme of the calcium atom beam before interaction with the atomic beam. The popula-
is given in Fig. 8. The lifetime of the excitedP, state is tion probability of the excited states was observed by moni-
0.56 ms and splits into the Zeeman substatesnefl, m toring the fluorescence from théP; state at~300 mm
=0, andm= — 1 under the magnetic field. We use magneticdownstream from the interaction zones.

Zeeman substates afi=1 andm=—1 and the groundsS,
state as the three states. When the magnetic field is zero, the B. Results and discussion

transition frequency of the wavelengtl®57 nm between the - :
3p, and 'S, states is denoted hy,. With a magnetic-field The performance of typ& was examlned'. By changing ;
1 litude ofB. th . f th 0 1 andm= —1 stat the angle of the phase plate, interference fringes appeared in
amp Ihl'thedof » (e (ka)neggles od HL_ anam= - IS aTis the fluorescence signal. Figure 10 shows the observed inter-
are shifted fromwo by Awg and —Awg, respectively. The ¢ ence fringes as a function of the angle of the phase plate,
calcium atomic beam interacts with the two laser beams of %gether with that of typé. The period of the former fringes
wavelenlgth ofdG|57hnth|th ?’VO frequencies. One of them isig "5 most the same as that of the latter, but the size of the
ao " polarized light whose frequenay, is near resonance ¢,mer is smaller than that of the latter, which seems to be
to the transition between tiie=1 and the ground states, and j,ngjstent with the theoretical prediction. We will return to
the other is ar™ polarized light whose frequenay, is near  iscuss it later.
the resonant to the transition frequency between rthe

—1 state and the ground state. 8

The expe_nmental setup of ty_|® is shown in Fig. 9. A 6 o £ o/
thermal calcium atomic beam with the most probable veloc- A oo 208 P
ity of 780 m/s was collimated so as to produce a residual § 4 o8 '0 7’ R © ,"‘. L\
Doppler broadening of 8 MHz full width at half maximum, £ 2 ’f&‘ - p4 J PLY Y L"
interacting with four laser beams at right angles, which were g ° 9 & ..7 ." “ 4 f Q‘. A
separated at equal spacespf 8.3 mm. In the interaction g2 Co i M AR
zone, a homogeneous magnetic field parallel to the laser & 4 .' Vv o vy ) 3 $
beam was applied by a Helmholtz coil. The Zeeman energy P \o “\ AW, eob 4
shift Awg/27 was about 15 MHz. The laser beam from a v O & *Y
high-resolution diode laser spectrometer was tunedgtand 8 . . . .
phase modulated by a resonant-type electro-optic modulator 2n p‘:]’;qe (] o 8r

with a frequency ofAw. The sideband frequencies af,

+Aw andwy— Aw were used asw, and wy, . In this situa- FIG. 10. Observed interference fringes of the Al as a function of
tion, sweeping the carrier frequency of a laser corresponds tihe angle of the phase plate. Open ciralz)( Al interacting with a
case Il 1, while sweeping the rf frequency of the sidebandcequence of,-w,-w,-w,, (type A). Closed circle @); Al inter-
corresponds to case Il 2. acting with a sequence @,-w,-w,-wy, (type B).
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0.2
0.18
0.16 |
0.14

k 3 % ] 2012}
N ] 2010}

> 008 |

amplitude [arb. units]
[

‘: ‘vl ] 0 0.1 02 03 04 05 06 07

P [mW]

-60 -40 -20 0 20 40 60
A®/27 [kHz] FIG. 13. Visibilities of three types of the Als as a function of the
laser power of the single transitiéh with a calculated visibility for
FIG. 11. Ramsey fringes observed by the tuningles. Open  the Al excited by a sequence obf, wp)-(w,, w,) (solid line).
circle (O); Al interacting with a sequence @,-w,-wp-w, (type  Open circle O); Al of w -w,-w,-op, (typeA). Closed circle @);
A). Closed circle @); Al interacting with a sequence of Al of w,-wp-w,-wp (type B). Cross ); Al of (w,, wp)-(w,,
Wa-wp-wa-wy (type B). wp) (type C).

On the other hand, the Ramsey fringes of tybavere Finally, the dependencies of the visibilities on the excita-
observed by the tuning df or changing the strength of the {iOn Power of each frequency component were compared for
magnetic field, as shown in Fig. 11, together with the RamiNn€ three Als, where the visibilities & =0 mm estimated
sey fringes of typeA. The period of the Ramsey fringe is from the attenuation length are used. The laser power of 0.6
43+ 1 kHz/cycle for typeB, while it is 23+ 1 kHz/cycle for MW corresponds to ther/2 pulse area for atoms with the
typeA. This verifies Eq(26) that the Ramsey fringes of type most probable velocity19]. The V|S|t_)|l|ty of the Al of type
B depend on a reciprocal number of the spacing between tHe is the largest of the three Als, being 0.15 at the excitation
first and the third laser beams, which is twice the spacind®oWer of 0.6 mW for each frequency component of one
between the first and the second laser beams. ichromatic beam, while that of typkis 0.09.

Figure 12 shows the measured size of the Ramsey fringes The shapes of the dependencies are similar to the theoret-
for the Al of typeC for various beam spacind. The fringe ical results in Fig. 7, but the magnitudes of the visibilities are

size decreases @increases according to expD/Dy). The about a quarter of the theoretical ones. In order to compare
1/e attenuation lengtiD, is 13+1 mm. There will be sev- the visibility with the experimental value, we must take into

eral reasons why it decreases, e.g., inhomogeneity of th@ccognt the specific features of the divergent thermgl calcium
magnetic field, scattering with background gas, or beam diatomlc_t_)eam. T_herefore, we calculated a convolution of the
vergence, etc. The ratio of the fringe size & ® that atp  Probability function of Eq(33) for the Al of typeC and the
is 0.53. For the Al of typeB, the real beam spacing for the bgam d|vergencg Gaussian funqtlon, and finally mtegrgted it
interference is P. If this reduction ratio is compensated for with t_he propab!hty of the velocity having the Maxwellian
the fringe size of typds, it becomes larger than that of type vglpc_:qy d's”'bu“or.‘ at oven tempe rat_L[naS]. The caIcuIatgd
A, which is consistent with the theoretical prediction. There-VISIbIIIty for type Cis also shown in Fig. 13 by a c_urved line.
fore, we could conclude that the fringe size of tyBeis The_calculated results are larger than_ the experlment_al ones,
larger than that of typé. but it has been found that the behavior of the experimental
results is fairly well described by the calculation. The re-
sidual discrepancy may be caused by a simple assumption in
N the calculation and by the difficulty of achieving perfect
. alignment in the experiment.

0.1

. V. CONCLUSION

N We have derived the theoretical equation for the interac-
X tion of three-level atoms with bichromatic fields, based on
the single-transition operators. The interference fringes and
visibilities were calculated for three types of the three-level
**\ atom interferometers with bichromatic fields. On the other

™ hand, we have demonstrated several types of the three-level
20 25 30 Als using a thermal calcium atomic beam with Zeeman sub-
levels in the excited states. The experimental results were
FIG. 12. Visibility of the Ramsey fringes for the Al interacting well explained by the theoretical results. It is shown that the
with a sequence ofd,, w,)-(w,, w,) (type C) vs beam spacing three-level Al with two bichromatic fields has the largest
D. visibility for the same excitation power for each frequency

Visibility
//

0.010 z 10

15
D [mm]
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component, theoretically and experimentally. The three-leveihree-level Al to measure Berry’s phase betweea+ 1 and

Al with two laser beams of bichromatic fields was used suc—1 stateq21].

cessfully to observe the Aharonov-Casher phase directly in

real time[14]. Thus, the threg-leve] atpm mterferpmeter will ACKNOWLEDGMENTS

become a powerful tool for investigating properties between

the excited states. This three-level atom interferometer will The authors would like to thank Mamoru Machiya and
also make it possible to construct itself in time domain usingKiichi Suzuki for their contribution to the experiment. They
cold atoms and pulsed laser fiel®9]. Then the discrepancy are also grateful to Takayuki Kurosu for his suggestive dis-
of the experimental visibility with the calculated one will be cussion. S. Y. and K. H. greatly appreciate the support from
removed, because atoms have the same pulse area regardisss Japan Society for the Promotion of Science for Young
of their velocity. We will attempt to use this time-domain Scientists.
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