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The transmission probability of the two-mode mazer injected with V-type three-level atoms is studied, and the

effects of the atomic coherence on it are examined. It is shown that the atomic coherence can affect the transmission

probability. In the plots of the atomic transmission probability versus the dimensionless centre-of-mass momentum, there

are resonance peaks and non-resonance platforms. The heights of these resonance peaks and non-resonance platforms

can be adjusted by the atomic coherence parameter and by the relative coupling strength of the two transition channels.
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1. Introduction

Since it was realized,l! the micromaser has be-
come one of the most important tools in the study of
cavity quantum electrodynamics (cavity QED).[2] The
operation of the micromaser has been explained[®
and many features of the field in the cavity have been
predicted. These include sub-Poissonian statistics, 34
the trapping states,’’/ and unusual types of diffusion
of the field.[®] In recent years, with the development of
laser cooling techniques,”! ultracold atoms have been
obtained. When they interact with a quantum elec-
tromagnetic field, the quantization of external mo-
tion of atoms becomes necessary. This quantization of
centre-of-mass (CM) motion®9! leads to a completely
new kind of induced emission. In this way, a new
concept called mazer (microwave amplification via z-
motion-induced emission of radiation), introduced by
Scully et al['% has opened a new chapter of micro-
maser physics.

A complete quantum theory of the mazer was de-
scribed in a series of three papers by Scully and co-
workers.[11713] The theory was written for two-level
atoms interacting with a single mode of the high-Q
cavity via a one-photon transition. In particular, it
was shown that the induced emission properties were
strongly dependent on the cavity mode profile. Re-

sults were presented for the mesa, sech?, and sinu-

soidal modes. Retamal et al['¥l later refined these re-
sults in the special case of the sinusoidal mode, and a
numerical method was proposed by Bastin et al[*%! for
efficiently computing the mazer properties with arbi-
trary cavity field modes. Loffler et all'8] showed also
that the mazer could be used as a velocity selection
device for an atomic beam. The mazer concept was
extended by Zhang et al,17 2% who considered two-
photon transitions,'” and three-level atoms interact-

(18,19] and with two cavities.[20]

ing with a single cavity
Collapse and revival patterns with a mazer have been
computed by Du et al.?! Arun et all?223] and Liang et
all?¥ studied the mazer with bimodal cavities. Agar-
wal and Arun?®! demonstrated resonant tunnelling of
cold atoms through two mazer cavities. Wu et all26]
studied the atomic emission probability and photon
statistics of the micromaser with Kerr medium. Re-
cently, atomic coherence in the mazer system has been
studied by Zhang et all?"l and they found that the
atomic coherence could modify the atomic emission
probability and the photon statistics. Liang et al[24
studied the properties of the two-mode mazer oper-
ating on V-type three-level atoms, but in their paper
the transmission probability was not studied and the
atomic coherence was not considered, either. In the
present paper, we study transmission probability of

the two-mode mazer operating on V-type three-level

*Project supported by the National Natural Science Foundation of China (Grant Nos 60178001 and 10074046).

tCorresponding author. E-mail: zzm@sjtu.edu.cn

http://www.iop.org/journals/cp



No.1

Transmission probability of the two-mode mazer ... 145

atoms with the effects of atomic coherence considered.

The organization of the paper is as follows. In
Section 2, we derive the general expression for the
transmission probability of the V-type three level cold
atoms moving through the two-mode cavity, with
atomic coherence taken into account. In Section 3,
we study the transmission probability of one atom
through the mazer using the general expression. Sec-

tion 4 is our conclusions.
2. General theory of the transmis-
sion probability

We study the V-type three-level cold atoms (with
|a) and |b) the two upper levels, and |¢) the lower level)
passing through a high @, two-mode microwave cavity
of length I as given by Liang et al.[24] In a suitable ref-
erence frame, the Hamiltonian of the atom—field sys-

tem reads as
P

Lo (),
V = #(gla)(clas + galb)(claz + He), (1)

H =

where M is the atomic mass, p, the atomic momentum
operator for the CM motion and u(z) is the mode func-
tion of the cavity field. The parameter g;(g2) is the
coupling strength of the transition |a) <> |¢)(|b) <> |c))
with cavity mode 1 (2). The operator V is read-
ily diagonalizable. It has eigenstates |9 4 ,,,11)
|¢n1+1 not1) With eigenvalues 0, £hf2n, 11,41, Te-

spectively, where

g1)+1 n2+1|a’n15n2 +1)
+ ﬂn1+1 n2+1|b7 ny + 1, nz)
+ ’721)+1,n2+1|‘3: ny + 1,1y + 1))

|¢‘;1+1,n2+1> =

(3=0,%), (2)
in which
d
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1
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R V2

Here -in,nz =14/ d% n1 + d2 N’ dl,n1 = gi1y/11, d2,n2 =
g2+/n2. We now consider the problem that an atom

in the superposition state (C,|a) + Cp|b)) with a CM
wave packet 1(z) is incident upon a cavity field with
n1 photons in mode 1 and ny photons in mode 2. As
discussed in Refs.[10,11,17-19], this problem can be
treated as a scattering process. The state of the atom—

field system before the scattering process is

(2[4(0)) =1(z,0)(Cala, n1,n2) + Ch|b,n1,n2))
:’(ﬁb(z’o) Z (C af’i—l—l n2|¢n1+1 n2>

j=0,+
+CBY 168 ), (4)

with ¢(z,0) = [dkA(k)el**6(—z). Here C,

Cy = €%sin6, 6 and ¢ are the atomic coherence pa-

= cosé,

rameters, and Heaviside’s unit step function 6(—z)
merely indicates on which side of the cavity the atom
can be found. We denote the reflection and trans-
mission amplitudes by p,(,fll’nz 115 T'r(uiw)Ll,nz 41 for the
potential barrier-well problem of the dressed states
|¢n1+1 not1)» Tespectively. The state of the system

after the interaction reads as

(o) = [ dkaye Hie

ik(z— 0
X {e k( l)o(z - l)caa'fn)+1 no |¢n1+1 n2>
P nge " 0(=2) + il L,

x R0z — 1)]Cualth | 1ol Y

m+1nz ni+1,n2
1S 12 0(=2) + 7y,

x eF DGz — 1D]Ca0 )y 165 41 m,)
+ k(e 1)9( Z)Cbﬂg)l,nz+1|¢nl,nz+1>
P €T 0(=2) + )

?’L1 na+1
x e*E=Dg(z — z>]cbﬂ,2t3n2+l|¢it,n2+l>

+ [pf'Lj,)ng—I—le_ikza( Z) + 'nl TL2+1
X eik(27l)9(z )]Cbﬁnl,n2+1|¢n1,n2+l>}
(5)

where 7 is the interaction time.

From the final state (5), which clearly shows the
reflection and transmission of each dressed component
after the interaction, we obtain the total transmission

probability as follows:

0
Pirans(n1,7n2) =|Ca aﬁw w21 Caal
+
+ | 'n1+1 ngc ail—l—l n2|2

0
+ |CbIB'ELl),n2+1|2 + | nl,n2+lcbﬂn1,nz+l|2
+
170 i1 CoBe (6)
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The above theory is rather general so that it is
In the fol-

lowing, we approximate the mode function of the cav-

suitable to the arbitrary mode functions.

ity by the mesa function u(z) =1 for 0 < z < I and
(£)

zero elsewhere, and the reflection pr,n, and transmis-

(%)

sion Ty, n, amplitudes can be calculated analytically,
(%) A(i) sm(k(i

pnl,ng - ny nzl) nl,nzi

+
{8, = feos (k0 =130 sin(k(E), 0],
+ /
kgh )nz - k2 + k‘%lanz’

AB LKk, k
ni,ng 5 k k(i) ’

1,M2
Z(i) <k$f,)n2 Lk )
ni,n2 2 k kgf,)‘nz ’
Py glnl +g%n2
‘nunz V nl,nz -2, 2 (7)

g + g5

where hk is the atomic CM momentum and & is de-
fined with (hk)%/2M = hv/g? + g3.
For simplicity, we introduce the following dimen-

sionless quantities:

2 2
(91T + gsne
Tni,no :knl,nz/r‘": ¢ g%_*_g% ) T:k/f"i,

r()

Trime — nl,n2/’§ = m, L = &l. (8)

In this paper, we restrict ourselves to the ultracold

atom case, i.e. the case in which the kinetic energy

of the incident atom is much smaller than the atom—

[18,24]

field coupling energy (k < kn, n,)- In this situ-

ation, tunnelling through the potential barrier is neg-
h) —1 and T,(Lt)nz ~ 0. When the

Pny sM2

atom encounters a potential well, it is reflected for

ligible, i.e.

kn, n,l # mm (m is an integer) (i.e. pg;)nz ~ —1 and
Tnime ~ 0) and is transmitted for ky,, n,! = mn (ie.

(=) (=)

Prims = 0 and Tp, n, =~ (—1)me ) so

|T?(L-1I—)nz|2 ~ O’
1
17 = = = (9
1+ (A% ng)2 sin® (rfy 2, 1)
where
(=)
1/r r
(=) _—ZfImm2 7
Anina = 2( v 0 ) (10)
ni,n2

3. Transmission probability of one

atom through the mazer

From Eqgs.(3), (7) and (9), the transmission (6)
can be reduced to
2 1 -1
Pians(n1,n2) = [1 + 5]1(71214—%)} cos?(6)
gansz
2 1 -1
922 T 7) (n22 + )} sin? 6
gini
cos?(6)
9%”2 ]
gi(n1 +1)
x [14(A4),,)?sin?(rl ), D))
sm2(0)
2
gini
2|1+ AN
[ g3(ng + 1)]
X [1 + (A‘S“ )n2)2 Sin2( ?’L1 ?’LzL)]
(11)

From Eq.(11), we can find the essential features of the

+[1+

4
2[1+

+

transmission probability versus r. The first and sec-
ond terms on the right-hand side in the above equation
depend on the parameters 6, g, g1, n1, ng, but not
on 7, so it is a uniform background, coming from the
|#°) component which meets a zero potential, and the
third and the last terms are a series of resonant peaks,
which come from the |¢(~)) component which sees a
deep square potential well. When ny; = 0 and ny = 0,
that is the cavity is initially in the vacuum state, the
transmission probability reduces to

A Y2 sin? ()

ni,n2 ni,n2

L)
(12)

For n; # 0 or ny # 0, the numerical calculations of

Ptrans(n17n2) = _[1 + (

Pirans versus r are shown in Fig.1. From the figure,
we can see that the transmission probability versus
r is a series of very sharp resonant peaks superposed
on a uniform background. For simplicity, we call the

uniform background the non-resonance platform.

3.1. Positions of the peaks and the spaces be-
tween them

)

From the resonant condition rﬁ;nzL =mn (m is

an integer), we have

r:[cﬂf_<ﬁm+£myqyz (13
L 9t +g5 ’

which indicates that the positions and the spaces de-
pend on m, L, ny, ny, g1 and go, but not on the
atomic coherence parameters. Since r > 0, m must
gny + ging
g + 93
eters L = 10%, g;/g2 = 1, n; = 0, ny = 1, we obtain

1/4
satisfy m > L/7r< ) . With the param-

m > 2677. The values of m and r for several peaks



No.1 Transmission probability of the two-mode mazer ... 147

are given in Table 1. We note that the peaks become Table 1. Values of m and r for several peaks.
closer as r increases. This is in good agreement with
m; i (ri —ri—1)
Fig.1(a).
2677 0.0135 -
0.6 () 2678 0.0266 0.0132
= 2679 0.0352 0.0085
s 04
=~ 2680 0.0420 0.0068
3
< 02r A AL 2681 0.0479 0.0059
0.00 0.02 0.04 0.06 0.08 0.10 2682 0.0532 0.0052
T
0.7 (b)
= 06 3.2. Heights of the peaks and the platform
2
o
< 0.5 From the above discussions, we know that the
0.4} JJ transmission probability versus r is the superposition
000 002 004 006 008 010 of a series of peaks on the platform. In order to ob-
T tain the heights of the peaks and the platform, we use
Fig.1. The transmission probability Pirans versus the di- Tr(i)nz as discussed in Section 2, then the transmission
mensionless CM momentum 7 for the parameters I = 10%, .
g1 =g2,0=1/3, and (a) n1 =0, ng = 1, (b)ng = 1, ng = 0. probability Eq.(11) can be reduced to
( poff 1 2 1 22 (=)
Ptrans = T 2/, 4N Ccos (0) + - YN s1n (9)7 Tnl ngL # mm,
gi(n1 +1) g3(n2 + 1) ’
1+=—5— 1+ =5
gana g1
—1
Ptrans(nlgn2) = 9 por Poﬁ' + COS2(9) [1 + g%n2 :|
trans trans 9 g%(nl =+ 1)
2 2 —1
sin®(6) ging _
+ 1+ (o) L =mnr.
L 2 |: gg (n2 n 1) s ny,n2

Here P22 and P2E _ are the heights of the resonance  atomic coherence disappears, reducing into a two-
peaks and the non-resonance platform, as shown in  mode V-type three-level mazer without coherence. We
Fig.1. Now we discuss the effects of 8 on the heights  also consider two different cases of cavity field in Fig.1.
of the peaks and the platforms of the transmission = Oneis |0, 1), the other is |1,0). The transmission prob-
probability. ability is

When sin?(9) is equal to 0 or 1, the action of

2

Pﬁgﬂs = 2 g2 2 COS2 (9)7 T'gbj)nzL ;é mm,
91+ 92 ’

Ptrans(nh n2) = gz 1

P(igns = P(igns + = COS2 0)+ - Sinz 0 ) Tﬁi)n L= mT,

" t 3 + 50 (6) + 5sin”(6), T,
for |0,1), and is
2

Ptorf:ns = g2 ii g2 Sin2(6)’ T‘SLT,)nzL ;é mm,

Ptrans(nla n2) = 1 2 9

on off 95 -2 1 2 _
Ptrans = Ptrans + m sm (0) + 5 Ccos (0)7 T'Su ,)'nzL = mm,

for |1,0).
From Fig.2 we see that the injected atomic coherence can modify the heights of the resonance peak and

the non-resonance platform. The ratio g; /g2 can also modify them, as shown in Fig.3.
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Fig.2. The transmission probability Pirans versus 6 Fig.3. The transmission probability Pirans versus

for the parameters g1 /g2 = 2, and (a) n1 =0, ng =1,
(b) ny = 1, ng =0.

4. Conclusion

We have studied the transmission probability of
the two-mode micromaser pumped by the cold V-type
three-level atoms, with the atomic coherence consid-
ered. In the plots of the atomic transmission prob-
ability vs the dimensionless CM momentum 7, there

are resonance peaks and non-resonance platforms, and

92 /g2 for the parameters 6 = 7/3, and (a) ny = 0,
n2:1, (b) 17,1:1,17,2:0.

their heights can be modified by the atomic coherence
parameter 8 and by the relative coupling strength of
the two transition channels g;/g2. According to the
features of the transmission probability we expect that
the mazer system discussed in this paper can be used
as a velocity selection device for three-level atoms, just
as the two-level-atom mazer can be used to select the

velocity of two-level atoms.
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