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We study laser cooling by velocity-selective coherent population trapping (VSCPT) in a
double-A scheme with decay beyond the working levels. We show that this additional decay
channel filters diffused atoms from trapped ones and provides an ultrasharp atomic momentum
distribution. : .

1. INTRODUCTION

Coherent population trapping was observed for the first time by Alzetta et al. [1] as a
decrease in fluorescent emission in a laser optical pumping experiment involving a three-le-
vel atomic system with two ground levels and one excited level. This effect results from
coherent superposition of the ground states which is stable against absorption from the radiation
field. Various theoretical and experimental™aspects of coherent population trapping have
been reviewed in several papers [2-6]. This phenomenon has been exploited in very different
applications: metrology, optical bistability, high-resolution spectroscopy, laser multiphoton
ionization, four-wave mixing, laser-induced structures in the continuum, laser manipulation
of atoms, adiabatic transfer, lasing without inversion, and matched pulse propagation.

The application of velocity-selective coherent population trapping (VSCPT) to laser
manipulation of atoms has been studied intensively [7-18]. The basic idea of VSCPT is to
pump atoms into a noncoupled state that has a well-defined momentum, where the atoms
do not interact with the laser radiation. Accumulation of atoms in this special velocity-selec-
tive trapping state is due to spontaneous emission. In VSCPT experiments [7-10] with “He
metastable atoms, very narrow final distributions of atomic momenta are observed. The form
and width of the momentum distribution has been described theoretically for various schemes
and in various regimes [11-18]. It is common to associate either the peak width or the dark-
state population of an atomic momentum distribution with an effective temperature. Based
on this effective temperature, the authors of Refs. [7-18] conclude that laser cooling below
the recoil limit has been achieved. However, spontaneous emission produces, as shown in
these references, not only the accumulation of atoms in the trapping state but also diffusion
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of some those atoms toward high values of momentum. Unlike the velocity-selective trapping
phenomenon, the diffusion of atoms in the momentum space tends to increase the temperature.
Due to such a random process, the wings of the momentum distribution are not Gaussian. In
the meantime, the wing shape and the fraction of the atoms that have diffused toward the wings
are not reflected in the peak width and dark-state population. Consequently, the increase in
the peak value and decrease in the width of the final atomic momentum distribution, which is
far from Gaussian, do not mean the cooling; they merely indicate the accumulation of atoms in
the dark state. A simple analytical description of trapping versus diffusion was recently given in
Ref. [19]. A nice way to confine atomic velocities during the VSCPT phase has been proposed by
Marte et al. [20]. This method is based on the coexistence of VSCPT and polarization-gradient
cooling. : )

The purpose of this paper is to show that one can use VSCPT to perform not only
accumulation but also filtering of atoms in momentum space. Based on the theoretical A model
of Ref. [11], we introduce a double-A model, where an additional upper level with possible decay
outside the working configuration is added. We find that this new decay channel can separate
the atoms in the wings from atoms near the peaks of the momentum distribution, and hence
laser cooling of atoms below the recoil limit can be achieved.

The paper is organized as follows. In Sec. 2 we formulate the model and present the basic
equations for the atomic density-matrix elements. In Sec. 3 we perform a numerical analysis.
Finally, Sec. 4 contains conclusions.

2. MODEL AND BASIC EQUATIONS

We consider an ensemble of atoms of mass M moving in the z direction. The atorhs have
two degenerate ground levels, g_ and. g+, and two nondegenerate excited levels, e and e'. We
denote the energy of the atomic level j (j = e, €', g_, g+) by hw;. The ground sublevels, g_
and g+, can be coupled to the level e by two counterpropagating laser beams with the same
frequency wy,, the opposite wave vectors k and —k being aligned along the z direction, and the
strengths being characterized by the Rabi frequencies Q. and Q_, see Fig. 1. Similarly, the
level e’ can also be coupled to the levels g_ and g+ by two counterpropagating laser beams with
frequency w’ and strengths characterized by the Rabi frequencies Q) and Q' . The second pair
of laser beams is aligned in the 2" direction, which may be different from the 2 direction, but
should be very close. We denote the projections of the wave vectors of these laser beams onto
the z axis by k' and —k’. In what follows we are interested only in the atomic center-of-mass
motion along the z axis. We take into account the spontaneous emission of atoms from the
upper levels e and e’ to the ground sublevels g_ and g.. In addition, we assume that the level
e’ can decay into another level, which is not shown in the figure. Furthermore, the fields can

Fig. 1. Energy levels and optical transitiond
in the. double-A configuration
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be switched on and off at different times, that is, the Rabi frequencies Q+, Q_, Q}, and Q_
are generally functions of time.

We introduce the state |, p), which represents an atom in the internal state j with lmear
momentum p along the z axis. Because of momentum conservation, the interaction of the
atom with the fields can couple |e, p) only with |g_, p — hk) and |g+, p+hk), and |e’, p) only
with |g_,p — hk’) and |g+,p + hk'). The Hamiltonian corresponding to the unitary evolution
of the system is of the form

H=Hp+ Hint, 1)

where

2

P
(Ha= 5

' ' '
52 * Mwele) (el + hwele)e'| @

describes the translational and internal degrees of freedom of the atom and

Hiy = Z (hQ+|e,p)(g_,p - hkl +hQ_Ie,p)(g+,pi-hk|)e—ith +
P
+ Z (h9'+|€',P)(g—,P - hk’l + hQ/'_|e/,p)<g+,p.+ hk'|) e~w'it 4+ He. (3)

14

describes the interaction of the atom with the laser fields, which are taken to be classical.

We assume that an atom in the upper level e can decay into the lower levels g_ and
g+, emitting a fluorescence photon in any direction. This spontaneous emission leads to the
damping of the population of e and the associated coherences and to the feeding of g and
g+. We assume that the atomic decay rate I" and the normalized probability H (u) of emitting
a photon with momentum u along the z axis do not.depend on the center-of-mass motion
and are the same for transitions from e to g_ and g.. Analogously, we assume that an atom
in the upper level €' can decay into each of the lower levels g_ and g. with the rate I'. The

' corresponding probability of emitting a photon with momentum « along the z axis is denoted

by H'(u). In addition, we assume that an atom in the upper level e’ can decay with the rate
I, into a fifth level, which is not shown in the figure. This dissipative irreversible decay w111
remove the untrapped diffused atoms from the working configuration.

Such a filtering process enables us to separate heated atoms from cooled ones, that is, to get
a cooled system. The cooling efficiency is determined by the accumulation efficiency from one
side and the separation efficiency from the other side. Since the atomic separation efficiency
is proportional to the rate I, of the decay into the outside of the working configuration, we
expect that for a subsequent application of the pairs of the laser beams, a higher decay rate I',
will enable us to obtain a cooler atomic system.

We derive in Appendix the generalized optical Bloch equations

d d
_d?pee(plypﬂ = [dtpee(PhP2)] + [El’ee(Pl,Ib)]
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d d
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These equations govern the evolution of the density-matrix elements of the atom with the
internal and external degrees of freedom, and will be solved numerically in the next section.
- Using this numerical solution, we will calculate and study the atomic momentum distribution.
We will then calculate the mean deviation of the atomic momentum from the nearest peak,
which characterizes the effective temperature of the atomic subsystem.

Note that the above model is very simple, but'it can reveal the underlying physics of actual
situations, in which atomic level configurations are usually much more complicated. A specific
example that is nearest to our model is neon in the metastable 1ss level, with 1s5-2pg and 1s5-2p,
transitions and decay channel from 2p, to 1s;. This atomic level configuration is used in the
laser cooling experiment reported by Shimizu et al. [21]. A scheme to achieve velocity-selective
coherent population trapping in a multilevel system under two-frequency laser excitation is
proposed in Ref. [18]. One difference between our model and the model of Ref. [18] is that a
trapping state in our model is a superposition of two ground levels, and is created by two laser
beams of the same frequency, while a trapping state in the other model is a time-dependent
superposition of three ground levels and is created by two-color fields. Moreover, dissipative
irreversible decay out of the working configuration plays a significant role in our model, while
the authors of Ref. [18] considered only decay from the excited levels to the ground levels.

3. NUMERICAL ANALYSIS

We now study numerically the generalized optical Bloch equations (4) for the case in
which the laser detunings 6§, = wy — we and §] = w'f, — we are zero and the spontane-
ous-emission rates from the upper levels to the ground sublevels are equal (I" = I'"). We choose,
for our example, an atomic mass M and the wave number k such that the recoil frequency
Wree = hk?[2M is wye. = 0.027T, which corresponds to the experiment [7] on He atoms. The
decay rate I'; of the atoms from the level ' into the outside of the double-A configuration is
chosen to be I, = 10T". Since the atomic separation efficiency is proportional to I';, the value
chosen for this parameter is good enough to demonstrate filtering, and consequently, cooling
the atoms below sub-recoil energy for reasonable interaction times. For a significantly higher
or lower value of I';, the cooling efficiency, which depends on the rate of separation of heated
and cooled atoms, is, in the case of subsequent application of the pairs laser beams, expected to

452



XOTD, 1999, 115, evun. 2 ' Atom cooling by VSCPT. ..

be higher or lower, respectively. The temporal evolution is obtained by incrementation starting
from various initial conditions. The time increment is 0.017~!, small enough to avoid artificial
instabilities introduced by the incremental approach. Since the exact shapes of the kernels H(u)
and H'(u), characterizing the spontaneous-radiation patterns, are not important [11], we take
the constant forms H(u) = 1/2hk and H'(uv) = 1/2hK'.

For the initial atomic state, we take a statistical mixture of the two ground sublevels, g._
and g, with momentum distribution

Wu(p) = exp| —— |, S
W) Um.p(w) )
which is a normalized Gaussian function with a peak at p = 0 and a standard width . The
initial density-matrix elements p;, ;,(p1, pz)l . are thus vanish, except for

1=

p—-(p,p)| =
.

p‘H‘(pa P)l =
t=0

For the standard width of the initial momentum distribution we choose the value o = 3 hk.
The variable p is discretized in steps of € = hk/30, from — D,z O Pras, WhEre Ppa, = 300k,
The chosen value of ¢ is small enough compared to the narrowest structure that emerges in the
solution of Egs. (4). The chosen value of p,,,. is large enough that the interesting part of the
solution (near p = 0) for the largest value of ¢ considered here (t = 600T!) is not affected by
the truncation of the p range. For such values of p,,,, and ¢, the momentum diffusion from
p values larger than p,,,, to p = 0 is negligible.

We are interested in the momentum distribution of those atoms that have not decayed from
the double-A configuration at the end of the interaction with the laser fields. The probability
density of finding such an atom with linear momentum p along the z axis is

W(P) = pee(p, P) + pe’e’(pa p) + p——(py P) + p++(P, p)' ] (7)

Due to the decay of the atoms from the double-A configuration, the function W{p) is not
normalized with respect to the variable »p. When we integrate this function over p, we obtain
the probability

Wiemain = / W(p)p, - ®)

that an atom remains in one of the working levels. The normalized function

1

Wremain.

Whorm(p) = W(p) )
is the momentum distribution corresponding to the sub-ensemble of atoms that remain in the
working levels after the interaction with the fields.

In order to characterize the effective temperature in the cooling process, we introduce the
quantity
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1/2

V= / (P~ Pras P WoormPhp (10)

which is the mean dev1at10n of the atomic momentum p from the néearest peak p,,qz(p). The

effective temperature of the atomic system is defined as
{

O = V2/2M. | (1)

The sub-recoil cooling occurs when fp¢ < 8, Where 0, = (hk)? /2M is the recoil energy.
The deviation V' characterizes the statistical spread of the atomic ensemble in momentum
space. However, the geometrical peak width and the dark-state population used to characterize
"VSCPT [7, 11] correspond only to a part of the ensemble. This is the principal difference
between our effective temperature and the effective temperature used in VSCPT [7, 11]. -
When the momentum distribution W,,,,.,,(p) has only one peak p,,q., which is, due to
the symmetry of the initial conditions and the evolution equations, positioned at the mean
momentum p =0, the quantity V' coincides with the momentum standard deviation,

[o.<]

V /anorm(p)dp_ /(P P)2 norm(p)dpa (12)

bl e <]

and characterizes the spread of the atoms around the peak as well as the spread of the whole
momentum distribution.

When the central peak at p = 0 splits into two symmetrical side peaks positioned at +p,
(po > 0), we can consider the system of the atoms that remain in the working level configuration
after the interaction with the fields as a two-component system, one component with p > 0
and the other component with p < 0. Note that the normalized momentum distributions of
these two components are 2W,,,...(p > 0) and 2W,,,....(p < 0), respectively. Hence, we see
from the expression

V2 =2 (0= ) Woerm(@ip (13
. 0 [

that V' characterizes the spread of the atoms around each peak, as well as the spread of the
momentum distribution of each component.

In what follows, we show and discuss numerical results for the case in which the two pairs
of laser beams are applied in succession. The detailed sequence is the following. The first pair
of laser beams resonant with the transitions e < g_ and e < g is turned on for the time T
and then shut down. The second pair of Taser beams resonant with the transitions e’ « g_ and
e g, is then turned on for the time 7”. The time- -dependent Rabi frequencies corresponding
to the laser pulses in each pair are taken to be the same, and have the rectangular forms

Q_ = Q. = l6(t) - 6t — T)], "
Q_=Q,=Q 0t ~-T)-6t~T-T"].

Here, Q) and Q'; are the maximal values of the Rabi frequencies, and 6(¢) is the Heaviside
step function.
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We have solved Egs. (4) for the parameters Qy = Q) = 0.3T, T' = 150T"!, and T' =
= 450r"! for.two different cases: k¥’ = k and k' = 1.1k. According to Aspect et al. [11],
the peak width of the momentum distribution is of order MQ,/ kv/TT for the first step, and -
MQ' o /k'\/(T' +T4)T" for the second. We therefore expect that the chosen interaction times
T =150T~"! and T’ = 450! are large enough to show two resolved peaks at the end of the
first step and two very narrow peaks at the end of the second. For larger values of T and 7",
the effect becomes more dramatic.

3.1. The case of k' = k

We first present results for equal wavenumbers, that is, the case when k' = k. We show
by the dashed and the solid curves in Fig. 2 the probability density W (p) for an atom to have
momentum p at times ¢ = T and t = T'+T", respectively, while remaining in the double-A level
configuration. Since the decay out of the double-A configuration occurs only when the second
pair of laser beams is turned on, the probability density W (p), which corresponds to the original
ensemble, and the normalized momentum distribution W,,,,..,,(p), which corresponds to the
sub-ensemble of atoms inside the working configuration, are identical at ¢ = T" but different at
t = T+ T'. Therefore, we additionally plot the function W, (p) obtained at ¢t = T + T" by
the dashed-dotted curve. For comparlson the initial momentum distribution Wy(p) is denoted
by a dotted curve.

The dashed curve in Fig. 2 shows that the atomic momentum distribution obtained at the
end of the interaction with the first pair of the laser beams exhibits two resolved peaks emerging
at thk above the initial distribution [11]. Such a structure results from the accumulation of
atoms in the state

1 ‘
|‘Y0> = ﬁ (|g—$ _hk) - |g+shk>) ’ ) (15)

which is a velocity-selective coherent trapping state with respect to the first pair of laser beams.
The mechanism for accumulating atoms in this trappmg state is momentum redistribution
resulting from the spontaneous emission from the upper level e to the ground sublevels g_ and
g+. Besides the double narrow-peak structure, one sees that some of the atoms have diffused
toward higher momentum values. All the above features of the momentum distribution depicted
by the dashed curve in Fig. 2 have been studied in details in Ref. [11].

. ‘ Fig. 2. Atomic momentum distributions
produced by the suctessive application of two
pairs of laser beams with equal wavenumbers
k' = k. The dashed curve illustrates W (p)
at the end of the operation of the first pair
of laser beams. The solid curve and the
dashed-dotted curve correspond to W(p) and
Whorm (), respectively, at the end of the
operation of the second pair of the laser beams.
The dotted curve corresponds to the initial
) i 5 A e 7 S momentum distribution. Here we have chosen
-2 -1 0 1 2 the parameters ¢ = 3hk, I' =T, I = 10T,
p/hk Wree = hk?*/2M = 0.027T, Q@ = Qy = 0.3T,
T = 150r~!, and T' = 4501"!
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’. s e SR e B

[\*]
/

Momentum distribution

'~.-......-._.-.—._.-._.-.s._’-.- -

455



Fam Le Kien, V. I. Balykin © XKOTO®, 1999, 115, ¢vin. 2

butr
60 . Fig. 3. Temporal evolution of the effective
temperature G55 in units of the recoil energy 0.
- for the period of successive application of two pairs
i /_//" of laser beams with equal wavenumber§ K =k
,,,,, -~ (solid curve). All parameters are the same as
7 for Fig. 2. For comparison, the dashed curve
_,// represents corresponding values of Oy /0. for the
20+ - ) case of a single pair of laser beams that operate on
an upper level with no decay out of the working
configuration
0 150 300 450 600
It

The solid curve in Fig. 2 shows that the second pair of the laser beams take off those
atoms whose momenta are not near to hk. The spread of the distribution function W (p)
with respect to the peaks is greatly reduced, while the peak heights, which have the meaning of
the probability densities for an atom from the original ensemble to remain within the working
level configuration with linear momentum Ak or —hk, do not change appreciably. The reason
is that when k = k', the state (15) is also a velocity-selective coherent trapping state with respect
to the second pair of laser beams, and those atoms which are not in this trapping state at the
end of the first stage must undergo decay into the outside of the working level configuration in
the second stage. The corresponding probability for an atom to remain in one of the working
levels is W emain =~ 0.074.

The dash-dot curve in Fig. 2 shows that the peaks of the normalized momentum distribution
Wiorm(p) created at t =T + T’ become not only much narrower but also much higher than
the peaks of the dashed curve created at t = T'. Thus, we observe a decrease in the momentum
deviation around the peaks, or in other words cooling of the sub-ensemble of atoms that continue
to stay in the double-A configuration after the interaction with the two pairs of laser beams.
This cooling is due to the accumulation of atoms in the trapping state in combination with
filtering of the atoms in momentum space.

In Fig. 3, we plot by the solid line the temporal development of the effective temperature
Bcss in units of the recoil energy 6.... for the whole time period of subsequent operation of the
two pairs of the laser beams. For comparison, we depict by the dashed line the corresponding
values of Ocf /0, for the case in which the first pair of laser beams continues to operate
without the intervention of the second pair for the entire time period [7, 11]. It is worth noting
that during the operation of the first pair of laser beams, that is, for the part at t < 150!
for the solid line and for the entire dashed line, the effective temperature 6.5 is in general
increasing, except for a short time during which a sharp drop, like a phase transition, suddenly
occurs. This increase in 8¢y is due to atomic momentum diffusion and clearly shows that the
atomic system at this stage is not cooled but heated, despite the accumulation of atoms in the
dark state. This result is quite different from statements of Refs. [7,11], where a very similar
system was considered but the atomic momentum diffusion was not taken into account in the
definition of the effective temperature. The sudden decrease in 6.5 occurring for a short time
period is associated with the splitting of the central peak into the side peaks, whose locations
very quickly move from 0 to A k. In other words, this phase-transition-like behavior is a result
of the splitting of the atomic system from one component, with the momentum peak at 0, into
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two components, with momentum peaks at +hk. In contrast to the first pair of laser beams,
the second pair, operating from ¢t = 150T ! to t = 600!, causes a monotonic decrease in the
effective temperature 6.¢;. By the end of the interaction, 8. is approximately 0.00859,... —
a value which is small in comparison with the initial value 96,.. as well as with the recoil
energy 4.... This decrease in the effective temperature is a signature of laser cooling below
the one-photon recoil energy. It should be emphasized here that the underlying physics of
the cooling obtained here involves velocity-selective coherent population trapping, on the one
hand, and the filtering of the atoms in momentum space, on the other.

3.2. The case of k' # k

We now present numerical results for unequal wavenumbers k' and k. All conditions are

the same as in the previous case except that k" = 1.1k.
In Fig. 4, the solid curve is the probability density W (p) for-an atom to have momentum p
“at time t = T+ 7", remaining inside the double-A configuration of levels. The total probability
for an atom to remain inside this configuration is W,emain = 0.035. The dotted curve represents
the initial momentum distribution. The dashed curve represents the probability density W (p)
for an atom to have momentum p at time t = T'+T" in the case when k' = k. As in the case of
equal wavenumbers (dashed curve) the probability density function W (p) in the case of unequal
wavenumbers (solid curve) is very narrow compared to the initial momentum distribution
(dotted curve) and photon momenta hk and hk’, and is free from diffusion wings. However,
the two peaks resulting from interaction with the second pair of laser beams are now positioned

oy
W(p) ‘ . ;
0.2
A
\
1
J T ———
...................... .{
0.1r ‘i
\
\
i
} =
i
\
0 J L |
It
Fig. 4 -
Fig. 4.

Final atomic momentum probability density W (p) in the case of unequal wavenumbers
k' = 1.1k # k (solid curve). All parameters are the same as for Fig. 2. For comparison, we show
the initial momentum distribution and the final momentum probability density W (p) in the case of
equal wavenumbers k' = k (dotted curve and dashed curve, respectively)
Fig. 5. Témporal evolution of effective temperature ¢ in units of the recoil energy 0,.. during
successive application of two pairs of laser beams with unequal wavenumbers k' = 1.1k # k (solid
curve). All other parameters are the same as for Fig. 2. For comparison, we show B.ss /6. for equal
wavenumbers (dashed curve)
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at p=hk' = 1.1 hk. Moreover, the peaks of W (p) in the case of unequal wavenumbers (solid
curve) are lower than the corresponding peaks in the case of equal wavenumbers (the dashed
curve). ‘ ‘

. The reason is that: when k' # k, the velocity- selectlve trapping state

|

|‘Y6)= E (|g—s _hk,> - |g+1hkl)) (16)

of the atoms interacting with the second pair of laser beams is different from the trapping state
|¥o), Eq. (15), of the atoms with respect to the first pair of the laser beams. After interaction
with the first pair of laser beams, the number of atoms in the state | ¥}, which corresponds to
momenta +hk, is greater than the number of atoms in the state |¥), which corresponds to
momenta +hk’. However, the second pair of laser beams takes away the atoms in |¥,) while
it does not affect the atoms in |¥}). This explains the shift in the peak posmons from t+hk to
+hk', as well as the decrease in the peak heights.

In Fig. 5, we depict by the solid line the time development of the effective temperature
Ocf¢ in units of recoil energy 6,.. for unequal wavenumbers k' = 1.1k # k. For comparison,
we replot (dashed line) the corresponding values of 0.¢f/6,.. for equal wavenumbers k' = k.
The figure shows that the second pair of laser fields in the case of unequal wavenumbers can
also reduce the effective temperature 0.5 to a much lower value than the recoil energy 8.,
which is indicative of sub-recoil cooling. During the operation of the second pair, i.e., for
t > 150!, the cooling effect for k' # k (solid line) is not as strong as the cooling effect in
the case of k' =k (the dashed line). The reason is the difference between the velocity-selective
trapping states |'¥}) and |W¥,) with k' # k. This difference leads to the shift in the peaks of
the atomic momentum distribution from locations +hk, created by the first pair of the laser
‘beams, to the locations +hk’, created by the secend pair. Such a process is not favorable for
the dark-state population accumulation as well as the cooling of the atoms. Furthermore, we
note that the two curves in Fig. 5 tend to merge with each other when t > 450T~!, The
reason is that after interaction with the second pair of laser beams for a long enough time, the
new peak structure of the atomic momentum distribution is well established and most of the
atoms having momenta in the diffusion wings are removed. The effective temperature 6. is
then proportional to the peak width, which does not depend on the initial conditions in this
limit [11]. This is why the difference in the effective temperature 6.5 between the case of
k' # k and the case of k' = k becomes small when the time of the interaction with the second
pair of laser beams is long enough.

4. CONCLUSIONS

We have studied the application of velocity-selective coherent population trapping to laser
mampulatlon of atomic center-of-mass motion in the framework of a simple double-A model.

We have introduced a variance of the momentum distribution with respect to the peaks,
which can be used to characterize the effective temperature of atoms in the presence atomic
momentum diffusion.

We have found that during the operation of the first pair of laser beams, operating in an
upper level with no atomic decay out of the working configuration, the effective temperature is
in general increasing, except for a short time during which a sharp drop, like a phase transition,
suddenly occurs. Such an increase in the effective temperature is due to atomic momentum
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diffusion, and indicates heating of the atomic System at this stage in despite of the dark-state
population accumulation. The sudden decrease in the effective temperature occurring for a
short time is associated with the central peak splitting into two side peaks.

The subsequent application of the second pair of laser beams, operating on the other upper
level with possible atomic decay into out of the working configuration, can filter atoms in the
wings from the atoms near the peaks of the momentum distribution, cause a monotonic decrease
in the effective temperature, and thereby lead to the laser cooling below the one-photon recoil
energy.

The difference between the wave numbers of the two pairs of laser beams results in a shift
of the peak positions, a decrease in the peak heights, and a decrease in the cooling rate.

Our model is very simple, and has been used just to show the underlying physics of real
situations, where atomic level configurations are usually much more complicated. From this
model we have seen clearly that (a) the known standard VSCPT scheme does not cool, but, in
fact, it heats the whole ensemble of atoms, since the trapped atoms are mixed with the diffused
ones, (b) an additional dissipative irreversible decay channel can filter atoms in momentum
'space, and (c) the use of VSCPT in a combination of accumulation and filtering steps can cool
atoms below the recoil energy. To study the cooling effect in a specific real medium, further
work will be required. ;
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| APPENDIX A
Generalized optical Bloch equations
We use the simplified notation
Pee(p1,P2) = (€, p1|pole, p2),
pe’e’(pl,pZ) ( apllple ’pz)
p+x(p1, P2) = (94, P1lpl9+,P2),
pe+(P1,p2) = (e, pilplgs, p2)e™
' iwht (A1)
per (@1, 02) = (¢, pilplgs, pr)e ™
p—+(plvp2) (9—,P1|P|9+’ )
Pee’ (pl;pZ) = (6 pl|p|e’ap2)e‘i(w1'._w’1')t’
p.72Jl(p2 pl) p;,;,(plap"l)y
where ji,j, = e, €', g—, g+. By using the Schrodinger.equation
d
ih = [H, pl, (A.2)
dt Ham R .
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the equations of unitary evolution for the matrix elements of the density operator p are found
 to be

[d Pz P
[dt pee(pl,p2)] Ham 2Mh Pee(PhPZ)

— iQup_e(p1 — hk, p) + iQ%pe_(p1, P2 — hk)—!
—1Q_pre(p) + hk,p2) +iQ% p+(p1, p2 + hE),

Pz
Ham 2M h

—iQ s p_er(pr — hK' ) +1Q L per—(p1, pr — HE')—
- iQ’—P+e'(P1 +hk',p2) +iQ'T per+(p1, p2 + HE'),

2
pe’e’ (Pl ) pZ)"'

d
[E’t'pe’ e’ (Pl ) Pz)]

d
= +
[dtpﬂ:ﬂ:(PhPZ)] - 2Mh Pﬂ:ﬂ:(php2)

+1Qppre(pr, p2 Fhk) +iQ wpse (P, p2 FhE)—
— Q% pe+(p1 F 1k, p2) — 1Q' L per (D1 F HE', p2),

d - . Pz
— = + —_
[ dtpe:i:(plaPZ)] . [ (6L S ) Pex(p1,P2)

- iQ:F [P:i::l:(Pl + hkapZ) - Pee(PhPZ + hk)]_

- iQﬁ:Pq:i(Pl F hk,p2) +iQ £ pee (p1, 2 F hE), |
-

d
[Epe'i(pl,pz)] . <5L 2Mh ) perx(p1,P2)—

—iQ z[ps+(p1 £ Bk’ p2) — perer (p1, P2 F RE)]—
—iQ 1 px (P F k', p2) + 1Qzpere (D1, P2 F 1K),

(A.3)

d pi—
[EP—+(P1aP2)] =& plP—+(PlaP2)+

Ham

+iQ_p_.(p1,p2 — hk) — iQ L pe+(p1 + 1k, p2)+
+iQ' _p_e (Pl,Pz —hk') - iQI:pe’+(pl +hk', p),

2 o1, p) 60— 6, + B2 (o1, o)
dtpee 1,D2 Ham L 2Mh ee 1y

—1Qup_e(p1 — hk, p2) — 1Q_pse (p1 + Rk, p2)+
+4Q pe—(p1,p2 — hE') +iQ' " per(pr, p2 + RE').

The terms describing the spontaneous emission from the upper level e to the lower levels
g— and g, are

d
[dtpee(plyp2)] = _rpee(phPZ)a
r
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d .
[Epei(plmz)] = ‘_Pei(plaPZ)
T

p (A.4)
r .
[Epee’ (pl,pZ):I =v_§pee'(pl7p2)7

r

hk
= g / duHW)pee(p1 + u, py + u).

[dtp—-—(phpZ)] = I:dtp++(PI,p2)]

r r
Analogously, the terms describing the spontaneous emission from the upper level ¢’ to the lower
levels g_ and g4 are

d
I:dtpe’e’(pl,m) = —rdpe’e’(plvp2)v
bl
d r
[dtpe i:(Pl,Pz) | = _5Pe':t(P1,P2),
d ] r (A.5)
[dtpee (php2) I = —5'pee’(php2)’
hk'
d d r s
—=p-—(p1,p)| = |mper(1,p2)| =5 | duH ()pee (@1t u,p2tu).
dt ro Ldt ro 2
—hk!

The terms corresponding to the decay from the upper level ¢’ into the outside of the working
configuration are .

d 1
[Epe’e'(plap” = —r‘:ipe’e’(plap2)v
i,
d ] r
[;ﬁpe'i(]?npz) y = ’_poe’i(plalb), (A.6)
“d
d r
Pee’ (Pl,p2) = —_dpee’(P17p2)-
(G| =

d

The generalized optical Bloch equations are obtained by adding the terms of Egs. (A.3)~(A.6).
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