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Evolution of coherent dark states
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We present a set of exploratory experimental studies of velocity-selective coherent population trapping
(VSCPT) on the 23S,—2 3P, transition of Helium, including the effect of an external magnetic field along the
propagation direction of the light. We also investigate in detail the effects of the laser detuning and the
atom-laser interaction time in determining the shape and width of the VSCPT velocity distribution. Our data
corroborates some previous theory and calculations. We demonstrate that the only observable effect of a
magnetic field applied along the direction of light propagation is to shift the center of the VSCPT peaks in the
atomic velocity distribution by an amount proportional to the magnitude of the applied field. We present a
semiclassical picture that describes the atomic motion of VSCPT in sicfiedd.
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[. INTRODUCTION state, and the atomic sample can become extremely “cold”
[8].

Interference effects created by the superposition of wave In this paper we discuss some of our recent studies of
amplitudes are manifest throughout physics. Perhaps théSCPT. We investigate the effect of an external magnetic
most familiar is the intensity modulation of light in interfer- field along the propagation direction of the light field, and we
ometers, but also well known is the interference of quantumPresent a semiclassical picture that describes the atomic mo-
mechanical transition amplituddd—3]. When an interfer- tion. We examine in detail the effects of the laser parameters
ence phenomenon is described by variables of more than orsd the atom-laser interaction time in establishing the char-
distinct Hilbert space, conflicts often arise between our intui-2cteristic double-peaked feature in the velocity distribution
tive picture of the classical world and its correct quantum-Of atoms trapped in the dark state of VSCPT. We present our
mechanical description. If one of these Hilbert spaces is macdata that corroborates the theory and calculations of [Réf.
roscopic, such as motion, and the superposition produced/e demonstrate experimentally the capability to tune the
entanglement of the variables, therelcher wegquestions —center of the characteristic double-peaked velocity distribu-
arise, such as the Einstein-Podolsky-Rosen paradox arftPn Mv) of VSCPT and to choose laser parameters where

many other “puzzles” of quantum physics. N(U) can be a single peak with subrecoil width.
The interference of quantum-mechanical transition ampli-
tudes is well established—3]. One recent example of such II. VSCPT IN A MAGNETIC FIELD
interference, combined with the entanglement of variables
from two disparate Hilbert spaces, is velocity-selective co- A. Intuitive energy considerations
herent population trappin@/SCPT), first described in 1988 VSCPT requires optical coupling between distinct mo-
[4.5]. mentum state$l) and|2) of ground-state atoms, and mo-

VSCPT is most easily understood for a two-level atomyeniym conservation requires that these states be separated

moving in one dimension(1D) in a monochromatic, - > .
N . . . . . by = 2n7k, wherek is the wave vector of magnitudenZ,
standing-wave light field6,7]. The light field couples pairs andn is an integer that will be unity hereafter. The resulting

of degenerate motional states of opposite moméantd thus ; . .
S . P coupled state is stationary only if its components are degen-
the same kinetic ener@yThe optical coupling is represented . o :

. . . o erate, and in the two-level atom case, this simply requires
by off-diagonal elements in the atom-light Hamiltonian ma- 2/o0M = p2/2M (M is the atomi ssThus th ter-of
trix that result in new, nondegenerate eigenstates. One dh =Pz (M is the atomic magsThus 9e center-ot-
these is a superposition of ground atomic states for which thE'ass momenta of the coupled states mustlié. The pres-
interference of transition amplitudes nearly isolates it fromence of an applied magnetic field has no effect on the mo-
the light field. This light-decoupled state is called a “dark menta[6]. _ _ _
state.” By contrast, in a real atom with multiple ground-state

In the original one-dimensional VSCPT experimpfy5], ~ sublevels, the presence of a magnetic field can split the en-
the presence of multiple atomic levels resulted in an energies of the components of the ground-state superposition.
tanglement of internal atomic states with external motionailhen the degeneracy condition becomes
states of the atoms, and the optical polarization selection 2 5
rules were exploited to produce a completely dark state. P1/2M+g,usM1B=p3/2M +g;18M 2B, @
When a dark state is also an eigenstate of the complete )

Hamiltonian that includes the center-of-mass momentum, awhereg; is the Landeg factor, ug is the Bohr magneton, and
oms accumulate in this state and are trapped. Thus the staldlee M;’s are the magnetic quantum numbers of the relevant
atomic ground states critically define the external motionaground-state sublevels.
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The classical response of a magnetic dipole momfe'm

an applied magnetic fielB is precession, and for the case of
an atom, the precession frequencyds=gugB/%. Thus
4- Z 4_€ atoms precessing aé, will maintain their orientation per-
/l \

pendicular tof if their velocity satisfies Eq(2), as shown in
Fig. 1.

This picture can be pushed a little in the quantum-
| | | l | mechanical domain by considering that the external momen-
0 /8 V4 38 A2 tum _of the states is determined so that th_e atoms must be

spatially delocalized. Thus the wave function must have a

FIG. 1. A semiclassical picture of the conditich£=0. The  helical geometry oriented to satistiL £. In the laboratory

optical field is produced by counterpropagating, oppositely Circu'frame, this wave packet moving at veIociTy‘snakes” along

larly polarized light beams, and the result is a heli&éield [10,1]1. the helicalé field, and we have dubbed this picture the “Lar-

The atomic dipole moment, here labeldd precesses about tire mor snake.”

axis at the Larmor frequency, and the atomic veloaity w,/k Of course, for the atoms in the subrecoil VSCPT peaks, a

synchronizes this precession with motion in the helical field so thagemiclassical model is suspect. Atoms in this trapped state

the two vectors remain perpendicular. can be thought of as two delocalized traveling de Broglie

) _ waves moving in opposite directions with de Broglie wave-

qu_the_mo_st well-studied example of VSCPT, the atomicigngth equal to that of the light. Clearly these atoms are far

transition isJ=1—1, and the light field has counterpropa- oy the semiclassical regime, where they can be pictured as

gating beams of oppositely circularly polarized lig#{5,8.  |ocalizable particles. This fundamentally —quantum-

When thez axis andB field are chosen along thevector of  mechanical superposition state is deeply within the quantum

one of the light beams, the selection rules require that theegime where classical analogies often break down.

light can only couple the ground statels= =1, and Eq(1)

is satisfied for C. Hamiltonian and wave functions

The discussion above can be described more formally by
specifying a basis set and considering the total Hamiltonian.
There are three basis sets to consi@d®rthe “atomic” basis,
Here wz=g,;ugM B/ is the Zeeman frequency shift of the \whose elements are specified by the familiar atomic quantum
M state,g;=2 for this 23S state, and) = (p; + p,)/2M. numbersj(2) the “optical” basis, usually considered in most

In some sense; is the average velocity of a single atom descriptions of VSCPT, where the ground states of the
whose motional components have two different velocitiesatomic basis are combined into a new orthonormal set ac-
This may seem counterintuitive from a classical perspectivéording to their optical coupling via Raman transitions
in which a massive atom should have only one velocity. That4.5.8]; and(3) the “total” basis, comprised of eigenstates of
is, we tend to think that there must exist a rest frame for suci@ total Hamiltonian that includes both the atomic kinetic en-

a massive particle. In VSCPT each atom is in a superpositioffgy and the Zeeman effef9,12]. We discuss mainly the
of motional states, and no such rest frame exists. third of these, and will begin with the magnetic fieBd=0,

which corresponds to the case of Ri].
For theJ=1—1 level scheme and counterpropagating
oppositely circularly polarized light beams, optical pumping
There is a very appealing semiclassical model that alsquickly depopulates the “atomic” ground-state sublevel with
leads to Eq(2). In order for a ground statg) to be dark, the M ;=0, as well as the excited states whth,= + 1 [5]. Thus

off-diagonal Hamiltonian matrix elemem{eg=5’~<e|a|g> there remains a A”_system of three “atomic” Ieyels
must vanish. Her¢e) is the excited state and both the elec- coupled by the light field. Including the external motion re-
tric dipole and rotating wave approximations have beerfults in a closed momentum family whose ground states are

made. Since neither the optical electric fidldor the atomic |+ 1)=IMy=+1P=p+4k) and|-—)=|My=—-1P=p

electric dipole momente|d|g) is zero,H,, can only vanish —nk) where P is the center-of-mass momentum of each
P 9 ey y component state. The excited state of thissystem has

whend.L & M;=0 and momentunP=p, and is written ag0,p). The

For the VSCPTJ=1—1 case under consideration here, ground states are most naturally rearranged into a new basis
the electric field of counterpropagating circularly polar|zedset[9,5,13

light beams is linearly polarized everywhere, but not in a

v=—wy/kK. 2)

B. Semiclassical model

fixed direction[10,11. The polarization and maximum field |+ +)+]— =) |++)=]— =)

value trace a helical path of pitck along thez axis as |NC>:T and |C>:T-
shown in Fig. 1. In order to maintain the conditidn £, the 3
dipole moment of an atom moving at velocitymust rotate

aboutz at frequencyw=2mv/\ =ko. Thus [NC) (noncoupled and |C) (coupled are superposi-
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tions of states of different external momenta, and it is this]o'* atoms/s sr, is generated in a dc discharge followed by a
superposition that results in the cIaSS|caIIy puzzllng VSCPTset of apertures. The atoms have an average Ve|ocity of

state discussed at the end of Sec. Il A. ~1100 m/s and a spread of abatit~200 m/s. The longi-
The four terms of the total Hamiltonian are tudinal velocity distribution was measured by time of flight
that was implemented by chopping the atomic beam. Atoms
H=Hatomt Hz+ Hxe+ Hint - (4 enter an interaction region where the magnetic field is con-

. . , , trolled by three small pairs of perpendicular Helmholtz coils
In the bare atomic state basi&aiom SIMply provides the 1 4 5_1p uT.

energy of the excited stat@,p), andH; is the Zeeman term Here they cross a 22-mm-wide laser field of counter-

whose eigenvalues arefiw; (+ becauseM,==1). Also, 5 ahagating, circularly polarized,=1.083 um light from a

th2e eigenvalues of the kinetic-energy tetfqe are given by giqde Jaser. The laser frequency is locked by saturated ab-
P</2M. Finally, H;, is the interaction between the light field sorption spectroscopy to the He* resonance line usingfan
and the atom, and sk, |[NC)=0 [7,5]. discharge in a static cell. The saturated absorption signal

Application of the total Hamiltonian of E4) to [NC),  rom the cell is collision broadened to about 15 MHz, nearly
and rearrangement of the terms leads to ten times the natural width of the®8—23P of interest

2 2 here. The laser can be readily tuned to excitelk®, 1, or
™+ (fk) INC)—# IC). (5) 2 sublevel of the 2P state.
2M Next the atoms fly freely for 1.4 m where they impinge on
a detector mounted behind a 30n slit. Atoms that pass
For wz=0 (B=0) we recover the familiar case of VSCPT through the slit impinge on a stainless plate where their 20
where|NC) is indeed a trapped stateigenstatefor p=0. eV of internal energy releases an electron. The electrons are
Any value ofp# 0 results in a nondiagonal Hamiltonian ma- attracted to a multichannel plate multiplier by a bias voltage,
trix whose eigenstates are, therefore, a mixturéNo€) and  and its output signal is further amplified and recorded as a
IC) (see Sec. lll A below When the mixing ternkkp/M is  computer-controlled stepping motor scans the entire detector
small [14], the eigenstate closest {0IC) is still weakly — assembly across the atomic beam profile. From this measure
coupled, and often denot¢@/C). Similarly, the state nearest of the 1D spatial profile of the beam, the transverse velocity
|C) is still strongly coupled and denotd®C). The state distribution of the atoms resulting from their interaction with
|WC) may be excited and the subsequent decay may leaveftite transverse laser beam is inferred.
in INC) at p=0. A detailed calculation of the mixing coef-
ficients of the eigenstates is in RE9), but is outlined in Sec.
[l A below.

ForB+0, Eq.(5) shows thatNC) is an eigenstate of the The statgNC) is decoupled from the laser light by virtue
total Hamiltonian of Eq(4) only for p= —Muw>/k. This is  of the interference of the excitation amplitudés5,8. It is
exactly the condition of Eq2) since the average velocity of an eigenstate of the total Hamiltonia_n, and thus it is station-
the components ofNC) is v=p/M. Thus we expect the & if the second term _of Eq5) vanlshe§. We, therefore,

. . . — . expect the characteristic two-peaked signal of VSCPT to
average velocity of atoms ifNC) to shift fromv =0 with

applied magnetic fiel15]. This is related to velocity selec- SNift from v=0 10 v =w/k as the applied field=B, is

tive resonancéVSR) [16] and will be discussed more thor- varied. The positivez direction is defm?d by the helicity of

oughly in a subsequent pap{dr?]. _ the optical standing wavéThe case oB not along the op-
Just as the transformation of E@,) for the internal states  tjca| k vectors will be addressed in a later paper].)

provides a clearer description of the interaction between the A gmall sample of a large data set is shown in Fig. 2. For

atoms and the light field for thB=0 case, atransformat_lon this data set, the laser frequency was detudedw,,se,

of the external coordinates to a frame moving at velogity — w,;,=—0.5y=27X800 kHz below atomic resonance.

=vysr=PvsrM=w;/k leads to a cleaner description of Here y=1/r is the natural width of the excited state, and

kp

2. Data

the atomic motion foB+0. the average intensity in the quasi-Gaussian beam profile
Following Ref.[12], we simply replaceP by P—pysgin  was 1=0.18 mW/cm=1.1X1l, (lsa=mhc/3\37~160
the definitions ofl + +) and|——), and find that the com- uW/cn? for the transition used hereEach curve results

ponents of the transformed stat@d¢C) and |C) acquire a from a single scan, and the total acquisition time is about 3
phase*kvysd. The new eigenstates are straightforward tomin. If the centers of these signals are plotted agdipghe
calculate and are the same [&) and |NC), except forP  resulting straight line has slope and intercept compatible

— P~ Pysr- with v= w5 /k and our calibration of the coils.
Similar experiments have been done on th&2: 3 3P at
D. Experimental results A=389 nm[6,19. The near-uv light is produced by fre-

quency doubling light from a Ti:sapphire laser using an ex-
ternal buildup cavity. For these uv experiments a different

Our atomic beam and laser setup have been describatbtection scheme was employed. The He* atoms impinge on
previously[6,12,18 but are summarized here. A beam of a multichannel plate and their 20 eV of internal energy
metastable He(He*) atoms in the 2S state of about causes the release of electrons. The subsequently amplified

1. Apparatus
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The largest uncertainty of a few percent arises from the
calibration between the coil current and field. One source of

B// (mG) error is the Hall probe meter itself, and another is the field
94.3 inhomogeneity that is measurakliew percent The inho-
\ mogeneities in the magnetic field produce snaitl the order
of a few microteslafields in the two directions perpendicu-

\ -48.9 lar to z. These fields cause a mixing of the magnetic sublev-
els caused by Larmor precession. For our experiment,
though, the Larmor precession time for these fields between

\ 0 two sublevels is several times the interaction time, and its
effects can be safely neglected.
It is important to realize that the case for a magnetic field
52.4 parallel to thek vector of the light field does not differ sub-
Y stantially from theB=0 VSCPT case, except for the velocity
at which the double peaks are centered. In terms of the peak
106.5 development, effects of interaction time, light intensity, and

rr.ri.,rr .11
-10-8-6-4 -2 0 2 4 6 8 10
Momentum (Photon Recoil)

detuning, the two cases are identical, as discussed below.
Mathematically, we can see the two cases as a simple linear
transformation in momentum. Experimentally, we see paral-

lel results as the light parameters and interaction time are

tuned.
FIG. 2. VSCPT signals taken from Fig. 4.17 of REf2]. The

saturation parameter is=1.1 and the detuning waé~ —0.5y.

This is part of a data set with about 20 such traces, and a plot of the
center position of the two peaks 1/§| =B, is a straight line with
slope consistent with = wz /K. The two peaks are superposed on a R
baseline that dips to a minimum between them, and so each peak For |[B|=0 and q=p/fk#0, [NC) and |C) are not
sits on a baseline sloping upwards away from the center. Thus thegigenfunctions ofH as shown by Eq(5). The off-diagonal
are shifted apart by several percent of their widths, so their separgerms(C|H|NC) then lead to new eigenvalu&sc ¢ given
tion is about 4% larger than two recoils. This dip is the combinationin Ref.[9] as

of the residual dip that occurs for VSCPT wih<0 in a finite
interaction time and the trapping of atoms from the neighborhood of
momentum space into the VSCPT peaks.

[ll. ESTABLISHING VSCPT
A. The p#0 case

X=\u?+4¢%,  (6)

where the “+ (—)” sign is for SC (WC), the “strongly

electron shower is accelerated to a phosphor screen and(4€aKly) coupled” state [20]. We have definedE,
pnosp Z(1K)212M, s=1/ly,, and u=sh SI{4E,[1+(25/7)]}.

visible image is formed. This image is captured by a charge-_ .
coupled device camera outside the vacuum system and &7 4= 0. Ewc=Enc=E, since the only nonzero energy
recorded using a PC with a frame grabber card. We averagtgrm IS klnetlc,' deriving froT the mixture of wave function
across the image to determine the atomic distribution an omponents with .momervltva_hlf (the dark state wave func-
from this we extract the velocity distribution. The data have lon .|NC} has no mteractpn with the laser light

similar signal-to-noise ratio as that of the infrared light data, Likewise, the elgenf_unctlons are no Ion_¢@> and|NC),
but each curve results from a single frame, and so the acqu'i)-Ut areq-dependent mixtures, also given in REJ] as

sition time is only 1/30 s. The field dependence of the posi-

EsgwclEr:U+q2+ 1iX,

. . . . — |SC>(|WC>)=ai|NC>+,Bi|C>, (7)
tion of the signals is also compatible with= w5 /k and our
calibration of the cails. with
3. Uncertainties . |2 (—u+2g+X)? 1-|p. |2 ®
(83 = =1 +| -
There are only small errors associated with these mea- T 2[uP+(29%X)?] -

surements. The transverse velocity calibration is determined

by the longitudinal velocity and the geometry, and is cor-As above, forq=0 we recover the eigenstat¢€) and
roborated by the separation between the peaks. The trajeNC).

tory of the atoms through the field and the laser beams is not As for thep=0 case, transformation to a frame moving at
exactly determined, leaving some residual uncertainties =vysgris both helpful and straightforward. Again, follow-
about the field magnitude experienced by the atoms. Thing Ref.[12], we simply replaceP by P—pysg. The new
longitudinal velocity spread of the beam broadens the peakgigenstates are straightforward to calculate, and can be
by about 20%, but the dominant source of their width is thereadily expanded in terms ¢€) and [NC) with the same
limited cooling during the finite interaction time as they results as in Egs(7) and (8), except forP— P—pygg and
cross the laser field. pP—P—Pvsk-
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Fig. 3.2 of Ref[12]. The nearly plane areas that occupy most of the
parameter space correspondda |2~ 1/2 for which the eigenstates

are nearly equal mixtures ¢RNC) and|C). Thus the basis s¢C)

and|NC) is a good choice only in the regions where the momentum

is small and «_|?>~1 or|a_|?<1, depending on the sign

B. Evolution of the two-peaked velocity distribution

PHYSICAL REVIEW /45 043401

FIG. 3. Plot of|«_|? vs momentum and detuning taken from M/\A/W\\/J\J\W

T T T I T I T T T T 1
-10 L] K -4 2 0 2 4 6 8 10
Momentum (Photon Recoil)

FIG. 4. Plots of VSCPT signals obtained with various interac-

tion times, taken from Fig. 4.15 of Ref12]. For these data the

saturation parametes~0.66 and the detuning~ +0.62y. Thus
¥p~ /5 andB_~0.3 (for =0.5) so the optical pumping time is

Until now, the discussion has focused on the steady-state 7/0.06~1.7 us. The double-peaked structure just begins to

two-peaked velocity distribution{v) of atoms in|[NC) for

emerge after 4.9us, but is clear after 8.2us, suggesting that at

q=0 (orin |WC> for |q| <1). This may be appropriate after least three optical pumping cycles are needed for their unambiguous
many optical pumping cycles, but not after only a few. Fig_visibilit_y. The two peaks are superposed on a baseline thgt dips in
ure 3 shows that 0<4|a|?<0.6 for almost all detunings and the neighborhood dfg|>3 because of the capture of atoms into the

momenta except for a narrow channel n@ar0 (slightly

wider near6=0). This means that, over most of parameter
space, the system’s eigenstates are not well describg@)by

VSCPT peaks, as in Fig. 2, but also has a strong local maximum in
the neighborhood dfj| <1 becaus&>0. The dominant effect is to
move the peaks closer together by several percent of their widths.

and [NC), and furthermore that such atoms are readily ex-
cited. Atoms havindq|>1 do not contribute to the VSCPT of interaction with the laser light. Therefore the transient

signals.

population of atoms ifWC) needs to be considered care-

For |g|<1, there are two times scales to consider. Thefully.

faster one is the optical pumping rate for atoms|$C)
given by Ref[7],
syl2

e 9
P st (201y)? ®

For most of our datd,|~y ands~1 so y,~ y/12, corre-
sponding to an optical pumping time of127~1.2 us.

As shown in Ref[9], the population remaining ifW C)

in states havindq|~1/2 after only a few optical pumping
cycles has a very strong effect on the tot4lv). The short-
term result forA{(v) is a single narrow peak or dip, depend-
ing on the sign ofd. This peak is more “square” than a
Gaussian, has a FWHM of 2v,=2Ak/M, and, therefore,
an rms width of less than, . We have found that it is ubig-
uitous in laser-cooling experimerits7]. Both an initial peak
(6>0) and a dip §<0) evolve into the two-peaked velocity

Thus most atoms ifSC) have undergone several optical distribution after 3 or 4 optical pumping cycles, which cor-

pumping cycles during the first 10 us of interaction with

responds to our full 20us interaction time for typical laser

the laser light. We can safely assume that their velocity disparameters.

tribution is then relatively flat, or its population has been

pumped to very high values of so it contributes little to our
signal.

By contrast, the slow time scale of optical pumping for

atoms in|WC) is determined by the small fractio_|C)
that is mixed into|WC) [see Eq.(7) and Fig. 3 [21]. For
typical parameters o=y ands=1, Eq. (8) gives|a_|?
=0.95 soB_=0.22 in the region ofg|~1/2. The pumping
time for atoms i WC) becomes more than s, so there is
only time for ~2 optical pumping cycles in the first10 us

C. Experimental results

Figure 4 shows a series of our measurements of VSCPT
signals taken withs=0.62y, s=0.66, andB=0. The inter-
action time was varied by changing the width of the laser
beam crossed by the atoms with an adjustable aperture. It
very nearly reproduces the behavior in Figd)6of Ref.[9].

Consider a statBVC) evaluated afj=1/2. For these pa-
rameters, Eq(8) gives §_~1/3, Eq.(9) yields y,~ /10,
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dip at the detuning extremes, as predicted in Ref. In
addition, for| 5|~ 1.5, we findy,~ y/18 from Eq.(9), and so
there is time for only~2 optical pumping cycles dwC).
Correspondingly, the twin peaks are not noticeable. By con-
trast, for smallets|, v, is significantly larger and the peaks
are well formed. Note that the depth of the dip between the
peaks is much greater fat<0 than for >0, also as pre-
dicted in Ref[9].

IV. CONCLUSIONS AND OUTLOOK

We have extended the study of one-dimensional VSCPT
into two new domains of parameters: applied magnetic field

and optical excitation. In the case Bf= B, where thez axis

have shown how this result can be calculated analytically
e 6 -4 -2 o = A < = from a Hamiltonian that contains the center-of-mass motion
Momentum (Photon Recoil) of the atoms. We have also provided a semiclassical descrip-

tion of this effect.

FIG. 5. Plots of VSCPT signals obtained at various detunings, \\e have also studied VSCPT signals produced by chang-
taken from Fig. 4.12 of Ref[12]. For these data the saturation ing the laser parameters and interaction time, and we have
parameters~1.32 and the interaction time was the full 20s. At ¢,/ \nd results consistent with Re9]. Moreover, we have
large detunings there is clearly only a single peak or dip, whereag, 55 req the evolution from the single, subrecoil-width ve-
the familiar double-peaked signal is clear at small detunings, ©SPYocity distribution to the familiar double-,peaked distribution
cially for §<0. This is the region wherg,, is large enough to allow of VSCPT as the laser parameters vary, and also as the in-

several optical pumping cycles during the interaction time. The ef- . . .
fects of the time-dependent residual peak or dip that depends on tﬁgractlon time varies. We suggest that these resuits are con-

sign of § is clear in these data. The peaks #x0 are much more nected by the limited number of optical pumping cycles in

widely spaced than those fér>0. each case. .
We plan to apply these ideas to the case of “leaky” dark

and so an optical pumping cycle takes about 80 ~3 us.  states, i.e., those states for which the departure rate from
Then Fig. 4 shows that two or three optical pumping cycle§WC) is determined either by a weak excitation or by a mix-
are sufficient to produce visible twin peaks Mv), com-  ing process. We have already explored some leaky dark
pletely consistent with the calculations shown in Figd)®f  states in Ref[6], but are now investigating the idea for ap-
Ref. [9]. plications to VSR experiments. Previous VSR experiments
Figure 5 presents a series of our measurements of VSCPiave shown tantalizingly narrow signal®22,23 whose

signals taken with the full 20us~200r interaction time at  widths defy explanation in terms of optical cooling. These
s=1.32 andB=0. The detuning is varied over a range that isnarrow velocity distributions may arise precisely from the
~3y. The signals clearly show the single narrow peak andptical pumping mechanism presented here.

012 is defined by thé vector of one of the light beams, we have
' 0.1 shown that there is no change in the nature of VSCPT. In-
' stead, the position of the characteristic two-peaked signal
: 154 merely shifts from being centered a0 to v=w,/k. We
1
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