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Velocity-selective coherent population trapping of two-level atoms
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We have demonstrated velocity-selective coherent population trapping~VSCPT! in a two-level system
created by circularly polarized light driving the 23S1→3 3P2 transition in metastable helium. It is quite
different from the usual VSCPT because there need be no consideration of selection rules, polarization, or
internal atomic states. This most primitive case elicits the simple nature of VSCPT as a special kind of
quantum interference, and demonstrates the presence of VSCPT in a system that has only two internal levels.
It is readily observed for this transition because the ratio of the recoil frequency to the natural linewidth is 0.22,
two orders of magnitude larger than for most laser cooling experiments. Our trapped state is fed by Doppler
cooling, which is unusually effective here because of the large recoil, and is totally absent in previously
described VSCPT experiments.
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Laser cooling has routinely enabled the production
atomic vapors at only a few times the recoil temperatureTr
[(\k)2/MkB[2\v r /kB @1# (kB is Boltzmann’s constant
k[2p/l, andl is the wavelength of the atomic transition!.
Aside from evaporative cooling, which is not truly an optic
technique, only two methods for producing temperatures
low Tr have been demonstrated. These are velocity-selec
coherent population trapping~VSCPT! @2# and Raman cool-
ing @3#. The two main features of this paper are the dem
stration of VSCPT with a two-level atom as anticipated
Ref. @4#, and VSCPT fed by laser cooling, the goal of Re
@5–7#. This technique avoids concerns about light polari
tion, the internal atomic quantum numbers, the Clebs
Gordan coefficients, and the selection rules@4,8#. Therefore
it elucidates the simplicity and beauty of the isolated p
nomenon@9#.

Adequate discussion of VSCPT requires a quantum
chanical description of the atomic motion. The classical
scription of laser cooling requires that the atomic pha
space distribution can be split onto an ensemble of ‘‘class
wave packets’’ with area larger than\ in such a way that the
atomic Hamiltonian does not vary significantly over t
wave packet@10#. This is definitely not the case for subreco
cooling. BelowTR the width of the momentum distributio
is less than\k so the corresponding classical wave pac
must extend over a range larger thanl.

This description begins by writing the total Hamiltonia
as

Ĥ5Ĥatom1V̂atom-light, ~1!

where Ĥatom5P̂2/2M2\dQ̂e includes both the center-of
mass kinetic energy of the atom and the internal energyd
[v laser2vatom is the detuning of the laser from the atom
transition,Q̂e5(eue&^eu is an operator describing a proje
tion onto the excited state subspace and implies the rota
wave approximation, andV̂atom-light52d̂•E( r̂ ) describes the
interaction of the atomic dipoled with an external laser field
of amplitudeE(r ). The basis states must then be labeled
1050-2947/2000/62~1!/013405~4!/$15.00 62 0134
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both internal (g,e) and external~p! quantum numbers, and
are denoted byug;p& or ue;p8&.

The lifetimes of the basis states are no longer infin
because of optical excitation followed by spontaneous em
sion that causes the atoms to diffuse among the momen
states. The escape rate of the stateuc& from one momentum
to another is denoted byGc , and is rigorously defined as th
probability Gcdt that an escape fromuc& happens within a
time intervaldt. This escape rate is proportional to the fra
tion of the exited state component in the state of intere
Gc5^cuQ̂euc&g.

Previous discussions of the mechanism of veloci
selective trapping in VSCPT have always been predicated
the existence of a noncoupled, stationary stateuNC& ~dark
state!. The lifetime ofuNC& is limited only by external con-
siderations@11#. Once atoms enteruNC& they cannot be ex-
cited out of it so the dynamics of such dark states has b
described in terms of Levy flights@12#.

One of the main results of this paper is the demonstra
of VSCPT in a two-level atom where there is laser cooli
toward the states of interest. In the usualJ51→1 transition
there is no cooling as discussed below, but the two-le
atom scheme we use indeed benefits from very effec
Doppler cooling@4#. VSCPT arises in our scheme becau
there are weakly coupled statesuWC(P)& of a two-level
atom that satisfy less stringent requirements thanuNC&.
These states have a longer lifetimetWC[1/GWC than neigh-
boring momentum states, which is caused by a destruc
interference in the excitation channel arising from the coh
ent superposition of different statesug;pi&.

Interference is characteristic of all quantum systems,
in our case it comes from the mixing of two degenerate m
mentum states by the standing wave light field. This mixi
is caused by absorption of light byug;p& followed by stimu-
lated emission intoug;p9&. Conservation of momentum re
quiresp2p9562\k. Since the absorption-stimulated emi
sion process leaves the field energy unchanged and the a
in their ground states, energy degeneracy requires
4\k(p6\k)/2M50. These two conditions can be met on
by p57\k.
©2000 The American Physical Society05-1
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In the lowest order of perturbation theory, the grou
eigenstates ofĤ are the orthogonal superpositions
ug;P2\k& and ug;P1\k& given by

uWC~P!&5$ug;P2\k&2ug;P1\k&%/A2

and

uC~P!&5$ug;P2\k&1ug;P1\k&%/A2. ~2!

@see Fig. 1~a!#. Here P is the average momentum of th
constituents ofuWC(P)& or uC(P&). It is straightforward to
show that the excitation probability ofuWC(P)&→ue;P&,
proportional tou^e;Pud̂•E( r̂ )uWC(P)&u2, vanishes becaus
of the destructive interference of transition amplitudes. Th
uWC(P)& is the longer-lived state in the neighborhood ofP
50 @13#.

Another escape route fromuWC(P)& is the optical exci-
tation uWC(P)&→ue;62\k&. ~This is absent from the usua
‘‘closed family’’ description of ordinary VSCPT@14#.! Be-
cause each component ofuWC(P)& can only go to one of the
statesue;62\k&, there is no interference of transition amp
tudes. However, this transition is inhibited by its larger d
tuning for d,0 @see Fig. 1~b!#.

The excitation rates of the eigenstates in Eq.~2! are

GC~0!'2G01G2 and GWC~0!'G2 , ~3!

as indicated in Fig. 1~b!. These rates are calculated in th
usual way, using the on-resonance saturation parametes0
[I /I s , whereI s[phc/3l3t and I is the incident light in-
tensity. The pumping rate of one beam isGp(d)
[(s0g/2)/@11s01(2d/g)2# and so G05Gp(d1v r) and
G25Gp(d23v r).

The contribution ofv r to these excitation rates is of littl
consequence for the usual atomic transitions wheree
[v r /g!1, but is important for our case ofe'0.22 on the
2 3S→3 3P transition atl5389 nm of He*, where 4v r
'g(t'107 ns,v r'330 kHz). For this transition there is

FIG. 1. ~a! Schematic diagram of the transformation of t
eigenfunctions from the bare atomic states to the eigenst
uWC(P)& and uC(P)&. The optical coupling mixes the degenera
bare statesug;p& and ug;p9&, so the eigenstates ofH are the non-
degenerateuWC(P)& and uC(P)&. The stateuC(P)& is light shifted
down becaused,0. ~b! The parabolas show the kinetic energies
the statesug;p& andue;p& vs p, and the levels marked with square
on the lower one show the constituents ofuWC(0)& and uC(0)&.
The dashed lines show the weaker transitions toue;62&, which are
detuned from resonance by 4v r more than those toue;0& for
d,0.
01340
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wide range of values ofd and s0 whereGWC(0) is smaller
thanGC(0) by a factor of 8 or more.

The discussion above follows previous treatments
VSCPT @2,14,15# where the noncoupled stateuNC& appears
in place ofuWC&. However, there are two significant differ
ences between these cases and our experiment. First, in
of depending on a random walk in momentum space
populate the VSCPT state, there is Doppler cooling, which
absent in theJ51→1 case. Second, sinceuWC& is not truly
a dark state becauseG2Þ0, the Levy flight description of
VSCPT does not apply@12# because of the optical pumping
GWC(0)Þ0.

For PÞ0, the two ground state components ofuWC(P)&
are no longer degenerate and their relative phase oscil
@2#. The destructive interference that causes the longer
time of uWC(P)& disappears and so the state can evolve i
uC(P)&. This contribution to the loss rate fromuWC(P)&
depends onu^WC(P)uP̂2/2M uC(P)&u2 and is given by
@15# GWC(P)'GWC(0)1G09(P), where G09(P)[16e2gP 2/
@(\k)2s(0)# for theJ51→1 case. Thus the long lifetime o
uWC(P)& is clearly velocity selective because it decreas
with increasingP.

To address our two-level atom case, we have expan
the perturbative treatment of Ref.@15# by numerical diago-
nalization of the effective Wigner-Weisskopf Hamiltonia
ĤWW5Ĥ2 i Q̂eg/2. This was done in a subspace of the fi
statesug;P6\k&,ue; P&, and ue;P62\k& that are signifi-
cantly involved in our experiment. We found eigensta
similar to those of Eq.~2!, and identified the imaginary par
of their eigenenergies22Im$EWC(P)%/\ with their total es-
cape ratesG i(P) ~plotted in Fig. 2!. For the state correspond
ing to uWC(P)&, GWC(P) is indeed a minimum atP50.

We can use theP dependence ofGWC(P) to estimate the
width of the two cooled peaks in our VSCPT signal. Follow
ing the ‘‘reservoir model’’ of Ref.@11#, we assume tha
uWC(P)& is fed by a uniform flowṙ. Then the time evolu-
tion of the momentum distributionN(P) is

N~P,t !5$ṙ~12e2GWC(P)t!/GWC~P!% ~4!

es

f FIG. 2. A plot of the escape ratesGWC andGC found by diago-
nalization of the Wigner-Weisskopf Hamiltonian fors050.4,d
5g/2. There are five states in the calculation but onlyuWC& and
uC& are shown. The inset shows the momentum distribution o
single peak for this case.
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wheret is the interaction time~see inset to Fig. 2!. The full
width at half maximum can be calculated directly fro

N(P)/ ṙ.
In our apparatus a beam of about 1014 He*/s sr is gener-

ated in a dc discharge followed by a set of apertures.
atoms have average velocity of about 1100 m/s and sprea
about6200 m/s@16#. Atoms then enter an interaction re
gion where the magnetic field is controlled to6 a few mT.
Here they cross a variable width standing wave of circula
polarizedl5389 nm light produced by frequency doublin
light from a Ti:sapphire laser using an external buildup c
ity. The light drives theJ51→2 component of the 23S
→3 3P transition of He*.

We produce an effective two-level atom using circula
polarized light along theẑ direction. Then optical pumping
populates the 23S1(MJ511) state which can only be ex
cited to the 33P2(MJ512) state via the cycling transition
thus producing a closed, two-level system that is subjec
laser cooling.

Next the atoms fly freely for 1.4 m where they impinge
a multichannel plate and their 20 eV of internal ener
causes the release of electrons. The subsequently amp
electron shower is accelerated to a phosphor screen a
visible image is formed. This image is captured by a char
coupled device camera outside the vacuum system an
recorded using a PC with a frame grabber card. We sum e
column of pixels in the direction perpendicular to the tran
verse motion of the atoms in order to average over the
tical direction of the image to determine the one-dimensio
spatial profile of the beam, and the transverse velocity of
atoms resulting from their interaction with the transverse
ser beam is inferred.

A typical result is shown in Fig. 3. The dominant featur
are the tall Doppler-cooled peak nearv50 and the dips on
either side from where these atoms were captured. The
ture range for the Doppler cooling isg/k5vD /Ae;vD/2
where vD5A\g/2M is the Doppler cooling limit. When
these two features are fitted with Gaussians of different s
and widths and then subtracted, there remains a small
peaked signal and an uncomfortably wiggly baseline. Bu
the two-peaked VSCPT signal is included directly in the
ted line shape, the sum of the squares of the residuals d
by typically a factor of 10, and the baseline is nearly flat. T
scale for all plots in Fig. 3 is the same, showing that ab
half the atoms are collected intouWC(0)& as a result of the
laser cooling.

In the usual case of VSCPT@2,14# in the 23S1→2 3P1
transition in He* atl51.083 mm, there is no damping force
because the Doppler and polarization gradient cooling ca
one another as a result of a numerical ‘‘accident’’@17# ~up to
now all VSCPT experiments have been done on aJ51→1
transition!. Atoms can populate this usual VSCPT state o
by a random walk in momentum space resulting from sc
tering light, and if their average momentum diffuses very
from 6\k, they have only a small chance to return duri
the interaction time. We have observed similar VSCPT
the 23S1→3 3P1 transition atl5389 nm, and a sample o
our data is shown as an inset to Fig. 3.~There are specia
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polarization configurations that do indeed combine VSC
with a damping force@5,6#, and this has been observed@7#.!

By contrast, in our two-level atom experiment there
strong Doppler cooling because of theJ51→2 transition.
This cooling is very effective, nearly reachingTr ~which is
!TD in most atoms! because the large value ofe makes the
Doppler limit TD5\g/2kB'36 mK, not very different from
Tr'32 mK. This is manifest as large atomic population
nearv50 in all of our data taken withd,0, of which Fig. 3
is one example.

We can compare the observed widths of the VSC
peaks with the predictions of the ‘‘reservoir model’’ of Eq
~4!. The calculated widths are slightly corrected by adding
quadrature the instrumental widthdpinst'\k/3. This comes
from the longitudinal spread of velocities in our beam giv
by dv/v'2/11 ~half width at half maximum! and the reso-
lution of the imaging detector. Its magnitude is confirmed
the very narrow VSCPT peaks shown as an inset to Fig
There is excellent agreement between the measured and
culated VSCPT widths over a wide range of laser para
eters. Since these widths are considerably larger thandpinst ,
we conclude that the measured width is dominated by
VSCPT process and not by experimental limitations for m
of our data.

We have performed numerous tests to support the cl
that this is truly VSCPT. For example, Fig. 4 shows a ser
of signals similar to that of Fig. 3 taken at different values
detuningd. The model above would predict that the esca
rate from uWC(P)& is very much larger ford.0 than for
d,0 because excitation toue;62& is no longer off reso-

FIG. 3. A single frame taken in 1/30 s of the two-level ato
VSCPT in a circularly polarized standing wave atl5389 nm. The
deep dips on either side of the Doppler-cooled central peak s
the capture range of the strong cooling at this detuning of21.5g
and saturation parameters050.75. The background signal of th
atomic beam shape in the absence of laser light has been subtra
but there has been no smoothing.~a! The data points overlay the
fitted curve with two Gaussians for the cooling and two for t
VSCPT extremely well~see text!, but any of several other line
shape combinations gave significantly worse fits.~b! The two-
peaked plot results from subtracting the Gaussians obtained u
the full fit from the raw data. It indicates that about half the ato
are in uWC&. The peaks are approximately 700mm apart on the
phosphor screen. The inset~c! shows ordinary VSCPT on theJ
51→1 transition at l5389 nm, with d50.25g and s050.4.
Their sharpness supports our claim that our instrumental resolu
is of little consequence.
5-3
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nance by as much@see Fig. 1~b!#. This is clearly shown in
Fig. 4, where the VSCPT signal lingers as the detun
moves from 0 toward the red, but vanishes withing/2 on the
blue side~where the Doppler force produces weak heatin!.

In a second test, we reduced the interaction time from
full value of many timestWC ~interaction length;20 mm)
in small steps to a fraction oftWC ~2 mm!. We found that the
strength of the VSCPT signal depended on both this inte
tion length and the laser parameters in a way fully consis
with the values calculated from Eq.~4!. We chose a fewtWC

FIG. 4. A sequence of signals similar to that of Fig. 3 taken
different values of the detuning. For these 1/30 s pictures on
left, s050.75, and for those on the right,d521.5g. The back-
ground has been subtracted, but there has been no smoothing
the largest detuning on the left (d523g) the VSCPT signal is
overwhelmed by the widely separated peaks of transient Dop
cooling at larged. It is easy to see that the time required for
velocity change ofg/k is ;1/2«Gp . For a detuning ofd523g
this is nearly twice as long as our interaction time of about 10t
sinceGp;g/100. Thus atoms are not decelerated to the vicinity
v56\k/M , but instead pile up near the edge of the Doppler co
ing range ofv56(d2g)/k562g/k. By contrast, ford522g
the atoms need a smaller velocity change to reach the recoil re
and Gp;g/40, so most atoms can be decelerated to the neigh
hood of p5\k/M . In this case they are readily optically pumpe
into uWC&. Our data run in (1/2)g steps but are not all shown her
ro

d

ob
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~5 mm! for most of our data, corresponding to only 5ms or
50t, so we could have a reasonably flat laser beam inten
profile.

In still another test, we applied a dc magnetic field
various directions. With ordinary VSCPT in as1-s2 light
field (J51→1), BW along ẑ simply shifts the two peaks to
gether alongv̂z , consistent with balancing their kinetic an
Zeeman energies. The condition for this is is (Ekin)1
2(Ekin)25DEZeeman~evaluated forDMJ52), which corre-
sponds to the average velocityP/M5mBgJBz /\k. We have
confirmed this experimentally. However, with a two-lev
atom, the field leaves the peaks unchanged because the
long to the same internal state~there is noMJ): only the
effectived is changed by the Zeeman shifts. ForBW perpen-
dicular to ẑ, the VSCPT signal is destroyed in the usualJ
51→1 case because theDMJ selection rules are compro
mised, but is minimally affected in our two-level case b
cause theDMJ selection rules do not apply.

Finally, we have performed quantum density matrix c
culations for the velocity distribution of the atoms for var
ous laser parameters@4#. We find quite good agreement wit
our measurements, for both the quasi-steady-state distr
tion and its time development.

We have described and demonstrated the essential
tures of the fascinating phenomenon of VSCPT in the s
plest possible case@4#. It appears in a two-level atom that ha
no truly dark states, and enables laser cooling in a dom
where the quantum description of atomic motion is requi
(T,Tr). In our case, its observation is facilitated by workin
in a region where the usual requirement for laser coolinge
!1, is not satisfied.
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