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Energy Bands and Bloch States in 1D Laser Cooling and Their Effects
on the Velocity Distribution
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We describe calculations that predict and analyze distinctive features in the velocity distribution
in 1D laser cooling for light shift potential well depths only a few times the recoil energy. These
features can be interpreted in terms of populations of energy bands or even Bloch states in the
periodic potential. They occur with a ot standing wave, with and without a small B field, and for
lin L lin laser cooling. We have observed these features experimentally in a beam of metastable
helium atoms cooled on the 238 « 2% P, transition, with velocity resolution ~ 0.3 recoil.

PACS numbers: 32.80.Pj, 42.50.Vk

Recent progress in laser cooling has produced atoms
with mechanical energies less than the light shifts induced
by the laser light [1,2]. This means atoms may be con-
fined in the wells of the periodic light shift potential. At
such low energies, the atomic de Broglie wavelength is
comparable to the optical wavelength. Motion in these
wells is thus quantized: The eigenstates of atomic motion
show a band structure analogous to that of electrons mov-
ing in the periodic potential of a crystal. Since a theory
of this band structure in laser cooling was developed [3],
there has been a keen interest in studying its effects ex-
perimentally. Recently, the frequency intervals between
energy bands have been investigated with a probe laser
using four-wave mixing [4], through sidebands in the fluo-
rescence [5], and through rf spectroscopy [6]. Up to now,
however, there have been no observations of quantum ef-
fects in the velocity distribution, which is arguably closer
to the focus of laser cooling.

Here we report measurements and calculations that,
for the first time, do reveal quantum effects in the veloc-
ity distribution, P(V), of cooled atoms by comparison of
experimental data with quantum calculations. We find
effects of slower cooling rates for atoms in energy bands
within the wells of the periodic light shift potential, U(x),
and effects of population transfer between Bloch states
within these bands. In the latter cases, we are effectively
probing the velocity substructure of bands in the periodic
potential. Observation of these features requires that (a)
the velocity resolution be smaller than the recoil velocity
Vg; (b) the laser-atom interaction time must be at least a
few times longer than the optical pumping time; and (c)
U(zx) must be shallow enough so that only a few bands
occur below the tops of the potential hills and tunnel-
ing between wells becomes appreciable. Conditions (b)
and (c) are met by the choice of laser intensity and de-
tuning, while (a) is facilitated by cooling metastable He
23S atoms (He*) on the 235; < 23P, transition. He*
has a large recoil velocity Vg = hk/M = 9.2 cm/s due
to its small mass M (A = 2r/k = 1.083 pm is the laser
wavelength).

We discuss three cooling configurations where we have
observed energy band or Bloch state transition effects.
The first is a pure ot laser standing wave driving the
He* J = 1 — 2 transition, which produces a dip in P(V)
near V = 0. The dip is caused by slower cooling rates
for atoms in the wells of U(z), resulting in a deficiency of
atoms in bands within these wells. The second configura-
tion is magnetically induced laser cooling (MILC) where
a ot standing wave and a magnetic field produce sub-
Doppler cooling [7]. Transitions between Bloch states
within the lowest energy band in the standing wave pro-
duce a peak in P(V) at V = 0 with a width about equal
to Vg. The third case occurs in polarization gradient
cooling by counterpropagating laser beams of orthogonal
linear polarization (lin L lin or LPL) [8]. Here we find
dispersionlike features in P(V') near V = +Vp, caused by
net population transfer from states just above the lowest
band gap to states just below it.

The apparatus used in our studies is shown schemati-
cally in Fig. 1. He* atoms come from a discharge-excited
nozzle source, cooled by liquid N3. The measured longi-
tudinal velocity distribution has an average v = 1400 m/s
and a spread Avyms = 240 m/s at our standard operat-
ing conditions. The on-axis source output is ~ 5 x 101
He* atomss~—!sr—!, while the ratio of singlet to triplet
metastables in the beam is < 0.02. About 1 cm down-
stream of the nozzle there is a conical skimmer, followed
25 cm further by a 30 um x 7 mm slit that reduces the
flux to 2 x 108 He* atomss™.

Directly after this slit, the atoms interact with two
counterpropagating laser beams of equal intensity. The
beams have a nearly Gaussian profile with a waist radius
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FIG. 1. Schematic of the experimental apparatus.
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TABLE I. Low order expressions for some unnormalized
Mathieu functions, labeled by (n, v) (adapted from Ref. [16]).
Here u = Up/Er and z = kz. Energies (third column) are
relative to the potential mean.

(n,v) v E/Er

0,0 1 — (u/8)cos(2z) ... -u3/32 ...

0,0.8 exp(0.8iz) — (5u/16) exp(—1.2i2) ... 0.64 — 0.09u? ...
0,1 sin(z) — (»/32)sin(3z) ... 1—u/4 ...

1,1 cos(z) — (u/32) cos(32) ... 14+u/4 ...
1,0.8 exp(—1.2iz) + (5u/16) exp(0.8iz) ... 1.44 4+ 0.07u? ...

w = 16 mm (e~ 2 intensity point) and are apertured to a
diameter of 32 mm. They originate from a home-built,
laser diode-pumped cw LNA laser [9]. The laser’s fre-
quency is locked to a cavity locked to a Zeeman-tuned
[10], weak rf discharge in helium. The interaction region
is surrounded by three orthogonal pairs of Helmholtz coils
to create a well-defined magnetic field B. The Earth’s
magnetic field was canceled to +£5 mG using the mechan-
ical Hanle effect on the 23S; — 23P; transition [11].

The transverse P(V) of the He* beam, modified by
interaction with the laser light, is measured with a de-
tector 1.9 m away. This detector consists of a stainless
steel plate placed behind a 30 um wide slit in-a move-
able, metal cage. The two 30 um slits separated by 1.9
m provide velocity resolution of 2.7 cm/s or 0.3 Vg. The
internal energy of the He* atoms can free an electron
from the plate on impact, and the resulting current (~ 10
fA) is amplified, collected, and recorded. The detector’s
transverse position is scanned with a stepper motor.

We have used two types of density matrix quantum
cooling calculations [3,12-14] to interpret the measure-
ments. The density matrix p obeys the Liouville equation
p = —(i/R)[H, p] + pse, where H includes internal and ki-
netic energies and atom-laser and magnetic field interac-
tions. pse expresses the spontaneous radiative decay and
repopulation of ground state sublevels. The calculations
that best model the experiments use basis states that
are products of internal atomic states and free particle
momentum eigenfunctions (3,13]): ¥ = |J, m,p). Excited
states are explicitly included so Doppler cooling effects
occur, and the laser profile can vary in space. These cal-
culations match the measured P(V'), but alone they do
not offer a clear picture of the cooling process.

More insight comes from using the eigenstates ¥(z) of
U(z), obtained by adiabatically eliminating the excited
state [12,14,15]. It is sometimes useful to project free
particle computational results onto the ¥(z). Also calcu-
lations directly with a density matrix over the ¥(x) rep-
resent the essential features for MILC and LPL cooling,
although there is no Doppler cooling and the laser profile
is assumed constant. In this method, the effective ground
state Hamiltonian is Heg = P2?/2M + (2S6/L)V,eVeg,
where S = 20%/I'? (= 1 for intensity I = 7he/3X37), Q
is the single beam Rabi frequency, I' = 1/7 is the de-
cay rate, 6 = Wigger — Watom is the laser detuning from
the atomic frequency, and L = 1 + 462/T'2. The matrix

Ve includes Clebsch-Gordan coefficients for the atom-
laser interaction (|Vgiej| < 1). Heg is diagonal in the
magnetic quantum number m for 0% light or for LPL
cooling on a Jy = 1 transition. As discussed in Ref. (3],
the secular approximation (no off-diagonal density ma-
trix elements) may normally be used for LPL. The well
depth Uy = fS6/L, where f = 2 for a o standing wave,
and f =5/6 for J =1 — 2 for LPL.

Some background on Bloch states is helpful. When
H.g is diagonal, the eigenfunctions satisfy a Math-
ieu equation. Solutions may be written as an ex-
pansion in momentum eigenstates [3,15,16] ¥, ,(z) =
> @n,jv expli(v + 2j)kz], where n is the band num-
ber and v is the Bloch index: —1 < v < 1. Thus
¥(z) obeys Floquet’s theorem. Table I presents the
low order wave functions for U(z) = Upsin®(kz), when
Uo < Er = MVg2/2 = h?k?/2M, the recoil energy. En-
ergy gaps occur at ¥ = 0 or £1. When U(z) is shallow,
quasibound states (E < Up) just below a gap are more
strongly localized in the deep part of the wells than states
just above it, but the v = 0 state of the lowest (n = 0)
band is only slightly localized.

To explain our observations in the simplest way, we will
refer to J = 2 — 3 models. For MILC and LPL, we use
a basis of eigenstates of Heg and assume that the atomic
recoil from spontaneous emission of a m (o) photon is
always directed perpendicular (parallel) to the laser axis
(z axis). In oF excitation from m = —3 Bloch states,
followed by 7 decay to m = % states, the net change in
the Bloch index is then Av = +1.

We first discuss a feature in ot standing wave laser
cooling (no polarization gradients or magnetic field). The
data in Fig. 2(a) show an overall bell shape from the
initial P(V') modified by normal Doppler cooling. In ad-
dition, there is a dip near V' = 0, which is reproduced
in the computational results obtained with the free par-
ticle basis (with Gaussian laser spatial profile), shown
with the solid line. The dashed line shows similar re-
sults calculated for a J = 0 — 1 transition also with a
o* standing wave laser field, or effectively with 2-level
Doppler cooling. This calculation also exhibits a dip at
V = 0 of about the same amplitude but slightly different
shape.

From the computational results in Fig. 2(a), we con-
clude that the major part of the observed dip at V =0
is due to an effect discussed previously in semiclassical
terms [17], but not yet reported in experimental obser-
vations of P(V). Atoms with Ei;, < Up are cooled
more slowly than those with higher E\;,, thus accumu-
late more slowly than those with Ey;, > Uy. We show
this in terms of the population of quantum levels in U(z)
by projecting the calculated density matrix over the free
particle basis states onto eigenfunctions of U(z). Fig-
ure 3(a) shows m = +1/2 ground state energy bands for
a J = 1/2 — 3/2 transition, while Fig. 3(b) shows the
populations in these bands, in each case for spatially uni-
form laser intensity after 20 us. The m = —1/2 bands
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FIG. 2. Experimental data (dots) and free particle ba-
sis computational results (solid lines) for the velocity dis-
tribution of He* atoms with (a) a o% standing wave,
Smax = 1.65,6§ = —2I'; (b) a o" standing wave plus
50 mG B field, Smax = 4.5,6 = —4I'; (c) LPL cooling,
Smax = 2.7,6 = —8I'. For (c), calculations were performed
with Smax = 1.2. The laser intensity has a Gaussian spa-
tial distribution. The dashed line for (a), displaced for clar-
ity, gives computational results for the identical conditions
as for the solid line but for a J = 0 — 1 rather than
J = 1 — 2 transition. Dashed lines for (b) and (c) give
results of periodic potential basis calculations for the simpler
case of J = 1/2 — 3/2, with adjusted uniform laser intensity.

have been depopulated by optical pumping in the o+
light. The lowest m = 1/2 band (n=0) has fewer atoms
than expected by extrapolation from bands lying above
E = Up. Hence there is a deficiency of atoms near V =0
in this simplified model and a closely related dipat V =0
in the experimental data.

At present, only fully quantum calculations reproduce
the data quantitatively. Semiclassical Fokker-Planck
methods using a spatially averaged force do not give a
dip at V = 0. We find that calculations of trajecto-
ries with the semiclassical F(X, V) force function [17,18]
(with no diffusion) for an ensemble of values of X and V
do yield a dip for certain laser parameters.

The difference between the J =0—1land J =1 — 2
computational results in Fig. 2(a) is due to transfer from
the lowest quantum states of m = —1 and 0 sublevels
to m = 1. This momentum transfer process (MT) ap-
pears again in MILC (below). The dip at V = 0 is rel-
atively short lived. For mm = 1 atoms, Doppler cooling
and equilibration with the laser field continue at the rate
I'popp = 16SS6ER/RI'L2. Since our interaction time is
only ~ 20 us, we do not see the dip vanish, but our cal-
culations indicate that it disappears after about 200 us.

The next feature we discuss occurs when a transverse
magnetic field B is added to the o+ standing wave (MILC
(7]). At low intensities the two peaks from the MT pro-
cess appear at approximately ~ V = +1.3Vgz. As dis-
cussed in Ref. [13], MILC is a cyclic process of Am = +1
optical pumping and Am = +1 B field mixing. Hence in
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FIG. 3. Analysis of the quantum feature in Fig. 2(a), using
computational results for a J = 1/2 — 3/2 transition with a
ot standing wave, spatially uniform laser intensity, S = 1,
and § = —2I' (Uo/Er = 8.9). (a) Light shift potentials for
m = +1/2, with the lowest few energy bands. (b) Populations
of Bloch states (discretized on a mesh of Av = 0.1) in the
lowest m = +1/2 bands after 20 us (200 7), relative to the
uniform initial population (solid line at 1). The braces (top
and bottom) indicate the energy range of each band.

MILC, the peaks at V = +1.3VR are continually regen-
erated. Also in Fig. 2(b) there is a central peak of width
~ Vg. As shown in Fig. 4(a), the population of the low-
est m = —1/2 band decreases sharply with energy. No
central peak occurs when the populations of the Bloch
states in this band are artificially made uniform, as they
nearly are for the B = 0 case. We conclude that the
variation in the population over the band is responsible
for the peak in P(V) at V =0 in Fig. 2(b).

To show why this variation occurs, in Fig. 4(b)
transitions between Bloch states (labeled A through D)
in the lowest bands (n = 0) of the m = 1 po-
tentials are represented by straight and curved (sin-
gle) arrows. The numbers (0.87, etc.) give the rela-
tive pumping transition rates between states |m,n,v) as
Tap = |(—%,0,0|sin(k2)|3,0,1)|> = 0.80 and Tpc =
|(—3,0,1|sin(kz)|4,0,0)|> = 0.87. In the deeper, m =
+% well, all states are comparably localized near the high
intensity region, but in the shallow m = —% well, the
n = 0 wave functions become more strongly localized in
the high-intensity part of the well as v goes from 0 to 1.
Therefore Tpc is greater than T4p. The pumping rate
from m = —1 to m = 1 for v = 0 (point A) tov =1 (D)
is weaker than the pumping rate from v = 1tov =0
(B to C) because atoms at B experience a higher aver-
age intensity than those at A. By contrast, the B field
mixing rate between the two v = 1 states (B, D) is very
nearly equal to that for v = 0 (A,C). The net result
of this cyclic process is an accumulation of atoms in the
state with the lowest pumping rate, i.e., state A [dou-
ble arrow in Fig. 4(b)]. As seen from Table I and Fig.
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FIG. 4. Analysis of the quantum feature in Fig. 2(b)
(MILC) based on calculations for a J = 1/2 — 3/2 transi-
tion in a o standing wave, S = 2, § = —5T (Uo/Er = 8.0),
B = 50 mG. (a) Calculated populations in Bloch states as
in Fig. 3(b). (b) Low-lying energy bands vs Bloch index v
for m = £1/2, with optical pumping (straight arrows) and B
field coupling (curved single arrows) transition elements. The
double arrow shows the net population transfer. (c) P(V)
functions for the m = —1/2,n = 0,v = 0, and v = 1 Bloch
states, initial and final states of the two-step transfer process.

4(c), atoms with ¥ = 0 have a large probability to be at
V = 0. Thus, a central peak occurs because of a two-
step transfer of atoms within the lowest m = —% energy
band, and is a purely quantum feature. For deeper po-
tentials with more bands below the tops of the potential
hills, this quantum feature evolves into the usual MILC
cooling peak.

Our third feature, also a quantum effect, occurs in
LPL polarization gradient cooling at low intensities. For
Uy ~ ER, we find that P(V') has strong dispersion shapes
centered at V = +Vpg, which can also be understood in
terms of transitions between Bloch states within the low-
lying energy bands. Calculations and experimental data
on this effect are shown in Fig. 2(c). To best match the
experimental data, a laser intensity S = 1.2 was used in
the calculations as compared with the measured value of
2.7. This discrepancy is unexplained at present.

In LPL cooling, each optical pumping step of the cyclic
transfer from m = —% to m = 1 and back results in
some energy loss. With shallow potentials, the lowest
quantum states produce anomalies in the cooling process.
We focus on optical pumping or radiative decay from the

= —3,n = 1 band to the m = £,n = 0 band, and
consider atoms in Bloch states labeled A, B, and C in
Fig. 5. Atoms in Bloch state A are pumped to state B
by o* photons, then to C by o~ photons (Fig. 5). The
rate for this pumping into C is faster than the rate for
pumping atoms out of C to higher states, so there is a net
transfer of atoms from A to C. For A, the most probable
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FIG. 5. Analysis of the quantum feature in LPL cooling
in Fig 2(c), in terms of a J = 1/2 — 3/2 transition. (a)
Low-lying energy bands for m = +1/2, with arrow showing
important transitions between Bloch states. (b) P(V) func-
tions for the initial and final Bloch states in the two-step
transfer in (a).

|V is slightly > Vg, while for C, the most probable |V|
is slightly < Vg, as seen from the P(V) in Fig. 5(b) or
the (1,0.8) and (0,0.8) functions in Table I. This two-step
transition accounts for the dip at V' > Vg and the peak
at V < Vg, and reflects the differing character of Bloch
states just above and just below the lowest band gap.

In summary, the experiments and calculations reported
here show that in order to understand laser cooling on
the level of one recoil velocity, one must understand the
redistribution of population among Bloch states in the
periodic light shift potential.
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