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In this paper we present an overview of recent results on noniinear spectroscopy of cold
«toms. Probe-beam amplification and absorption spectra are reported for cesium atoms
cooled and confined in a magneto-optical trap. In addition to the well known spectrum of
Mollow, novel spectral features with subnatural linewidths and single-pass gain of 20% are
elso observed. These narrow resonances can be qualitatively understood in terms of stim-
vJated Raman processes in a A three-level system. Negative radiation pressure is demon-
strated as a mechanical consequence of optical gain.

I. Introduction

Since the first proposal in 1975 by Hansch and
Schawlow!' of using laser light to cool an atomic sample,
there has been a dramatic progress in the areaof laser
cooling and trapping of neutral atoms®3. The possi-
bility of obtaining high densities of cold atoms and the
understanding of the intrinsic physical process leading
to low temperatures were the principal motivations for
the most part of groups involved in this field. From
a spectrocopic point of view, the capability of produc-
ing dense samples of cold atoms allows spectroscopic
investigation:; in a domain where Doppler and transit
broadening can be greatly reduced, which could also be
important foi many quantum optics experiments.

From an alternate perspective, spectroscopic char-
acterizations of trapped atoms can provide important
new information about the dynamics of the trap itself,
as has been demonstrated in recent absorption spectra
of cold and confined atoms*?®.

In this paper, we present a detailed spectroscopic
investigation of trapped cesium atorns in a magneto-
optical trap, 1escribed in the following section. We re-
port measurenents of the spectral response of the cold
sample to a weak probe beam for a range of detunings
and saturating power of the beams that form the trap.
The recorded transmission spectra for the probe beam
reveal the presence of broad absorption and gain which
arein reasonz.ble agreement with earlier spectra calcu-
lated by Mollow® for a two-level atom in a strong field.

'A preliminary version of this work has been presented at the
one-day Workstop on Nonlinear and Quantum Optics (Recife,
February 1992).

For strong saturation, Mollow’s spectrum can present
gain, which can be interpreted as originated by stimu-
lated transitions between dressed-states with inverted
population. However, novel narrow spectral features
around thefrequency of the trapping beams are also ob-
served, which can be qualitatively understood in terms
of Raman resonances in a A- three-level system. This
feature has a width well below the natural linewidth and
can present an appreciable single pass gain. We also
explore the correlation between this narrow spectral
feature and the mechanical properties of the trapped
atoms and show that this can lead to the observation
of both positive and negative radiation pressure, associ-
ated with stimulated absorption and emission from and
into the probe beam, respectively.

II. The Magnetic Optical Trap (ZOT)

One of the most sucessful optical traps was the so
called Zeeman-shift spontaneous - force optical trap
(ZOT) or magneto-optical trap, first demonstrated by
Raab et al in 19877. It is a very deep optical trap and
has been used to achieve densities of cold atoms? higher
than 10! atoms/cm®. However, for the experimental
realization of previously built optical traps, including
the ZOT, a voluminous ultra-high vacuum apparatus
was required, due to the “necessity” of first slowing
down an atomic beam prior to trapping. An exciting
development in thisfield was the recent demonstration
by a group at the University of Colorado® of the trap-
ping of neutral atoms directly from an atomic vapor
in a cell at room temperature. In this case the trap
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is filled with the slow velocity atoms in the tail of the
Maxwellian velocity distribution, and while the optical
arrangement is the same as in the former ZOT, this
cell-trap represents an enormous simplification in the
experimental apparatus, allowing now the possibility
of obtaining samples of ultra-cold atoms even in small
laboratories.

Although this trap can work for atoms with a com-
plicated hiperfine structure, the basic principle can be
illustrated by considering a hypothetical atom with to-
tal angular momentum F = 0 and F = 1 for ground
and excited state respectively (as for example in the
hyperfine structure). The atoms are placed in a weak
magnetic field B(z) = (4£)z, so that the degenerated
Zeeman sublevels are split by thefield gradient accord-
ing to Figure 1. The atoms are illuminated by a pair
of counterpropagating laser beams, with opposite circu-
lar polarization ot and ¢~ and frequenries wy detuned
below the unshifted mp = 0 resonance frequency. It is
easy to see that at the point with zero magnetic field
(z = 0) theforce from the two beams will exactly can-
cel. However if the atoms moves to a position z > 0 it
will absorb more light from the ¢~ beam, than from the
ot beam, since for z > 0 the Zeeman shifted mp = -1
level is closer to resonance than the level mp = 1. The
atom is then pushed back to the origin z = 0. On the
other hand at a position z < 0 the Zeeman shift is re-
versed, so the force is again directed towards the origin
z=0.

ey
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Figure 1.: Zeeman shifted energy-levelfora F=0 —
F = 1 transition toillustrate the operation of the ZOT.

To make this discussion more quantitative in this
simple case, we can calculate the net force on a single
atom. Let us assume that the two beams shown in
Fig.1 are plane waves and have the same intensity. If
we consider the low intensity limit, so that the beams
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do not saturate the atomuc transition, it is possible to
add independently theforce created by each laser beam.
Thus, the net force on an atom moving with velocity v,
is given by

IE: ﬁo+ +ﬁa‘ (1)
where,

~ Q2/2

1
5 = Z - (2)
2 B FKu, FA+ T

In the equation (2) v is the natural linewidth, 6 =
wr —wo < O isthedetuning between the laser frequency
and the unshifted atomic frequency, Ii' is the wavevec-
tor, Q is the Rabi frequency (2 = pE/h, where E is
the amplitude of the electric field and g is the transi-
tion dipole moment) and A = pm 422/h (um, being the
magnetic dipole moment for the excited state) is the
Zeeman shift in the atomic frequency.

If wetake thelimit of low atomic velocities and small
Zeeman shift [(|6] ~ y) > lkv,|,|Al], the force can be
rewritten as

F=-yv, - Kz, (3)
with
- EyQ26 K2
IRy @
and

- EyQ%pm 42
K = _D7 OBm g (5)
(55 +72/0)?

Since § < Q in this limit the atom will be driven by a
force which has a damping term, responsible for cool-
ing and a restoring term, responsible for trapping the
atoms. The equation of motion for an atom with mass
m is simply that of a damped harmonic oscillation,
4+28:t w2z =0, where 8 = 5/2m is the damping
rateand w = \/gthe natural frequency. If we consider
cesium atorns (A = 852nm), with 6 = v/2, Q?/4?2 = 0.1
and 42 = 10 G/em, we find that 82/w? ~ 5, which
show that, in fact, this corresponds to an overdamped
harmonic oscillator.

Extension of this scheme to three dimensions can be
easily made by adding two more pairs of counterpropa-
gating beamsin the X and Y direction and employing a
spherical magnetic quadrupole which will provide con-
finement along these directions.

Although we have considered here the low intensity
limit, the trap also works when the laser beams are so
strong that tlie atomic transition is saturated. In par-
ticular, thisis a very interesting experimental situation
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to study the atom-field interaction, without having to
take in account the velocity distribution.

III. Experimental Results

Our experiment employs atomic cesium in a
magneto-optical trap as illustrated in Figure 2. The
trap is loaded directly from cesium vapor in a quartz
cell with a square cross section of 1em?. The cél is
illuminated by three counterpropagating pairs of laser
beams of’ opposite circular polarization arranged along
mutually orthogonal directions and with common fre-
guency tuned several natural linewidths below the res-
onant transition (65,2, F = 4 — 6P, F = 5) at
852nm. A spatially dependent trapping force arises
from the position dependence of the atomic Zeeman
shift in an inhomogeneous magnetic field of gradient
of 10 G/em aong z and 5 G/cm aong (x,y) created
by two carrent carrying coils. In the steady state, the
number of trapped atoms is determined by the
balance of laser capture from and collisional loss with
the background of C's vapor in the cell. The typical fill-
ing time of the trap following a sudden turn on of the
trapping lasers is about 1s for a cell with C's pressure
2 x 10~8Torr, with the diameter of the steady state
cloud of trapped Cs atoms being about Imm. The
temperatire of the trapped atorns is near the Doppler
cooling limit (125p¢K’) as inferred by monitoring the
decay in absorption of a weak probe beam when the
trapping lasers are chopped off. In our experiments,
the trapping beams are of waist wo = 4mm and are
derived from a frequency stabilized Ti : A4,03 laser
with linev/idth below 100k H 2. Radiation from a semi-
conductor diode laser recirculates the population lost
to the F := 3 ground state.

Given this brief survey of the ZOT, we next turn
to our spectroscopic study to investigate more explic-
itly the microscopic dynamics of the trap. Again with
reference i0 Figure 2, under conditions of strong excita-
tion by the trapping lasers, we record the transmitted
power asa function of the frequency w, for a low inten-
sity probe beam of waist ~ 100pm focused through the
trap. The probe beam is derived from the Ti : 44,05
laser and is independently tuned over a limited range
in frequenry by acousto-optic modulators. Figure 3 is
typical of our results for the probe spectra and is a
succession of records of the transmitted probe power
normalizecl to the input probe power (p/po) versus wy,
with the positions of the frequencies of the trapping
laser wp and of the atomic transition w, indicated. As
might be =xpected®, we observe in Fig.3a the probe
spectrum with broad regions of absorption and ampli-
fication sy nmetrically placed about wr, characteristic
of the dressed-state splitting. However, in addition to
the broad ‘eatures, a narrow dispersive-shaped feature
around wr is also clearly evident in Figure 3a. This
narrow fearure has a width below the natural linewidth
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Figure 2. Experimental arrangement of the trap

(ZOT).

of v, /m = SMHz and can exhibit appreciable single-
pass gain (> 20%). An expanded view of the absorption
spectrum is given in Figure 3b-d, where we see that for
increasing levels of trapping power Pr, the dispersive
shape broadens and develops a substructure. The gen-
eral trends shown in Figure 3 are independent of the
number of trapped atoms as well as of the direction of
propagation of the probe beam relative to the trapping
beams. However, the spectra do exhibit a dependence
on the polarization state of the incident probe beam
(especially as regards the substructure shown in Figure
b-d and on the magnetic field gradient across the trap
(AB ~ 1G gives arange Aw, /27 ~ IM Hz). For ex-
ample, for a fixed trapping power (1.6mW), Figure 4
shows the narrow feature for two different values of the
magnetic field gradient. Aswe can see, the shape of the
narrow feature changes and the ratio between the sizes
of gain and absorption parts seems to decrease with the
magnetic field. However, the interpretation of these re-
sults require that we take into account modifications in
the morphology of the trap.

To model these probe spectra, we can make some
headway by first of all attempting to assess the role
of the multiplicity of Zeeman transitions with a crude
adaptation of the standard two-state result®. Our ap-
proach is to average the absorption spectra for a weak
probe over the distribution of dipole moments for the
F=4 — F' = 5transition in Cs. Pursuing this analy-
sissomewhat further, we present in Figure 5 a compila-
tion of resultssuch asin Fig.3a over a range of trapping
power 0 < Pr < 3mW. With regard to the splitting
between wr and the broad absorption feature, we find
that the average over Zeeman sublevels does not pro-
duce significant departures from the two-state result.
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P/po (a)

Figure 3.: Probe absorption spectra p/po versus probe
frequency w, for (ws — wr)/2 7=13.5 MHz. (a) Scans
showing large absorption near w4 and small gain sym-
metrically placed about wr. (b-d) Magnified frequency
scale to examine the narrow central feature near wr for
various Pr.

By contrast, the large spread in Clebsch-Gordon coef-
ficients within the F = 4 — F’ = 5 manifold results
in a broadening that substantially increases the width
@ above the two-state result for both the experimental
scans and the calculation. That tliis excess width does
not arise from heating of the trap with increasing Pr
has been established with measurements both of the
transient decay of the trap and of the probe spectrum
with a chopping technique that leads to the points for
(Q,8) at R = 0. Note that in Figure 5, R is referenced
to the mp = 4 — m}, = 5 transition with R = 1 for
I = 1mW/em?, where | = 6Ir and Ip = 2Pr/nuwi.
The set of theoretical Rabi frequencies has been scaled
by a= 0.85 (R — a?) to optimize the comparison.

If we next consider the narrow central feature near
wr, we might attempt to account for the rather com-
plex optical pumping processes within the manifold of
Zeeman states with an extension of the usual two-state
calculation to include relaxation to and from neighbor-
ing Zeeman transitions™™ As opposed to our previous
summation, such approach for an "open" two-state sys-
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Pr=1.6mW gg,. 6 Gauss /cm

Pr=16mwW %~ 13 Gauss/cm

IMH, \\/
3

Figure 4. Narrow feature absorption spectra for two
different values of the magnetic-field gradient.

tem offersthe possibility for describing certain dynam-
ical aspects of the problem, as for example the differ-
ential rate of relaxation of ground and excited state
populations!®1!. Unfortunately, the spectrum for the
"open" two-state system exhibits either very small cen-
tral features of the same symmetry as in Figure 3 or
larger features of size comparable to our data but of
opposite symmetry® =11,

Another avenue that we have followed isto calculate
the spectra using a three-level A system for which slow
relaxation between ground states can lead to narrow
spectral features'?2~'7. If we consider the three-level A
system shown in the inset of Figure 6 driven by two
pump fields of common frequency w’, but interacting
with different transitions, then it is easy to see that
a stimulated Raman process leads to amplification of
the probe beam when w’ — w, = 6’ and to absorption
when o’ — w, = —6', where ¢’ is the frequency split-
ting of the ground states. This is because the steady
state population of level 2 exceeds that of level 3. In
the correspondence of this model with the experiment,
the differential detuning 6 can be due to the range of
Doppler shifts, the spatially-dependent Zeeman split-
ting across the trap or the light-shifts, while a mix-
ing of ground states might be driven by atomic motion
through the polarization gradients of the trap. For ap-
propriate choices of decay rates and Rabi frequencies,
we can obtain spectra qualitatively similar to those ob-
served in the experiment. Figure 6 shows one of such
spectrum, for the parameters given in the inset. Al-
though this model is encouraging for weak fields, un-
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Figure 5.: Fraquency splitting Q () and width 8 (0)
of the broad sbsorption feature versus Rabi frequency
R of trapping beams for (wa — wr)/27 = 13.5 MHz.
Theoretical curves for (§2,5) are from an average for
F =4 — F =5, The dashed curve gives g for the
single two-state transition; a similar curve for € would
roughly overlsy the multistate result. The normaliza-
tion for (2, 3) is v /27 = 2.5 MHz; for R it is v/2v, .

fortunately fcr strong excitation asin Figures 3,4, the
calculated absorption spectra depart significantly from
our experimental traces as the field-dependent dressed
states for the A-system emerge.

The decidedly mixed scorecard for the above
analysis leacds us to conclude that a detailed under-
standing of the absorption spectra will likely require
a complex treatment of the relevant cesium levels to-
gether with tlie microscopic environment of the trap.

IVV. Mechanical Effects in the Trap

As we discussed in the previous section, our view is
that atomic raotion inside the trap environment plays
an important role for the understanding of the observed
spectra. For example, for an atom moving with the av-
eraged thermal speed in the trap (v ~ 10em/s), the po-
larization gradient created by the six laser beams will
produce a coierent modulation in the Zeeman popu-
lation varying with a rate comparable to the observed
width of the narrow feature.

Not surprisingly then, our measurements of absorp-
tion spectrabring usfull circle back to the difficult ques-
tion of theseli~consistent relationship between the spec-
troscopic and mechanical characteristics of thetrap. To
begin to addr=ss thisissue, we present in Figure 7 a se-
ries of images that illustrate a correlation between the
narrow spectral resonances and the morpliology of the
trap. Figure 7a is a relatively symmetric picture of the
trapped cloud of Cs atomsin the absence of the probe
heam. In Figure 7b the probe beam is present and it

PROBE TRANSMISSION

Figure 6.. Calculated absorption spectrum for the A
three-level system showed in the inset. §2;, are the
Rabi frequencies associated with each pump field, 71,2
the relaxations rates, and A; , the corresponding laser
detuning.

is tuned for absorption in the narrow feature in Figure
3. In this case the atoms in the trap recoil along the
direction of propagation of the probe beam (stimulated
absorption resulting in positive radiation pressure). In
Figure 7¢ the probe frequency is tuned into the region
of gain in the subnatural profile, with the result that
the atoms in the trap recoil opposite to the direction
of propagation of the probe beam (stimulated emission
resulting in "negative" radiation pressure)!®. While
our demonstration is with an externally applied probe,
the atomic fluorescence itself serves as a self-generated
probe which couples internal spectroscopic and exter-
nal mechanical degrees of freedom. For example, atorns
with velocities with K'v > 0 will experience one type of
force, while those with Kv < 0 will experience another.
So, beyond the remarkable demonstration of negative
radiation pressure, Fig.7 serves to illustrates the im-
portance of take into account the existing correlation
between the spectroscopy and mechanical motion in
the trap. From another perspective, negative radia-
tion pressure can be employed to optically implode!®
the trapped sample, as suggested in reference®.

V. Conclusions

We have described an investigation of the non-
linear spectroscopy of cesium atomscooled and confined
in a magneto-optical trap. Novel spectral features with
subnatural linewidth were observed and qualitatively
explained in terms of stimulated Raman resonances in
a A-three-level system involving different m-levels. We
also demonstrate that the mechanical effect of optical
gain leads to the observation of negative radiation pres-
sure and have showed the importance of the coupling
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Figure 7.: Images of trapped Cesium atoms viewed from [110] direction (Figure 2). (a) Trap in the absence of
the probe beam with radius R ~ 0.4mm. (b-c) Trap with probe beam propagating from left to right and into the
page by about 25° (along [1,3,0] direction). (b) Probe detuning (w, — wr)/27 ~ +0.3 MHz, with recoil along the
direction of probe propagation (absorption). (c) Probe detuning (w, — wr)/27r ~ —0.3 MHz, with recoil opposite

to the direction of probe propagation (gain). In

{b,c), the images shown are the difference between (a) and the

corresponding image in the presence of the probe beam, with light (dark) indicating an increase (decrease) in atomic

fluorescence

between the spectroscopic and mechanical properties
of the trap, for the complete understanding of the ob-
served spectra. This understanding could give us im-
portant information about how the trap realy works.
On the other hand, as we already pointed out, a cloud
of cold and trapped atoms is an exciting system for
many quantum optics investigations. In particular, we
will try to observe noise reduction in four-wave mixing
oscillation in an optical cavity, using cold atoms as the
nonlinear medium.
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