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INTRODUCTION

Most of what we know of atomic and mo-
lecular structure has been derived from spec-
troscopic analysis of the radiation emitted
when atoms or molecules are excited. From
measurements of the wavelengths and inten-
sities of observed spectral components, pio-
neering spectroscopists, with diligent and pa-
tient work, laid the basis upon which the
exploration of the physics of microsystems
would begin.

The foundation of spectral analysis dates
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back to about 1860, with Kirchhoff and Bun-
sen. The first instruments for wavelength
measurement were spectrographs, which, in
their modern version, continue to occupy
an important position in the spectroscopy
laboratory. The sample under investigation
would be suitably excited, generally by
means of an electrical discharge, and the
emitted light dispersed by prisms or diffrac-
tion gratings. Finally, the emergent light was
sent to a photographic plate upon which the
spectra were recorded [excitation spectros-
copy, Fig. 1(a)]. Alternatively, light from a
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lamp could be selected in wavelength and
used to record the absorption of the sample
fabsorption spectroscopy, Fig. 1(b)].

The first approach to treating the large
amount of information accumulated during
the early decades of these investigations con-
sisted of finding some regularity in the se-
quences of spectral lines. Liveing and Dewar,
in around 1880, emphasized physical simi-
larities between the spectral lines of alkali
elements and overtones in acoustics. In
1883, Hartley found an important numerical
relationship that allowed, from the large
number of lines in any given spectrum, the
isolation of those groups of lines (multiplets)
that were undoubtedly related. It soon be-
came evident that the frequency v was more
representative than the wavelength A. Never-
theless, because we measure directly not fre-
quency but wavelength, it is customary in
spectroscopy to use, instead of the frequency
itself, the wave number # = 1/A.

Our knowledge of spectral series formulas
dates from a discovery by Balmer, in 1885.
He reproduced very closely the wavelengths
of the nine then-known lines in the visible
spectrum of hydrogen (Balmer series) using
a simple formula:

A, = 3645.6n%(n? — 4) A, 1)

O (a), the sample is excited, for in-
: I | ). stance, by an electrical discharge,
J and the emitted light sent into a

prism spectrograph. In (b), light
from a lamp is dispersed and the
sample then investigated using only
wavelengths that are resonant with
a transition of the atomic or molec-
ular species.

detector

n being a variable integer number assuming
the values 3, 4, 5,... for, respectively, the
first, second, third, and so on lines in the
spectrum. Other series of hydrogen were in-
vestigated in the ultraviolet by Lyman in
1906 and, two years later, in the infrared by
Paschen.

A more general formula applicable to
other series and elements was found by Ryd-
berg. Using the comparatively large mass of
wavelength data then available for alkali ele-
ments, Rydberg found that the wave num-

bers of the observed spectral sequence were
described by the formula

7, = ¥ — RJ(n + p), ()

where u and 7 are constants depending upon
the series, 7 representing the high-frequency
limit to which the lines in the series con-
verge. The constant R,, in Eq. (2), now called
the Rydberg constant, was found to be inde-
pendent of the series considered and showed
slight variations from one atom to another.
The level scheme of the hydrogen atom is
shown in Fig. 2, and a photograph of the
Balmer spectral series is shown in Plate 1.
As is well known, at the beginning of this
century many experimental observations not
explicable in terms of classical physics led to
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FIG. 2. Energy-level diagram of the hydrogen atom,
showing some of the lines of the principal series.

the formulation of quantum mechanics. In
particular, Niels Bohr was to apply the idea
of quantum mechanics to the hydrogen
atom, arriving at a theoretical formula for its
spectrum that agreed with observations and
with the empirical formulas of Balmer and
Rydberg. According to Bohr's model, elec-
trons move around the nucleus with definite
energies. When an electron makes a transi-
tion from one allowed stationary state with
energy E, to another of lower energy E,, the
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frequency of the emitted radiation is deter-
mined by the condition that

hv=E, - E, 3)

where #h is the Planck constant (# = 6.63 X
1073* J s). Conversely, it is necessary to ab-
sorb a quantum of electromagnetic energy—
a photon—with energy hv in order to induce
a transition from a lower- to a higher-energy
level. Measurements of the wavelengths of
spectral lines are therefore related to the sep-
arations between energy levels, while the
measured intensities are proportional to the
transition probabilities.

From this basic idea of Bohr, experimen-
tal and theoretical investigations of atomic
and molecular structure have evolved consid-
erably over the intervening decades. Newer
and more accurate experimental observa-
tions have stimulated the development of
deeper and more sophisticated theories, and
theoretical predictions have, in their turn,
challenged experimentalists to seek ever finer
structure in the spectra of atoms and mole-
cules. This process gained a stimulating im-
petus from the discovery of the laser, which
opened a new era in spectroscopy. On one
hand, laser sources have allowed a return to
classical spectroscopic techniques with an in-
crease in spectral resolution and sensitivity
of several orders of magnitude. More impor-
tantly, though, the many peculiarities of la-
ser radiation (high intensity and spectral pu-
rity, short light pulses, etc.) have made it
possible to explore the interaction between
radiation and matter in a completely new
light. Many experiments that could not be
performed with classical radiation are now
feasible, and new techniques based upon co-
herent light have reached, in the spectra of
atoms and molecules, the ultimate limits of
resolution.

Besides fundamental physics, spectro-
scopic investigations are of direct impor-
tance in fields such as astrophysics, combus-
tion, and plasma physics and in an
increasing variety of applications. Optical ab-
sorption and emission spectroscopy, for ex-
ample, are used for the remote sensing of at-
mospheric pollutants and for medical tests.

In the following pages, the main tech-
niques of modern laser spectroscopy are ex-
amined. For discussions in detail, the reader
is referred to more specific and exhaustive
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textbooks as, for instance, Corney (1977),
Demtroeder (1981), Svanberg (1992), and Le-
tokhov and Chebotayev (1977). In this work
the physics of the laser is not treated; for a
review of this subject, we suggest the follow-
ing excellent books: Siegman (1971), Svelto
(1976), and Yariv (1975).

1. WIDTHS OF SPECTRAL LINES

The more deeply we understand the struc-
ture of an atom or molecule, the higher is
the resolution with which we need to exam-
ine its absorption and emission spectra. The
limit of resolution is determined by the
width of the spectral lines. According to
the Rayleigh criterion, two close lines with
equal intensities are resolved if the dip pro-
duced in the overlapping profile drops to 0.8
of the maximum intensity. In general, the
spectral resolving power R of any dispersing
instrument is defined by

R = MAX = v/Av (4)

where AA = A, — A, is the minimum sepa-
ration of two closely spaced lines that are
just resolved.

The primary limit to the spectral resolu-
tion is usually the optically dispersing ele-
ment used in the spectroscopic apparatus.
Even if the experimental resolution is ex-
tremely high, however, spectral lines will still
exhibit an intrinsic breadth. In other words,
the lines in discrete spectra are never strictly
monochromatic but show a spectral distri-
bution I(») around the central frequency y,
= (E, — Epf/h, E, and E; being the energies
of the upper and lower levels of the transi-
tion under investigation. The width of such a
line profile is usually expressed in terms of
the so-called full width at half maximum
(FWHM), which corresponds to the fre-
quency interval Av where

I(vy — AV2) = I(vy + AV2) = I(w)/2. (5)

1.1 Mechanisms of Line Broadening

There are several mechanisms that cause
a broadening of the emission or absorption
lines of atoms or molecules. These are usu-
ally divided into two categories, homoge-
neous and inhomogeneous broadening, de-

pending upon whether the probability of
absorption or emission of radiation with fre-
quency v is equal (homogeneous) or is not
equal (inhomogeneous) for all the atoms of
the sample.

1.1.1 Homogeneous Broadening The
natural (also named radiative or spontane-
ous) width is an example of homogeneous
broadening and represents the intrinsic
breadth of a spectral line. The finite lifetime
7 of an excited level gives rise, as described
by the uncertainty principle of Heisenberg
that AEAt = h, to an uncertainty in the en-
ergy of the level. As a consequence, the ra-
diation emitted when an electron jumps
from that level to the ground state is com-
posed of different frequencies, and the rela-
tive frequency distribution gives rise to a line
shape described by a Lorentzian curve,

I(v) = I(Vo)L(V - Vo)
= Ipy[47*(v — ) + (¥/2)?), (6)

where I is the total intensity of the line and
vy = 27wAv,,, = l/1, is the homogeneous
width (FWHM). The line shape L(y — 1) is
normalized; i.e., the area under the curve is
unity.

If the lower level of the transition is also
radiative with a lifetime 7, then the radiative
width becomes

Avy = 1277, + 1277 @)

Typically, the lifetime of radiative levels is of
the order of tens of nanoseconds, and hence
typical natural widths are of a few MHz.
Transitions do not necessarily occur be-
tween any arbitrary pair of energy levels be-
cause of general selection rules deriving
from the conservation of energy, angular
momentum, parity, etc. In general, such lev-
els are said to be metastable and the line
shape of the transition connecting them is
extremely narrow. Such atoms usually decay
through nonradiative processes, such as col-
lisions with other atoms or with the walls of
the gas container. For this reason, collisions
also play an important role in the shape of
spectral profiles. Collisions can be inelastic
or elastic, depending upon whether the inter-
nal energy of the colliding partners is modi-
fied or not after the collision. Elastic colli-
sions affect the phase but not the amplitude



of the wave function of the atomic state. The
total effect of the collisions is to produce a
shift and a broadening of the line shape. Col-
lisional (or pressure) broadening is propor-
tional to the pressure p of the collision part-
ner species, and the total homogeneous
width is given by the sum of two terms:

Yhom = Yrad + Yeoll = VYrad + ap. (8)

In some cases, the interaction time of atoms
with the radiation field can be shorter than
the spontaneous lifetime, giving rise to time-
of-flight broadening. In such circumstances
the linewidth is determined by the interac-
tion time 7, and in the limiting case the
width becomes

v = 1/2+T. 9

1.1.2 Inhomogeneous Broadening
The main cause of inhomogeneous broaden-
ing for atoms and molecules in the gas phase
is the Doppler effect. The central frequency
v, emitted by an excited atom moving with
velocity v relative to the rest frame of the ob-
server will be shifted by a quantity Av given
by

Av=v -y, =k-v, (10)

where the wave vector k ((kkl = 2#/A) indi-
cates the direction of the emitted photon. At
thermal equilibrium the molecules of a gas
follow a Maxwellian velocity distribution.
The whole line shape is hence given by the
superposition of differently Doppler-shifted
emitters, and the observed line shape is a
Gaussian:

1(v) = I,(0.94/Avp) exp — [(v — 15)%(0.36413)],
(11)

where the FWHM is given by
Avp = 7.16 X 10~ Ty (TIM)"2 (12)

with T the gas temperature (expressed in kel-
vins) and M the molar mass (expressed in
grams). For the sodium D, line, the Doppler
width is, at T = 500 K, 4y, = 1.7 GHz,
about two orders of magnitude broader than
the radiative width. Since the Doppler width
is proportional to the frequency w», line
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shapes of transitions in the infrared and mi-
crowave spectral regions are, in practice, lit-
tle affected, while in the optical domain (the
visible and ultraviolet) the Doppler effect is
the dominant broadening mechanism.

From the previous discussion we can con-
clude that homogeneous and inhomogeneous
broadening are governed by two line profiles:
the Lorentzian and the Gaussian. Although
the two curves appear similar, significant dif-
ferences appear if we compare two curves
having the same half-width, as shown in
Fig. 3.

In our discussion of Doppler broadening,
we have neglected the homogeneous broad-
ening of each velocity class of atoms. This
means that we should properly write the
whole line shape as a superposition of differ-
ent Lorentzian curves, each centered at the
Doppler-shifted frequency and weighted by a
Gaussian curve. The result of such a convo-
lution of a Lorentzian and a Gaussian is
called a Voigt profile (see Fig. 4). In practice,
when Ay > Ay, the line shape is well de-
scribed by a Gaussian curve.

2. HIGH-RESOLUTION SPECTROSCOPY

The intrinsic width of a spectral line is
determined by spontaneous emission. It may
be desirable to reach such a limit experimen-
tally for two main reasons: simply because it
represents the highest resolution possible
and to be able to investigate properties of
isolated atoms in the absence of external
perturbations (other than the laser radiation
used for the experiment itself). Especially
when the gaseous sample under investigation
is rarefied in order to render collisions neg-
ligible, the Doppler effect will be the first ob-
stacle to overcome.

At first sight, the easiest approach to re-
ducing Doppler broadening might appear to
be by cooling the sample. However, the slow
dependence of Ay, upon temperature [see
Eq. (12)] means that, for instance, to reduce
Avp by two orders of magnitude, the gas
temperature must be decreased by four or-
ders of magnitude. This is practically feasible
only for atomic and molecular species with
high vapor pressures.

Another approach that has been used to
reduce Doppler broadening is the use of
atomic beams. If a well-collimated beam of
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FIG. 3. Comparison between Lorentzian (homogeneous broadening) and Gaussian (inhomogeneous broaden-

ing) line shapes having equal maxima.

particles is irradiated perpendicularly by res-
onant radiation, then the first-order Doppler
effect is removed (k-v = 0). Because of the
finite collimation of the beam, of course, the
Doppler effect will still be present due to
the small velocity component perpendicular
to the atomic beam. If 6 is the beam diver-
gence, the residual Doppler effect is given by
Avp s = Ayp tand.

It is worth noting that the relativistic sec-
ond-order Doppler effect, depending upon (v/
c)? is not eliminated even with a perfectly

I{w)

collimated beam. This quadratic Doppler ef-
fect can play an important role in ultrahigh-
resolution spectroscopy, and we shall see
later some novel techniques based upon laser
cooling of the atoms that aim to overcome
this limit. It should also be noted that, be-
cause the atoms interact with the laser radi-
ation downstream of the nozzle, the method
of atomic beam spectroscopy is not appro-
priate for the study of species in excited
states with short lifetimes.

Doppler-free resolution is also possible us-

FIG. 4. Voigt profile obtained from
the convolution of Gaussian and
Lorentzian profiles (from Demtroe-

der, 1981).



ing classical light sources. This has been
achieved, for instance, using double-reso-
nance schemes in which two successive tran-
sitions, one in the visible and another in the
radio-frequency region, are excited simulta-
neously (see Fig. 5). The radio-frequency
transition will be between two closely spaced
energy levels, such as fine-structure or hyper-
fine levels; the Doppler width of these tran-
sitions, as explained previously, will be neg-
ligible, and the levels’ spacing, if not their
absolute positions, may thus be measured
with high resolution.

Level splittings may also be investigated
with the methods of level-crossing (Hanle ef-
fect) or quantum-beat spectroscopy. These
techniques are based on the interference be-
tween different atomic radiative transition
channels, which lead to a spatial distribution
of the intensity and polarization of the emit-
ted radiation. The need for radiation of high
spectral purity is avoided, and these tech-
niques are particularly valuable for accurate
measurements of fine and hyperfine struc-
ture and of the Zeeman and Stark splittings
of atomic and molecular levels.

The advent of tunable laser sources has
allowed the development of nonlinear tech-

3
A
radio-frequency
% 2
visible radiation
1

FIG. 5. Level scheme for double resonance involving
optical and radio-frequency radiation.
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niques that eliminate Doppler broadening
without suffering from these restrictions.
They are therefore competitive with and
complementary to the older spectroscopic
methods and have led to a number of novel
spectroscopic studies that would otherwise
hardly have been possible. These techniques
are applicable to atoms and molecules in
cells and hence have an immediate practical
advantage with respect to beam methods,
which require complex and expensive appa-
ratus.

Doppler-free laser spectroscopic tech-
niques are mainly based on two different
schemes: saturation spectroscopy and Dopp-
ler-free two-photon spectroscopy. In the for-
mer, narrow-band cw laser radiation “marks”
a small group of atoms within a narrow
range of axial velocities. In two-photon spec-
troscopy an atom undergoes a transition be-
tween two quantum states of the same parity
through the absorption of two photons,
whose energies add up to the required en-
ergy. If the photons are absorbed from coun-
terpropagating beams, the Doppler effect is
cancelled. The basic principles of these sub-
Doppler techniques are outlined using a
rather simple approach in the following par-
agraphs.

2.1 Saturation Spectroscopy

We start with a single optical transition
between two energy levels 1 and 2. Initially,
we suppose that such a transition is homo-
geneously broadened. We recall that in linear
(low intensity) absorption spectroscopy, the
absorption of the intensity I as a function of
the optical thickness z of the sample is given
by the well-known Beer-Lambert law

I(z) = I(0) exp(—az), (13)

where « is the absorption coefficient, a quan-
tity depending upon microscopic properties
of the medium under investigation. For low
light intensities, the population densities of
the upper (N,) and lower (N;) levels of the
investigated transition are only slightly
changed, and the coefficient « is thus inde-
pendent of intensity:

a = ‘-le[Nl — (g1/g2)N2]. (14)

where oy, represents the absorption cross
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section and g; and g, the degeneracies of the
upper and lower levels, respectively. At
higher intensities, N; may decrease signifi-
cantly while the upper-state density N, in-
creases, ultimately rendering the atomic
sample completely transparent (AN = N, —
N; = 0). Since N, and N, are both functions
of intensity, the absorption coefficient itself
becomes nonlinearly intensity dependent. In
this case, it can be shown that the popula-
tion difference AN can be written as

AN = ANY/[1 + S(v)], (15)

where AN, is the population difference in the
absence of laser radiation and S(») is the so-
called saturation parameter,

(v/2)?

(@ — o) + (727" (16)

S(V) = So

where vy is the homogeneous breadth of the
transition and @ = 2#v the optical angular
frequency. The saturated absorption coeffi-
cient ay(v) thus becomes

C (v/2)*

“0) = T L w) + e’ 47

where C is a constant. Comparing Eq. (17)
with the unsaturated absorption profile of
Eq. (14), we see that saturation decreases the
absorption by a factor 1 + S(») and broad-
ens the line profile by a factor (1 + Sp)'?, as
shown in Fig. 6.

We now consider the effect of the motion
of the atoms. If the laser beam is a mono-
chromatic wave of angular frequency w and
wave vector k, the Doppler shift will mean

d(w)

(W)=(1+Sy,) dg(W)

FIG. 6. Homogeneous line shape affected by satu-
ration (from Demtroeder, 1981).

that only atoms having a velocity component
toward the laser in the interval v + Av given
by the relation

WMWKk =0-w, Yy (18)

will absorb. This causes a hole in the veloc-
ity distribution of the lower level and a cor-
responding bump in the upper-level distribu-
tion. As we have seen, this group of atoms
will undergo saturation, and hence the hole
(or dip) will exhibit a saturated profile. If the
laser beam, after crossing the sample, is re-
flected back into the cell, then two symmet-
ric holes (or dips) will be produced in the ve-
locity distribution. As the laser frequency
approaches the resonant frequency », of the
transition, the two holes will collapse into
one, and the two counterpropagating beams
will simultaneously interact with the same
group of atoms; see Fig. 7(a). Tuning the la-
ser frequency across the Doppler width, it
can be shown (in the weak-field approxima-
tion) that the absorption coefficient will be
given by

o(w) = aD(w)
Sy (y5/2)?
8 [ 2 (1 T lo- wp)? + (75/2)2)]’
(19)
+k
}A"(Vz) ,__k_:§

@)

l

[

FIG. 7. (a) Holes in the velocity distribution of the
lower level produced by two counterpropagating laser
beams when the laser frequency is off resonance
and in resonance. (b) The absorption profile as a
function of the laser tuning.



which represents a Doppler profile modified
by the presence of a minimum at the center
of the line [the Lorentzian term in Eq. (19)]
as shown in Fig. 7(b).

In the previous analysis we have consid-
ered an atomic system at thermal equilib-
rium where N; < N,. The same discussion
can be extended to systems where a popula-
tion inversion has been produced. This is,
for instance, the case of a laser medium with
an inhomogeneously broadened gain profile.
If the length of the single-mode laser cavity
is tuned so that the laser frequency »; = 1,
the output power will show a minimum
around the central frequency ;.

Historically, saturation spectroscopy at
optical frequencies dates from 1963 (three
years after the discovery of the laser) when
McFarlane et al. (1963) and, independently,
Szoke and Javan (1963) demonstrated the
saturation minimum at the center of the
emission curve of a single-mode He-Ne la-
ser. Nevertheless, saturation spectroscopy be-
came extensively used as a spectroscopic
technique only with the advent of tunable
dye lasers. Hansch et al. (1971) developed an
experimental arrangement that provided a
Doppler-free profile with a good signal-to-
noise ratio. This scheme is shown in Fig. 8.
The primary beam is divided in two using a
partially reflecting mirror (beam splitter).
One of the two beams has a higher intensity
than the other, by about a factor of 10, and
is usually named the pump or saturating
beam, while the weaker is called the probe

absorption cell

saturating beam
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or analysis beam. The two beams are sent in
opposite directions through the cell, and the
intensity of the transmitted probe is detected
using, for example, a photodiode. When the
laser is tuned across the absorption line, the
probe beam sees the hole burned by the sat-
urating beam, and the recorded line shape
consists of a Gaussian with a dip at the cen-
ter. In order to isolate the saturating contri-
bution, a phase-sensitive detection scheme
can be used. For this purpose, the intensity
of the pump beam is mechanically chopped
at a given frequency—a few hundred Hz—
and the signal processed using a lock-in am-

plifier.
A typical saturation spectrum is shown in
Fig. 9 for the neon transition 1s,(0 = 1)-

2p,(J = 0) at 607.4 nm, obtained with a sin-
gle-mode dye laser. The lower level of this
transition is metastable and is populated by
an electrical glow discharge. Figure 9(a)
shows the Doppler-broadened absorption
profile obtained with a single laser beam,
from which a 2-GHz Doppler width may be
estimated, corresponding to a gas tempera-
ture of about 500 K. A slight asymmetry is
apparent, due to the presence of two closely
spaced transitions corresponding to the two
isotopes 2°Ne and ?’Ne present in the dis-
charge with natural abundances of 91% and
9%, respectively. When counterpropagating
beams are used, Lamb dips are produced at
the resonances of the two isotopes [Fig.
9(b)]. Finally, a Doppler-free recording may
be obtained using a phase-sensitive detection

{ock-in
amplifier

FIG. 8. Typical experimental ar-
rangement for saturation spectros-

detector
copy (from Hansch, 1975).
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(b)

VL

FIG. 9. Recording of the neon transition at 607.4 nm
using a tunable single-mode dye laser. In (a), the line
is recorded in presence of a single beam (Doppler
broadened), while in (b), the effect of the saturation
produced by the pump beam is visible within the
Doppler profile as a homogeneous dip. (c) Doppler-
free recording obtained by means of a phase-sensi-
tive detection scheme.

scheme [Fig. 9(c)]; in this case, the lines
from two isotopes are completely resolved,
and their separation is about 1.7 GHz.

2.2 Intermodulated Spectroscopy

As we have seen in the preceding section,
saturation spectroscopy monitors changes in
the absorption of the probe beam caused by
a pump beam. This can significantly limit
the sensitivity when weak transitions are to
be studied. In such cases it is better to use
“transverse” detection schemes where differ-
ent observables are detected, such as fluores-
cent, optogalvanic, and optoacoustic signals,
which we treat in the following sections. For
all these techniques the detected signal is
over a zero ground, and this can offer orders

of magnitude more sensitivity than absorp-
tion spectroscopy.

Intermodulated spectroscopy is a tech-
nique derived from saturation spectroscopy
(Sorem and Schawlow, 1972) in which one
of these transverse detection schemes is
used. The basic principle is illustrated in Fig.
10. Here, the intensities of the pump (I,ymp)
and probe (I,yobe) beams are of the same or-
der of magnitude, and the beams are modu-
lated at frequencies f; and f,, respectively;
ie.

Ipump = Io[l + 005(27‘7‘-11‘)],
Iprobe = IO[l + COS(Zﬂth)]' (20)

The intensity of the fluorescent (or optogal-
vanic) signal I; induced simultaneously by
the two beams is

Iﬂ = CNsat(Ipump + Iprobe)’ (2 1)

where C is a constant that takes into account
the transition probability and the detection
efficiency, while N, is the saturated popula-
tion density of the lower level and can be
written as

Nsat = No(l - So) = No[]. - a(Ipump + Iprobe)]»
(22)

N, being the unsaturated population density.
By use of Egs. (20) and (22), and assuming

chopper
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lock-in
amplifier

= |PM

-

signal

FIG. 10. Scheme for intermodulated spectroscopy.
The sample consists of an electrical discharge, and
the measurement is made by recording the fluores-
cence or optogalvanic signal at the sum or difference
frequency produced by the interference of the modu-
lation frequencies of the two laser beams.



Ipump = Iprobe = Io, it may readily be shown

that Eq. (21) becomes

Ig = Clyag(w — )
X [1 + 1/2 cosQQafit) + 1/2 cos(2af5t)]
+ C'Rag(w — wo)[1 + 1/4 cos®(2afyt)
+ 1/4 cos*(2afot) + cos(2nfyt)
+ cos(2afot) + cos(27ft) cos(2af,t)]
X L{w — wp). (23)

This shows that the fluorescence signal is
composed of several terms modulated at dif-
ferent frequencies. The first two terms de-
pend linearly upon intensity: they are modu-
lated at the frequencies f; and f5,
respectively, and originate from the pure in-
teraction of each laser beam. Their depen-
dence upon the laser frequency is, therefore,
given by the Doppler-broadened absorption
ao(w — wp). The term cos(2afit) cos(2ufst),
quadratically dependent upon intensity, is
the most interesting because it gives rise to
two terms modulated at the beat frequencies
(f; + f») and If; — f5l. These quadratic terms
correspond to the simultaneous interaction
of the two counterpropagating laser -beams
with the same velocity class of atoms, which
occurs when the laser frequency is tuned
near the center of the line. Therefore, if the
detected fluorescence signal is processed by
a lock-in amplifier set to one of the two beat
frequencies, a Doppler-free signal will be ob-
tained.

It is interesting to note that both satura-
tion and intermodulated spectroscopies are
based upon the simultaneous interaction of
atoms with two counterpropagating laser
beams, along whose axis the atoms have
zero velocity; the interacting atoms may thus
be compared to an atomic beam moving per-
pendicular to the laser beams. Nevertheless,
there is an important difference with respect
to a true atomic beam because, in a cell, at-
oms undergo collisions that, besides giving
rise to pressure broadening, are also respon-
sible for the broad residual pedestal shown
in Fig. 10(c).

An unexpected signal is also observed
when the laser frequency is far enough away
from line center but still within the Doppler
width. This effect is due to so-called velocity-
changing collisions, which may be described
simply as follows. When v; # 1, the probe
and pump beams interact with two symmet-
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rically displaced velocity classes of atoms.
Nevertheless, collisions tend to thermalize
the velocity distribution, and atoms with a
velocity v “marked” by the pump beam can,
after one or more collisions, acquire a veloc-
ity —v. If this occurs within the detection
time, these atoms may thereby interact with
both the pump and probe beams.

The Doppler-broadened pedestal depends
upon several collisional parameters and the
lifetimes of the levels involved. This contri-
bution to the Doppler-free spectrum can be
useful in learning about collisional physics
itself but prevents full resolution of closely
spaced spectral lines. In order to improve
the resolution and sensitivity, other tech-
niques are required.

2.3 Polarization Spectroscopy

Polarization spectroscopy is based on the
light-induced birefringence and dichroism of
an absorbing gas. These effects were first ob-
served by Fornaca et al. (1963) using classi-
cal radiation sources; polarization spectros-
copy using single-mode tunable lasers was
demonstrated by Wieman and Hinsch
(1976).

In a polarization spectroscopy experi-
ment, the laser beam is split into two beams
of different intensities, the pump beam being
circularly polarized by means of a quarter-
wave plate while the probe beam is polarized
linearly. As with the previous Doppler-free
techniques, the two beams pass in opposite
directions through the sample cell. The
transmitted probe beam passes through a
high-extinction-ratio polarizer that is set to
maximum extinction, before falling upon the
detector.

The basic idea of polarization spectros-
copy can be understood with the help of Fig.
11, which shows a transition between two
levels having angular momenta of J, = 2
and J, = 1. Both levels are degenerate with
2J + 1 Zeeman sublevels labeled with quan-
tum number m = —J ... +J, describing the
projection of J along a quantization axis
that, in our case, is the laser beam direction.
Transitions m” = m' follow the selection rule
Am = =1 for right (¢*) and left (¢7) circu-
larly polarized light. Thus, if the pump beam
is o* polarized only, some of the lower sub-
levels are partially depleted (the sublevels
with m = -2, —1, and 0). The angular mo-
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mentum of the light is hence transferred to
the atomic sample, producing a nonuniform
population of the m sublevels, which corre-
sponds to a macroscopic anisotropy of the
sample. Such induced birefringence can be
“read” by the linearly polarized probe beam,
which may be considered to be a superposi-
tion of o* and o~ circular polarizations. In
the absence of the pump beam, and when
the laser frequency is resonant with the tran-
sition under investigation, the intensity
transmitted by the crossed polarizer is

I(purnp off) = IO(X + 02 + bZ) eXP(“‘al), (24)
where [, is the probe beam intensity, x is the
finite extinction coefficient of the polarizer, 6
is the angular deviation from orthogonality,
and L is the thickness of the sample. Finally,
b is a term that takes into account the resid-
ual birefringence introduced by stress in-
duced in the windows of the cell.

When the laser frequency is tuned to
within the homogeneous width of the line,
the " and o~ components experience dif-
ferent absorption coefficients @, and a_ and
refractive indices n, and 7. because of ve-
locity-selective pumping by the ¢* pump

to lock-i
olockin_fem)

FIG. 11. The o pump beam in-
duces transitions with Am; = +1
creating a birefringence in the gase-
ous sample. The birefrengence is
monitored with a second counter-
propagating beam (probe beam)
normally extinguished between two
crossed polarizers.

beam. As a consequence, after passing
through the sample, the resulting probe po-
larization will generally be elliptical, with the
minor axis rotated with respect to the trans-
mission axis of the analyzer (x axis in Fig.
12). In the limit of low saturation and a thin
sample, it can be shown that the transmitted
intensity I after the crossed polarizer is

I= IO[X + & + b% — <—_2(01Aﬁ2))
LbAa (Aal)? )]

M (2(1 n xz)) * (16(1 + %)

(25)

where x = (0w — w,)/y is the laser detuning
relative to the homogeneous width and Aa is
the difference between the absorption coeffi-
cients of the o* and o~ probe components.
In Eq. (25), only Aa appears, because 4n is
related to Aa through the Kramers-Kronig
dispersion relations.

Equation (25) shows the spectral profile
of the polarization signal; it is given by a
constant term Iy(xy + & + b?), a dispersion-
shaped term, and a Lorentzian. By an appro-
priate choice of the experimental conditions,
a pure Lorentzian or dispersive shape can be
obtained.

__|__ spatial

& Lfilter

pY] x discharge tube p y l/x
M N, M
M
be
pro pump
M4V chopper FIG. 12. Experimental arrange-

laserbeam BS

ment for polarization spectroscopy.



In Fig. 13 are shown typical line shapes
for the °S,—°P; oxygen transition at A =
777.4 nm, obtained by polarization spectros-
copy using a diode laser. Atomic oxygen was
produced by dissociation in a radio-fre-
quency discharge where molecular oxygen
was present at trace levels. The two extreme
regimes of symmetrical Lorentzian [Fig.
13(a)] and dispersive [Fig. 13(b)] shapes
were achieved by setting the angle # between
the two polarizers to two different values.
Narrower line shapes, down to one-half of
the homogeneous width, can be achieved by
recording the first derivative of the disper-
sion-shaped signal, as shown in Fig. 13(c)
(the derivative of a line profile is simply ob-
tained by modulating the laser frequency in-
stead of the intensity). The “artificial” sub-
natural resolution reached in this way can
provide some advantages for high-resolution
spectroscopy or can be used to lock laser fre-
quencies.

As we have already discussed, in satura-

75MHz
—

152 MHz

(b)

68 MHz

— ©

FIG. 13. Typical recording of the 5S5,-5P, oxygen
transition obtained with polarization spectroscopy by
using a diode laser tunable around 777.4 nm. (a), (b)
The extreme cases of Lorentzian and dispersive line
shapes, respectively. (c) By modulating the laser fre-
quency instead of the amplitude, the derivative of a
Lorentzian shape is obtained. (From Gianfrani ef al.,
1991.)
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tion spectroscopy the atomic populations are
probed and line shapes are affected by veloc-
ity-changing collisions that rethermalize the
velocity distribution altered by the pump la-
ser beam. In contrast, polarization spectros-
copy probes the dichroism and birefringence
originating from velocity-selective orientation
of the atomic sample. Collisions do not usu-
ally conserve atomic angular orientation, and
the recorded line shapes are unaffected by
the residual Doppler background, so that the
spectral resolution is further improved.

2.4 Velocity-Selective Optical-Pumping
Spectroscopy

Polarization spectroscopy is a particular
case of a more general class of Doppler-free
techniques based on velocity-selective optical
pumping (Pinard et al, 1979). The popula-
tion distribution among the Zeeman sublev-
els can be expressed in terms of a power se-
riesinm (m = —Jl ... +J):

D= ; > N, ni, (26)

where N,, is the probability of occupation of
the sublevel m. The zero-order term (k = 0)
is the population P and is given by

P=>N,, (27)

while the first (k = 1) and second k = 2)
orders are the orientation O and alignment A
expressed by

O = N,m, (28)
A=SNm? -3 J + 1. . (29)

Generally, the population distribution will be
a superposition of orientation and alignment.
Nevertheless, for particular light polariza-
tions, a pure orientation or alignment can be
achieved. For instance, pure orientation is
created with circularly polarized light [atoms
accumulate in the sublevels with m = J(o*)
or m = —J(o7)], while pure alignment may
be induced using linearly polarized light.

If the polarization rather than the ampli-
tude of the pump beam is modulated, the
orientation or alignment may be monitored.
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In the orientation modulation technique, for
instance, an electro-optic modulator (EOM)
is square-wave modulated to provide an al-
ternating o*/o~ polarization of the pump
beam while the probe beam is circularly po-
larized. Alternatively, for alignment detec-
tion, the EOM provides a polarization that
alternates between vertical and horizontal
(see Fig. 14).

Typical recordings obtained using orien-
tation and alignment detection are shown in
Fig. 15 for the °S,—°P; oxygen transition (de
Angelis et al., 1991). It may be seen that, in

to A-meter

FPI
| I | - lo recorder

L i
IR

EOM
cell

f_ torecorder

FIG. 14. Experimental setup to monitor alignment
and orientation. A and B are optical components ac-
cording to the observable to be detected (see follow-
ing description). The laser diode (LD) is mounted in
an extended cavity controlled by a piezoelectric crys-
tal (PZT), and its frequency is monitored by a Fabry—
Pérot interferometer (FPI). The polarization of the
pump beam is modulated by means of an electro-op-
tic modulator (EOM). In order to monitor orientation,
the EOM produces an alternating o*—o~ polarization
of the pump, while A is a linear polarizer followed by
a quarter-wave retarder, and B is absent. For align-
ment detection, the EOM renders the polarization al-
ternately vertical and horizontal. A is a linear polar-
izer, and B is again absent. To monitor the
population (saturation spectroscopy), the EOM may
be used like a chopper to modulate the intensity, with
linear polarizers at A and B. (From de Angelis et al.,
1991.)

the case of alignment detection, atoms un-
dergoing velocity-changing collisions become
depolarized and do not contribute to the re-
sidual Doppler pedestal.

2.5 Polarization-Intermodulated
Excitation Spectroscopy (POLINEX)

The intermodulated technique was im-
proved by Hinsch and co-workers by modu-
lating the polarizations, rather than the am-
plitudes, of the counterpropagating beams.
This method is referred to as the polariza-
tion-intermodulated excitation, or POLINEX
(Hansch and Toschek, 1970). When the laser
is tuned to within the homogeneous width,
the total excitation rate is still modulated at
the sum or difference frequency, but the
combined absorption of the two beams in
general depends upon their relative polariza-
tion. When the two laser beams share the
same polarization, they will be preferentially
absorbed by atoms of the same orientation,
with a resultant increase in saturation; when
the polarizations are different, the two
beams will tend to interact with atoms of
different orientation and, as a consequence,
the total saturation decreases.

In addition to the density-matrix formal-
ism used by Hinsch and Toschek (1970),
POLINEX may be described using a simpler
rate equation approach (Teets et al.,, 1977). If
optical pumping effects are neglected, and in
the approximation of a Doppler width much
larger than the homogeneous width, it is
possible to obtain an analytical expression
for the Doppler-free line shape.

There is a substantial difference between
POLINEX and polarization spectroscopy, al-
though in both schemes the signal is derived
from the orientation and alignment. Indeed,
in polarization spectroscopy, the signal de-
pends upon both dichroism and birefrin-
gence induced by the absorbed light, and as
a consequence the line shapes are usually
asymmetric. In contrast, POLINEX spectros-
copy detects only the dichroism, and the line
shapes are symmetric.

One advantage of POLINEX over inter-
modulation spectroscopy is that the cross-
over signals are frequently of opposite signs
and can therefore be easily distinguished
even in complicated spectra. It should be
noted, however, that if amplitude modula-
tion is unintentionally present together with
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Av(MH2)
(a)

FIG. 15. Comparison between ve-
b) locity-selective (a) orientation and
(b) alignment detection of the J =
2-J = 3 transition of oxygen at
-Z(IJO _160 40 IJOO 20% 777.4 nm. The line shape (a) is
Av(MH2) given by the superposition of a Lor-
vz entzian curve and a Gaussian

(b)

the polarization modulation, spurious signals
can be produced.

A comparison between intermodulation
and POLINEX spectroscopy is shown in Fig.
16 for the copper transition at 578.2 nm.
Copper vapor was produced by sputtering in
a hollow-cathode discharge. It is interesting
to note that in POLINEX spectroscopy the
residual Doppler background is absent. This
is a consequence of the fact that atomic ori-
entation and alignment are not conserved
during collisions. Another difference between
the two spectra is the absence in the POLI-
NEX spectrum of transitions starting from
levels with F = 0, which cannot be oriented.

The various techniques previously dis-

curve due to the velocity-changing
collisions.

cussed, combining saturation and optical ac-
tivity, have been extensively used in many
spectroscopic applications. The ability to de-
plete selectively a specified rotational-vibra-
tional level by optical pumping can be used
to simplify complex molecular spectra. This
method, named polarization labeling spec-
troscopy, uses two lasers. The first laser
beam is again split into two counterpropa-
gating beams (pump and probe) and locked
to the center of the polarization signal of a
transition (¥'J") — (¥'.J'). The second laser
acts as a probe laser: it passes collinearly
with the probe beam of the first laser
through the sample cell, after which the two
probe beams are separated and individually
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FIG. 16. Comparison between (a) intermodulated
spectroscopy and (b) POLINEX detection of the Cu
transition at 578.2 nm. Lines in the spectrum (a) are
broader than in the spectrum (b) because they are
affected by velocity-changing collisions.

detected. When the frequency of the probe
laser is tuned, a polarization signal is pro-
duced every time the probe laser hits a tran-
sition that shares a common level with the
pump transition (+/,J") = (v'.J').

2.6 Multiphoton Spectroscopy

In many spectroscopic techniques, two or
more photons are involved. As a simple ex-
ample, we consider the case where a level b
is selectively excited by a first laser of fre-
quency w;. This level represents a platform
from which a second photon can be ab-
sorbed to reach a higher excited level c.
Such a two-step excitation approach has
been extensively used for many double-reso-
nance schemes where the two photons lie
in a wide spectral region (radio frequency,
microwave, infrared, and visible). We now,
however, focus our attention on a class of
multiphoton spectroscopic techniques (Bruz-
zese et al., 1989) in which the jump from the
lower level a to the excited level ¢ occurs
through the absorption of two or more pho-
tons (see Fig. 17) without intermediate lev-
els. This possibility was predicted upon the
introduction of quantum mechanics, and one
of the first examples was represented by the
Raman process, in which a photon of fre-
quency w is absorbed and another photon of
lower (Stokes process) or higher (anti-Stokes
process) frequency o' is emitted, with con-
sequent excitation of a different state of the
atomic or molecular system. In the low-in-
tensity (spontaneous emission) regime, this
process is linear.

The first theoretical study considering the
possibility of inducing transitions through
two-photon absorption was performed in
1931 by Goeppert-Mayer (1931). Her idea
was, at the time, experimentally unfeasible
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FIG. 17. Schematic representation of muitiphoton processes: (a) nonresonant, (b) quasiresonant, and (c) mul-

tistep excitation. Dashed lines represent virtual states.



because of the low intensity of the available
radiation sources: The higher-order terms of
the perturbation theory, which describe mul-
tiphoton processes, become relevant only
when the intensity of the electromagnetic
field is sufficiently large with respect to the
Coulombian atomic field. Since then, how-
ever, the development of maser and, succes-
sively, laser sources has offered the possibil-
ity of carrying out two-photon and more
generally multiphoton processes, thereby
providing powerful tools to investigate a new
class of phenomena.

The first experimental evidence of multi-
photon processes was produced by Brossel et
al. (1954), who used an intense radio-fre-
quency field, and by Battaglia ez al. (1959)
with microwaves. In 1962, just two years af-
ter the operation of the first laser, Abella
(1962) observed two-photon absorption be-
tween the 6°S;,, ground state and the 9°D,,,
state of cesium by tuning a Q-switched ruby
laser at A = 693.5 nm by temperature con-
trol of the active medium. However, most
spectroscopic applications based on multi-
photon absorption followed the later devel-
opment of pulsed tunable dye lasers.

The main advantages offered by two- (or
more) photon processes are the following:

1. The selection rules for transitions induced
by multiphoton absorption are different
from those for single-photon processes.
For instance, in the electric dipole ap-
proximation, two-photon transitions can
occur only between levels having the
same parity. As a consequence, it is pos-
sible to induce transitions from the
ground state not otherwise feasible with
single-photon absorption.

2. Two-photon excitation can be achieved by
using visible or ultraviolet radiation in-
stead of the higher-frequency radiation
required for an equivalent single-photon
transition.

3. If the two photons are absorbed from op-
posite directions, the first-order Doppler
effect can be removed, and the spectral
resolution thus improved.

2.6.1 Selection Rules for Two-Photon
Transitions In the electric dipole approxi-
mation, the interaction Hamiltonian acts
only on the orbital quantum numbers of the
electrons. If we consider polarized light (o™,
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o~, and =), the interaction components are
transformed as the component of an irreduc-
ible tensor of rank one T, with g = +1 for
o™ polarization, ¢ = —1 for ¢~ polarization,
and g = O for 7 polarization. Applying such
an operator changes the angular momentum
by 1. As a consequence, applying the opera-
tor twice, we have

AL = 0, 2,
Am; = q, + q,. (30)

In the presence of a strong external magnetic
field, L and S are completely uncoupled (the
Paschen-Back effect), and the quantum
numbers of spin cannot change:

Am, = Am; = 0, (31)

while in the contrasting case in which the
spin-orbit interaction and hyperfine interac-
tion are not negligible, it can be shown from
the Wigner-Eckart theorem that

AF! < 2; Amp = q, + g5 (32)

We consider two cases of particular impor-
tance to many spectroscopic applications.
The first concerns transitions between two s
states: the electronic and nuclear spins can
be modified only through coupling with the
orbital angular momentum and, since L = 0,
we have AF = Amy; = 0. The second case
concerns two states with the same total an-
gular momentum J. If J = 0 or %, only a sca-
lar operator can couple these two states, and
we again have AF = Amp = 0.

2.6.2 Transition Probabilities and Line
Shapes for Two-Photon Transitions We
suppose that an atom having velocity v inter-
acts with two laser beams of the same fre-
quency w and wave vectors k; and k,, re-
spectively. If the intensities of the two
counterpropagating beams are the same (I,
= [, = I), then the two-photon transition
rate from a state la) to a state Ib) can be cal-
culated from second-order perturbation the-

ory:
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4Yab
(W — 20 — kv + k) + (y,,/2)

+ Yab
(0 — 20 — 2kw)* + (y,/2)

Paboc[

+ Yab :I
(wp — 20 +22k2v)2 + (Y/2)*
2 RaK'RKb IZ' (33)

k W = Wy

X

where y,, is the homogeneous linewidth of
the transition a—b and where R; are the ma-
trix elements

R = (ilrlj). (34)

For the particular case of two counter-
propagating beams (k; = -k,), the first
termn of the transition probability [Eq. (33)]
is not affected by the velocity distribution of
the atoms. Indeed, since the laser frequency
o will be shifted by +kv and —kv, respec-
tively, for the two beams, the two Doppler
shifts will exactly compensate, and we have

E, — E, = (o + kv) + #(w — kv) = 2ha,,.
(35)

In other words, when the frequency of the
laser is resonant [Aiw = (E, — E)/2], all of
the atoms will undergo the two-photon tran-
sition with the same probability, indepen-
dent of their velocities.

The second term of Eq. (34) represents
the absorption of two photons from the
same laser beam. In this case, for a given la-

R
/{*

ser frequency o, there is a group of atomic
velocities that, because of the Doppler effect,
will see the frequency resonant with the
transition a — b:

E, — E, — 2hw = +#kv. (36)

The line shape of a two-photon transition is
therefore given by the superposition of two
curves: a Lorentzian curve, representing the
Doppler-free term, and a Gaussian curve that
takes into account the velocity dependence
of the second term of Eq. (34) (see Fig. 18).
If the polarizations of the two counterpropa-
gating laser beams are the same, it can be
shown that the area under the Lorentzian
curve is twice that under the Gaussian curve.
In order to improve the resolution, the Gaus-
sian background can be removed with a suit-
able choice of polarization of the two laser
beams.

Doppler-free two-photon spectroscopy was
first proposed by Vasilenko et al. (1970) at
Novisibirsk and demonstrated experimentally
by Cagnac et al. (1973) at Paris and Bloem-
bergen et al. (1974) at Harvard. The investi-
gated atom was chosen to be sodium for its
favorable energy level scheme, the two-pho-
ton transitions 3S-5S at 602.23 nm and 3S-
4D at 578.73 nm both being in a spectral
range where tunable dye lasers are easily
available. Moreover, for both transitions, the
intermediate 3P level makes the transition
probabilities relatively large. Figure 19 shows
a typical recording for the transition 3S;,-
58,2, where the two-photon absorption was

2(w ~ kv) = wyo

AmD

FIG. 18. Typical Doppler-free two-photon spectrum. The residual Doppler background is due to the absorption

of two photons traveling in the same direction.
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FIG. 19. The excitation spectrum for two-photon ex-
citation of the 4D level in sodium. The peaks corre-
spond to the hyperfine transitions between the
ground state 3S;,(F = 1, 2) and the final state
4Dy 510 The 1.772-GHz splittings are due to the hy-
perfine splitting of the ground state, while the 1.027-
GHz splitting reflects the 4D fine structure. (From
Bjorkholm and Liao, 1974).

monitored by observing cascading fluores-
cence from the 4P to the 3S state at 330.3
nm. This demonstrates another advantage of
this technique, whereby an induced transi-
tion can be studied by detecting fluorescence
at a wavelength quite different from that of
the excitation radiation. Both the lower 3S;,,
and upper 5S;,, levels consist of two hyper-
fine levels (F = 3 and 4). Because of the
two-photon selection rules, only hyperfine
transitions with AF = 0 can be induced, giv-
ing rise to two spectral components sepa-
rated by the combined hyperfine splittings of
the lower and upper levels. As is shown in
Fig. 20(a), the two hyperfine components,
separated by less than the Doppler width,
are not resolved if copropagating beams are
used. A higher resolution is achieved using
two counterpropagating beams, as shown in
Fig. 20(b).

Like saturation spectroscopy, Doppler-free
two-photon spectroscopy has been used to
investigate fine effects in the structure of at-
oms and molecules, such as isotope shifts,
hyperfine splittings, Zeeman and Stark ef-
fects in weak fields, and collisional broaden-
ings and shifts. It is interesting to note that
two-photon signals are not significantly
lower than those obtained in saturation spec-
troscopy, especially if an intermediate level
is present midway between the initial and fi-
nal states. This is easily explicable if we re-
call that in saturation spectroscopy the sig-
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(b)
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FIG. 20. Typical two-photon spectra in sodium with
one laser resonant with the 35-3P,,, transition and
the second swept around the 3P-4D transition. The
two laser beams copropagate in (a) and are counter-
propagating in (b). (From Bjorkholm and Liao, 1976).

nal is produced by atoms having zero
velocity along the laser-beam direction, while
in two-photon spectroscopy all atoms con-
tribute to the signal. This feature is impor-
tant, for it means that two-photon transi-
tions can be investigated using cw lasers of
relatively low intensity.

A generalization of the opposing-beam
technique to demonstrate resonant enhance-
ment of the two-photon transition probabil-
ity has been carried out by Bjorkholm and
Liao (1976) in sodium vapor. Their experi-
ment was performed with use of two single-
mode dye lasers operating at different fre-
quencies. One laser produced a fixed
frequency matched to the 3S-3P transition,
while the second laser was tuned around the
3P—4D transition. Because the frequencies of
the two lasers were not equal, Doppler ef-
fects were not in this case completely re-
moved, and the residual Doppler effect made
it impossible to be simultaneously resonant
with all the velocities of the Maxwellian ther-
mal distribution. Consequently, the use of
two unequal frequencies results in a decrease
in the excitation efficiency. To demonstrate
resonant enhancement, Bjorkholm and Liao
used different wavelengths for the first laser
and tuned the second around the two-photon
resonance (E, — E, = fhw; + hw,). As is
shown in Fig. 21, when the first laser ap-
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FIG. 21. Normalized two-photon transition rates for the 3S(F = 2)-4D;,, and 3S(F = 2)-4D,,, transitions as a
function of the laser detuning (from Bjorkholm and Liao, 1976).

proaches the 3S-3P resonance, the signal in-
creases by seven orders of magnitude. It is
also interesting to note that for frequencies
between those of the two fine structure com-
ponents 3Py, and 3P;),, the signal decreases
because of quantum interference effects.

2.6.3 Doppler-Free Multiphoton Tran-
sitions The Doppler effect can also be can-
celed when three or more photons are ab-
sorbed if a suitable geometry of laser beams
is used. Consider the case of an atom irradi-
ated by different beams having wave vectors
k;. The Doppler shift for each interaction is
k;-v, and hence, if the atom absorbs n pho-
tons, the total Doppler shift is given by
3;k; v, where the sum extends to all n ab-
sorbed photons. So, if

2k =0, (37)

the n-photon transition is unaffected by the
Doppler effect. In the particular case of pho-
tons of the same frequency, if n = 2, the
two laser beams are counterpropagating (k,

= —k,), while for n = 3, the laser beams
are directed along the bisectors of an equi-
lateral triangle.

The first Doppler-free three-photon exper-
iment, in which two photons were absorbed
and one emitted, was made by Grynberg,
Biraben, Bassini, and Cagnac.

2.6.4 Applications of High-Resolution
Spectroscopic Techniques to the Hydro-
gen Atom: Lamb-Shift and Rydberg-Con-
stant Measurements Spectroscopic inves-
tigations of atomic hydrogen allow the
testing of fundamental physical theory and
the measurement of physical constants, with
high accuracy. Doppler-free two-photon
spectroscopy has been wused by several
groups to measure the Rydberg constant and
to determine the Lamb shifts of the hydro-
gen energy levels accounted for by quantum
electrodynamics.

The Rydberg constant is of particular im-
portance because it is composed of only fun-
damental constants (R, = me*/8&h3c), so
that a very precise measurement of R, al-
lows the consistency of other constants to be



checked. The Rydberg constant can be deter-
mined by measuring the energy separation
between two levels having different principal
quantum numbers. R, is related to these
separations through the Bohr formula, with
corrections for the isotope shift, Dirac fine-
structure effects, and quantum-electrodyn-
amical radiative effects.

Figure 22 shows a saturation spectrum of
the Balmer-a line of atomic hydrogen pro-
duced in a gas discharge. Thanks to the high
resolution offered by saturation spectros-
copy, the separation between the 2S;, and
2P, levels (Lamb shift) was thus deter-
mined. Furthermore, absolute wavelength
measurements of the strong 2P;,-3Ds, com-
ponent provided a new and more accurate
value of the Rydberg constant. Nevertheless,
the accuracy achievable in such experiments
is generally dependent upon the characteris-
tics of the atomic sample; indeed, a gas dis-
charge introduces further broadenings and
shifts of atomic lines due to collisions with
other atoms and electrons.

Atomic beams would, on the other hand,
present an ideal atomic sample if collisions
and other perturbations could be kept to
negligible levels and if first-order Doppler
broadening could be eliminated. To this end,
the group of Lichten at Yale performed an
optical study of hydrogen very similar to the
historic experiment by Lamb at radio fre-
quencies (Amin et al, 1981). Molecular hy-
drogen was dissociated by means of a hot
wire, and the metastable 2S level was popu-
lated through collisions with a transverse
electron beam. The atomic beam then inter-
acted with a laser beam of low intensity. Ab-
sorption of the laser beam was monitored by
detecting a variation in the flux of metasta-
ble atoms after the interaction with the laser
beam. From an absolute wavelength mea-
surement, Lichten derived one of the most
accurate values of the Rydberg constant, R,
= 109 737.315 73(3) cm~ ..

Atoms with a single optical electron have
also been used to determine the Rydberg
constant. The idea is to investigate highly ex-
cited levels (Rydberg states) in which elec-
trons experience a hydrogen-type Coulomb
field. The advantage offered by this approach
is that lasers with high spectral purity are
unnecessary because the energy difference
between closely spaced Rydberg levels corre-
sponds to radiation wavelengths in the sub-
millimeter range.

Spectroscopy, Laser 391

The first excitation of the 2s level by two-
photon absorption was performed by Hiansch
and co-workers (1975, 1977) at Stanford.
The two-photon 1S-2S transition is particu-
larly difficult because, in contrast to the 3S-
5S transition in sodium, no intermediate lev-
els are present. Furthermore, the 243-nm la-
ser radiation required for this experiment is
in a difficult spectral region and could be
produced only by frequency doubling a 486-
nm pulsed dye laser by means of a lithium
fluoride nonlinear optical crystal. The two-
photon transition was observed through col-
lision-induced fluorescence on the Lyman-a
(2P-1S) transition at 121 nm. Frequency
calibration was performed by sending part of
the laser at 486 nm into a second discharge
cell and observing the saturated spectrum of
the Balmer-8 line. In absence of the Lamb
shift, the frequency of the 1S-2S transition
should be four times that of the 2S-4P line.
The frequency difference between the two
resonances (see Fig. 23) is thus determined
by the Lamb shifts of the 1S and 2S states.
Using a previously measured value of the 2S
Lamb shift, the Lamb shift of the ground
state was determined to be 8151(30) MHz
for hydrogen and 8177(30) MHz for deute-
rium.

The first version of the 1S-2S two-photon
measurement used pulsed lasers, and the
linewidth of the observed transition was thus
limited by the broad spectral width of these
lasers. More recently, Hinsch et al. have in-
vestigated the same transition with much im-
proved resolution by combining cw lasers
with Fabry-Pérot built-up cavities.

3. HIGH-SENSITIVITY LASER
SPECTROSCOPY

Laser radiation has been used extensively
in spectroscopy to achieve not only high res-
olution but also high sensitivity, in order to
investigate very weak transitions or to moni-
tor species present at trace level.

The absorption coefficient a is related to
microscopic parameters of the investigated
atomic or molecular line by the relation

a = 27 ulv,(N, — Ny)3nechlg(4v), (38)

where v, is the frequency of the transition,
p is the dipole moment of the transition, 7 is
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FIG. 23. Doppler-free two-photon spectrum of the 1s-2s transition of (a) atomic hydrogen and (b) deuterium

(from Hansch, et al., 1975b).

the refractive index, and g(4v) is the line
shape. To determine «, we use the well-
known Beer law, which describes the radia-
tion absorbed by a length L of the sample:

I(L) = I(0) exp[ — aL]. (39)

In the case of weak absorption, a L < 1, Eq.
(39) can be approximated by the first-order
power series

I(L) = 1(0)(1 — al). (40)

Hence, the absorption coefficient can be de-
termined from the fractional loss of the in-
cident intensity:

al = [I1(0) — I(L)JI(0). (41)

For weak absorption, however, this method
cannot be very accurate because it measures
small differences above a large background,
and the minimum detectable absorption is
thus limited by the amplitude fluctuations of
the radiation source.

The advent of lasers has unleashed a wide

variety of spectroscopic techniques that have
increased the sensitivity enormously, allow-
ing the detection of even a single atom. In
the following section, we discuss some of
these techniques.

The first approach is based upon the mod-
ulation of the laser frequency at a frequency
f. If the amplitude of the modulation is suf-
ficiently small (with respect to the width of
the investigated line) and the transmitted ra-
diation is detected with a lock-in amplifier
tuned to the same modulation frequency f,
the recorded signal is proportional to the de-
rivative of the absorption spectrum. The ad-
vantage of this phase-sensitive method of de-
tection is to restrict the noise to a narrow
band centered around the modulation fre-
quency f. In terms of the signal-to-noise ra-
tio, frequency modulation is more sensitive
than amplitude modulation because the fre-
quency-independent background due to light
scattered from cell windows etc. is blocked.
We note that in some applications it may be
more practical to modulate the frequency of
the absorption curve rather than the laser, as
is the case, for example, with intracavity
magnetic resonance spectroscopy.
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Other more sensitive methods make use
of observations related to the energy ab-
sorbed rather than the difference in that
transmitted [7/(0) — I(L)]. Induced fluores-
cence, for instance, is proportional to the
number of photons absorbed and provides a
very sensitive detection scheme (excitation
spectroscopy). In some cases, the absorbed
energy can be transformed into thermal en-
ergy, giving rise to acoustic waves that are
readily detected by a sensitive microphone
(photoacoustic spectroscopy). Alternatively, if
the atomic or molecular sample is prepared
in a discharge or flame, absorption can be
monitored by detecting the variation in the
discharge current or ionization in the weak
plasma represented by the flame (optogal-
vanic spectroscopy). This method can be
generalized to the case of neutral samples, in
which an atom or molecule is ionized
through the resonant absorption of two or

more photons. The electron-ion pairs thus

produced are detected with unitary effi-
ciency, and this method (resonance ioniza-
tion spectroscopy) has been demonstrated to
detect a single atom. A further technique
achieves “amplification” of the absorption by
including the sample within a laser cavity
(intracavity spectroscopy).

3.1 Excitation Spectroscopy

Consider a spectroscopic arrangement in
which the laser radiation is resonant with an
atomic transition 1 — 2. The number of pho-
tons absorbed per unit time and unit path
length, n,,, is proportional to the incident
photon flux, the absorption cross section o,,
and the atomic density N, in the lower level.
The number of photons emitted per unit
time from the excited level, ng, is propor-
tional to the number of photons absorbed,

Mabs:

ng = Maps = NZAZ» (42)
where A, = Z,A,,, is the total spontaneous
transition probability from the level 2 to all
the levels with E,, < E,. The quantum effi-
ciency 7 is

n = A)/(A; + R), (43)

R being the collisional de-excitation rate. In

the absence of collisions, all the atoms in
level 2 decay emitting photons (n = 1) that
can be collected with a given geometrical ef-
ficiency & by a photomultiplier. Photons col-
lected on the photocathode surface give rise
to the emission of electrons at a rate

Ne = nabsnn88 = Nlalszhotnnes’ (44)

where 7, is the quantum efficiency of the
photocathode—i.e., the ratio between the
numbers of emitted electrons and incident
photons. Modern photocathodes reach quan-
tum efficiencies in excess of 20%, and, by
use of photon-counting techniques, it is pos-
sible to measure absorption rates of 10* pho-
tons per second. With a flux of photons Ny,
= 10'8 photons s~ ! (corresponding to a laser
beam of 1 W at 500 nm), this implies that it
is possible to detect a relative absorption of
Al/l = 1074, This impressive sensitivity can
be further enhanced by placing the sample
inside a laser cavity where the light flux is
one or two orders of magnitude larger.

When the laser radiation is tuned across
an absorption line, the total fluorescence in-
tensity Is = NphooulN; reproduces the ab-
sorption spectrum. Although the positions of
the lines in the excitation spectrum are co-
incident with those of the absorption spec-
trum, the relative intensities can be different.
Indeed, the quantum efficiency of both the
transitions and the photocathode are depen-
dent upon the laser wavelength. The geomet-
rical efficiency may also vary: indeed, excited
atoms with relatively long lifetimes may dif-
fuse out of the interaction volume before
emitting any fluorescence photons.

Excitation spectroscopy has been used in
atomic- and molecular-beam spectroscopy
where the density of particles is rather low.
As an example, in Fig. 24 we show a typical
spectrum of molecular sodium, excited with
radiation at 604 nm. The molecular density
in the beam was N = 10® mol cm™3 while
the absorption length was 10 mm. In the
case of atomic sodium, absolute atomic den-
sities down to 10° atoms cm™> have been
measured. The technique has also been suc-
cessfully used to investigate radicals and
short-lived intermediate products in chemi-
cal reactions.

Excitation spectroscopy becomes less sen-
sitive in the infrared region, where the pho-
tocathode efficiency decreases. In addition,
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FIG. 24. Excitation spectrum of molecular sodium
obtained in a molecular beam with radiation at 604
nm (from Demtroeder, 1981).

vibrational-rotational levels excited by infra-
red photons have lifetimes several orders of
magnitude longer than do electronic states.
As a consequence, excited molecules escape
from the detection volume before they radi-
ate. For such investigations, optoacoustic
spectroscopy can be more advantageous.

3.2 Optoacoustic Spectroscopy

Although the optoacoustic effect was ob-
served for the first time more than a century
ago (Bell, 1881), spectroscopic applications
began only with the development of laser
sources (Tam, 1986). The technique is based
on the fact that energy absorbed by mole-
cules can be converted into rotational, vibra-
tional, and translational energy. At thermal
equilibrium, this energy is distributed over
all the degrees of freedom, leading to heating
of the sample. If the laser intensity is modu-
lated at audio frequencies, sound waves of
the same frequencies are induced inside the
irradiated cell where they can be detected
with sensitive microphones.

Optoacoustic spectroscopy is an uncon-
ventional detection scheme (Ernst and Ingus-
cio, 1988) in the sense that microscopic pro-
cesses, in the form of atom-photon or
molecule-photon interactions, are detected
through macroscopic changes of the system
as a whole (in this case, an acoustic wave).
Several advantages are offered with respect
to conventional spectroscopic techniques
where usually light is monitored. In this
case, the detector is only sensitive to the ra-
diation absorbed, and the problem of stray
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light is completely removed. Moreover, in
the infrared, where the sensitivity of com-
mon light detectors is very poor, optoacous-
tic detection can prove to be the only option.

Applications of optoacoustic spectroscopy
are numerous and have concerned the mon-
itoring of species at low concentrations in
gases, liquids, and solids.

The sensitivity of optoacoustic spectros-
copy can be enhanced if the cell is shaped to
form a resonant acoustic cavity at the mod-
ulation frequency, allowing the detection of
concentrations as low as one part in 10°.
This has also allowed the study of molecules
at low pressures, where collisional broaden-
ing is small in comparison with Doppler
broadening. In this case, Doppler-free tech-
niques have been combined with this
method, and, as a demonstration, we show
in Fig. 25 a typical two-photon Doppler-free
spectrum of the 0 — », vibrational transition
of NH; obtained using two counterpropagat-
ing beams from a CO, laser, one being tuned
to the 10P(18) line at 945.9802 cm ! and the
second to the 10P(34) line at 931.0014 cm ™.
The energy difference between the final and
initial states of the investigated transition
differed slightly from the sum of the two
photon energies, and resonance was
achieved by shifting the energy levels using
an external electric field (Stark effect). By
changing the intensity of the electric field,
transitions between different Zeeman sublev-
els m are brought into resonance with the
fixed laser frequencies, giving rise to the
peaks shown in Fig. 26.

3.3 Optogalvanic Spectroscopy

The absorption of photons can alter the
electrical equilibrium of an irradiated sam-
ple. In such cases, charge variations can be
monitored, instead of the absorption or
emission of light. As with the optoacoustic
technique discussed above, the methods
based on this principle may be considered
unconventional in the sense that a macro-
scopic response of the system is monitored.
Moreover, because of the high efficiency
with which electrical charges may be col-

lected, very high sensitivities can be
achieved. We discuss here two of the more
relevant techniques: resonant ionization

spectroscopy (RIS) and optogalvanic (OG)
spectroscopy.
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guzzi et al., 1982b).



RIS (Hurst et al., 1979) is a particular
case of the more general multiphoton spec-
troscopy already discussed. In RIS, the final
state is the continuum, and two or more
photons resonant with intermediate levels
are absorbed. Essentially, schemes have been
suggested for all the elements of the periodic
table by which the element may be ionized
through the absorption of two or more pho-
tons of suitable wavelengths. The main ad-
vantages are that a species can be ionized se-
lectively and that the electron-ion pairs
produced may be collected with 100% prob-
ability. For this purpose, standard systems
employed in nuclear physics can be used as
ionization chambers or proportional cham-
bers. The high sensitivity of RIS has been
proved by detecting a single atom of caesium
in a background of 10'° atoms of argon. A
detection sensitivity of just a few atoms is
necessary for studies of very rare events orig-
inating in such nuclear reactions as those in-
duced by solar neutrinos, 3’Cl(v,e)*’Ar.

Even when the atoms or molecules under
investigation are in a discharge—a weak
plasma—resonant laser radiation can still af-
fect the electrical equilibrium of the dis-
charge itself. This change is observed as an
increase or decrease in the conductivity of
the discharge and is known as the optogal-
vanic effect (OGE), first described by Pen-
ning (1928), who noted a variation in the im-
pedance of a neon discharge when it was
irradiated with emission from an adjacent
neon discharge. Extensive and practical ap-
plications of the OGE had to await the intro-
duction of tunable lasers (Barbieri et al.,
1990).

The mechanisms that translate the OGE
into current perturbation are rather complex
because of the large number of processes oc-
curring within the discharge, but as a first
approximation the effect can be explained by
considering the difference between the ioni-
zation cross sections o; for the two states in-
volved in the optical transition. Such a sim-
ple model explains the fact that optical
excitation leads to a change in the number
of charges (electrons and ions), which in
turn causes a change in the discharge impe-
dance. In a typical OG detection scheme, the
laser beam is amplitude modulated by a
chopper, and variations in current are de-
tected by means of a lock-in amplifier. The
experimentally observed perturbation of the
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discharge characteristics induced by laser ra-
diation is usually sufficiently small that the
OGE can be considered linearly proportional
to the number of photons absorbed.

Many features make OG spectroscopy at-
tractive when compared with other conven-
tional spectroscopic techniques in the ultra-
violet, visible, and near-infrared regions of
the spectrum. First, it is a relatively econom-
ical technique, since it does not require the
use of such devices as a monochromator or
photomultiplier tube. A glow discharge is an
inexpensive way of obtaining quite large den-
sities of excited states in volatile elements,
especially in metastable states, and gaseous
states of refractory elements are easily pro-
duced by sputtering in hollow-cathode dis-
charges. A remarkable population of atoms
in excited levels is present in the discharge
as a result of electron-neutral-atom colli-
sions, allowing transitions between excited
levels to be investigated. OG spectroscopy
permits one to record atomic and molecular
lines that, otherwise, would be measurable
only in an atomic or molecular beam. In mo-
lecular spectroscopy, OG techniques are the
most natural way to study atomic and mo-
lecular species and radicals produced from
parent molecular compounds that are pres-
ent in the discharge.

OG spectroscopy is intrinsically more sen-
sitive than that based upon absorption, the
former yielding a signal against a zero back-
ground, the latter recording a small variation
superimposed on a large signal. In compari-
son with fluorescence techniques, OG spec-
troscopy offers the advantage of being unaf-
fected by either the luminosity of the
discharge or the stray scatter of excitation
radiation.

To underline the diverse mechanisms cor-
responding to different spectroscopic tech-
niques, we show in Fig. 27 a comparison be-
tween various measurements of the same
spectrum of neon: by fluorescence, optogal-
vanic, and optoacoustic spectroscopy. The
neon was excited in a positive column at a
few Torr and irradiated by a tunable dye la-
ser. The dramatic differences in the relative
intensities of the recorded lines are evidence
of the various mechanisms governing the dif-
ferent spectroscopic techniques.

The numerous methods developed for
sub-Doppler spectroscopy, such as satura-
tion, intermodulated, and two-photon spec-
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FIG. 27. Transitions in neon from 560 to 620 nm. The three spectra are obtained using (a) fluorescence, (b)
optogalvanic, and (c) optoacoustic detection. (From Ernst and Inguscio, 1988).

troscopy, can also be applied using the OG
technique. The OG signal is actually propor-
tional to the absorption of radiation by the
atoms of the discharge, so that the same sat-
uration methods used for other detection
schemes, such as optoacoustic or fluores-
cence spectroscopy, can be used. Transitions
between highly excited states of atomic oxy-
gen populated through the dissociation of O,
molecules in a discharge are shown in Fig.

28. The Doppler-broadened spectrum was
obtained by using a tunable dye laser around
616 nm, while higher resolution was
achieved by means of optogalvanic intermo-
dulated spectroscopy.

3.4 Intracavity Spectroscopy

The spectroscopic sensitivity can be en-
hanced if the sample is placed within the la-
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signal obtained by frequency scanning a multimode
dye laser; (c) Doppler-limited line profile; (d) inter-
modulated optogalvanic spectrum of the *P»~5D;, ,
transitions (from Barbieri et al., 1990).

ser cavity. Indeed, at a laser output power

P,.., the power inside the laser cavity is

Pinside = (I/T)Pout = qPout’ (45)

T being the transmissivity of the output cou-
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pling mirror. By suitably shaping the laser
cavity, a region can be created where the
beam is focused (the waist) and the intensity
thus further increased. For aL < I the ab-
sorbed intensity is

Al = (1/Teall,,,, (46)

i.e.,, 1/T times the absorption rate observed
outside the cavity. For a typical transmissiv-
ity of 0.02 (R = 98%), the amplification fac-
tor is 50.

If the cell cannot be placed inside the ac-
tive resonator, an external passive resonator
may be used. By matching the laser output
to a fundamental mode of the passive reso-
nator and making as low as possible the
losses g, the power circulating inside the res-
onator can be 1/g times the laser output
power. Passive resonators represent an im-
provement over multipass cells and, since
the atoms or molecules experience two coun-
terpropagating beams, a Doppler-free scheme
may be adopted.

Intracavity absorption can be monitored
through the laser-induced fluorescence or us-
ing other detection schemes already dis-
cussed (optoacoustic, optogalvanic, etc.). A
further improvement in the sensitivity can be
obtained if the output power is monitored
and the laser is running close to threshold.
Indeed, because of the nonlinear response of
the laser near threshold, small changes in
the losses Ag caused by the absorbing intra-
cavity sample lead to a dramatic variation of
the laser output. If G, is the unsaturated
gain and g the total loss, it can be shown
that the amplification factor ¢ is
- 8)g + 4g) =

g = Go/(Go Go/g(Go — 8),

47)

where it has been supposed that 4g < g.
Equation (47) shows that the sensitivity can
be greatly enhanced when the threshold con-
dition is approached (G, — g). Nevertheless,
an upper limit is imposed by the huge insta-
bilities that a laser exhibits when such a con-
dition is reached. Amplification factors of 10°
have been obtained, allowing the study of
very weak transitions having oscillator
strengths below 1072 or with very low con-
centrations below 10® atoms cm 3.
Intracavity spectroscopy has been exten-
sively used in the infrared and far infrared
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where the alternative of fluorescence spec-
troscopy does ‘not exist. The CO, laser, with
tens of lines.around 10 um, is commonly
used, and, because of the narrow tunability
of the laser, the resonance condition is usu-
ally achieved by shifting the atomic or mo-
lecular levels by means of the Stark and Zee-
man effects. The Stark effect is used for
polar molecules, while Zeeman shifting af-
fects paramagnetic species. By extrapolating
the measured frequency to zero field, infor-
mation on the electric dipole moment or gy-
romagnetic (g) factors can be obtained.

Most rotational molecular lines lie in the
far infrared (50 um < A < 1 mm) where co-
herent radiation is usually generated by op-
tically pumped lasers. An apparatus for in-
tracavity spectroscopy in this spectral region
has been developed by Evenson (1981) to in-
vestigate the rotational structures of mole-
cules and the fine structure of atoms. In the
quasiconfocal laser cavity is placed the sam-
ple cell, which is separated from the active
medium by a window at Brewster's angle.
The population inversion in the active me-
dium is created by a CO, laser, and the far-
infrared output is detected by means of a lig-
uid-helium-cooled bolometer; such detectors
show very low noise and hence enhanced
sensitivity. Absorption coefficients of 1071°
cm~! have been measured in studies of tran-
sient species and free radicals produced in
discharges, and of intermediate products in
chemical reactions.

An interesting demonstration of the high
sensitivity reached by this technique is
shown in Fig. 29, which shows the fine-struc-
ture 3Py—>P, component of the ground state
of silicon. Atoms of silicon were produced by
dissociation of silane (SiH,) in a microwave
discharge, and the resonance condition was
achieved by applying a magnetic field of
1121.2 Gauss. It should be noted that there
is an excellent signal-to-noise ratio in spite
of the extremely low transition probability A
=8 x 107 s71,

3.5 Fast Modulation Spectroscopy

We have already seen that a significant
improvement in sensitivity over direct ab-
sorption techniques may be achieved by
modulating the laser amplitude and using a
phase-sensitive detection scheme. This prin-
ciple can be extended to modulating the la-
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FIG. 29. Laser magnetic resonance measurement of
the silicon ground-state fine-structure component
3Py-2P; of the 129.5-mm line CHZOH. In (a) and (b),
the far-infrared cavity was slightly detuned to fre-
quencies respectively higher and lower than the tran-
sition to the ground state. (From Evenson, 1981).

ser frequency (wavelength modulation) at a
relatively high frequency (kilohertz) and by
an amount typically several times smaller
than the width of the absorption line of the
species under investigation. Scanning the la-
ser wavelength and using ac detection at the
modulation frequency, or twice the modula-
tion frequency, provides a detected signal
that is the first or second derivative of the
absorption line shape. When the modulation
frequency is comparable with or larger than
the linewidth (megahertz or gigahertz range),
the two modulation sidebands may be re-
solved, and the technique is known as
frequency-modulation spectroscopy. Such
techniques are particularly suited to semi-
conductor diode lasers, whose wavelengths
may be modulated at very high frequencies
simply by modulating the injection current.
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In this fashion, absorptions down to 10~°
cm~! can be measured. The advantages of
these techniques derive essentially from the
high modulation frequencies, which allow
the predominantly low-frequency 1/f noise to
be rejected. Figure 30 shows the noise spec-
trum for a diode laser in the megahertz re-
gion where the amplitude fluctuations are
dominated by shot noise. ,

In Fig. 31, the same transition in methane
has been observed using absorption, wave-
length-modulation, and frequency-modula-
tion techniques. The signal-to-noise ratio in
the FM case clearly represents an improve-
ment of several orders of magnitude. More-
over, the sloping baseline is removed, and
high discrimination against signals that do
not show wavelength dependence is intro-
duced.

Still higher sensitivity can be achieved
with heterodyne detection, which is an ex-
tension to optical and infrared wavelengths
of the superheterodyne radio receiver. A
beam of radiation of frequency v, is detected
by a photodiode that absorbs photons and
releases charge carriers, the photocurrent be-
ing proportional to the square of the total
electric field E; of the incident radiation.
With direct detection, this means that the
photocurrent is proportional to the power of
the optical or IR field.

In heterodyne detection, however, the in-
coming radiation is mixed in the detector
with radiation from a local oscillator (E;) of
frequency v, which could be a diode laser or

IMH2
FOURIER NOISE FREQUENCY

10MHz  ectral density (300 pW light
power, 10 kHz analysis bandwidth).

~ 30 GHz

/w
—

~ 600 MHz

\_/\/\;\
—_—

~ 600 MHz

FIG. 31. (a) Pure absorption signal on the third over-
tone of methane (CH,) at 100 Torr. Derivative line
shapes recorded at 500 mTorr with (b) WM and (c)
two-tone FM spectroscopy.
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a CO, laser, producing a photocurrent con-
taining the terms E2, E7, E,, and E,. The first
two terms correspond to the optical and lo-
cal oscillator powers. More interesting is the
mixing term EE; that oscillates at the beat
frequency v, = ly, — ul between the two
fields. This frequency difference », can be
chosen to be in the radio-frequency region
where amplification can readily be per-
formed. The heterodyne receiver can thus
detect radiation in a narrow spectral band
around the local oscillator frequency, and
the bandwidth is determined by electronic
filters instead of optical filters or dispersive
optics. The power signal-to-noise ratio of a
heterodyne receiver is

SNR = 7P/hvB, (48)

where 7 is the heterodyne quantum effi-
ciency, P, is the signal power, and B is the
bandwidth of the receiver. It is sometimes
also convenient to use phase-sensitive detec-
tion at the frequency of a beam chopper to
increase further the signal-to-noise ratio.

4. TIME-RESOLVED SPECTROSCOPY

In the preceding sections we have dis-
cussed a variety of spectroscopic techniques
in which information about atomic or mo-
lecular structures is obtained by analyzing
the response of the system as a function of
the optical frequency. In this section, by con-
trast, we consider the temporal response of a
system when it is irradiated by short laser
pulses. We will see that spectroscopic tech-
niques based on the temporal and frequency
domains can provide complementary infor-
mation.

The availability of short and intense laser
pulses allows the transfer of a large fraction
of an irradiated sample of ground-state at-
oms or molecules into excited states. By use
of step-wise excitations with synchronized la-
sers, highly excited levels can be reached. By
monitoring of the temporal decay of fluores-
cence from a given level, the lifetime of that
level can be measured. If two closely lying
states are excited coherently, a new class of
phenomena can be studied, such as quantum
beats, whereby atomic interference is ob-
served as a temporal modulation of the fluo-
rescent intensity. The recent development of

ultrashort laser pulses, of picosecond or sub-
picosecond duration (Shapiro, 1977), makes
possible the investigation with extremely
high time resolution of ultrafast relaxation
processes occurring during the excitation
and deactivation of molecular states.

The interaction between atoms and very
short, intense laser pulses also gives rise to
strong nonlinear processes. Atoms in very in-
tense laser fields can be ionized by absorbing
tens of photons. Furthermore, within the
same laser pulse, the ions produced can be
further ionized several times (multicharge
ionization), while quasifree photoelectrons
may absorb further photons (above-ioniza-
tion spectroscopy). In such strongly nonlin-
ear regimes, high-order harmonics reaching
into the x-ray region can be generated.

4.1 Lifetime Measurements

Lifetime measurements are of particular
interest in spectroscopy, for the lifetime is
directly related to the transition probability,
and hence, such measurements make possi-
ble the testing of quantum mechanical cal-
culations. Anomalies among the lifetimes
within a molecular band can also provide in-
formation about perturbations due to cou-
pling with other series. Finally, lifetimes are
of more applied interest—for instance, in la-
ser physics.

In Sec. 1 we showed that the radiative
width of a line is related to the lifetimes of
the lower and upper levels of the transition.
We also mentioned that the homogeneous
width is usually affected by such other
broadening effects as saturation, time of
flight, collisions, etc. Even if these further
broadening mechanisms are removed, to de-
termine from a transition linewidth the life-
time of a given level requires knowledge of
the lifetime of the other level (unless it is
the ground state). Unlike frequency-domain
spectroscopy, time-resolved measurement al-
lows the lifetime to be evaluated directly.
Several experimental approaches have been
developed.

4.1.1 Phase-Shift Method This method
is based on the use of a cw laser, sinusoidal-
ly modulated in amplitude at a frequency f
and resonant with a transition i = k of fre-
quency wy. The rate equation for the final
state k is



dNJdt = oF(N; — Ny) — Ny/7, (49)

where o is the absorption cross section, F
the photon flux, and 7 the lifetime of the
level k. The difference N; — N, in Eq. (49)
takes into account absorption and stimulated
emission, while N,/7 represents the sponta-
neous emission decay. The photon flux is

F = (I/hwy)(1 + a sin2aft) coswydt. (50)

The induced resonant fluorescence is modu-
lated at the same frequency but is shifted in
phase with respect to the forcing excitation
field by an amount ¢, related to the level
lifetime 7 by

tang = 2afT. (51)

By measuring the phase shift ¢ with a lock-
in amplifier, the lifetime 7 can thus be esti-
mated.

This method fails when two or more lev-
els with different lifetimes are simulta-
neously populated. In this case the induced
fluorescence for each level presents different
phase shifts, which are not easily determina-
ble. The method also suffers in the event of
stimulated emission [see Eq. (49)], which is
especially likely to be present when laser
sources are used.

4.1.2 Pulse Excitation Another ap-
proach to lifetime measurement makes use
of pulsed lasers able to excite the atoms or
molecules in a time short compared with the
lifetime of the investigated level. The fluores-
cence decay can be observed in the absence
of stimulated emission in two different ways.

With the first method the fluorescence is
monitored directly by means of a transient
digitizer or a boxcar. To reconstruct the
whole exponential curve using either tech-
nique requires many fluorescence photons
per excitation pulse, and nonlinearities in the
photomultiplier response present a further
limitation to this technique. These difficulties
can be overcome by a delayed-coincidence
method, which operates in the regime of ex-
tremely low intensity. In this technique, sin-
gle-photon counts are recorded while the
repetition rate of the excitation laser pulse is
chosen to be as high as possible. At the heart
of the experimental scheme is a time-to-am-
plitude converter. A trigger signal synchro-
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nized to the laser pulse starts a voltage ramp
at time ¢y, which is stopped by the first fluo-
rescence photon after the excitation pulse,
detected at time #,. The ramp height is thus
proportional to the time interval t; — ¢, and
is stored by a multichannel analyzer. After
each excitation pulse, a given channel will be
increased by one unit, and the voltage distri-
bution recorded by the multichannel ana-
lyzer thus yields the decay curve directly (see
Fig. 32).

It is important that the detection proba-
bility be kept below one fluorescence photon
per excitation pulse to avoid so-called pileup.
If two or more photons were generated, the
photons with short delays would be over-rep-
resented, and the decay curve would be al-
tered.

Although a high repetition rate is required
in order to provide a reasonable measure-
ment time, the pulse frequency also has an
upper limit, for the time interval between
two pulses must be longer than the lifetime
of the investigated level. Moreover, the pulse
frequencies must not exceed the reciprocal
of the dead time of the electronic chain,
which is typically 100 ns.

The decay of an excited state can also be
monitored with a second laser (probe) tuned
to a transition sharing a common level with
the investigated transition (pump-and-probe
technique). When the pump pulse alters the
population of this level, the probe pulse can
monitor how quickly the population is re-
stored through relaxation processes if a con-
trolled delay is introduced between pump
and probe pulses. The pump-and-probe tech-
nique is particularly useful for investigating
ultrafast processes (picosecond and femto-
second range) where conventional techniques
fail.

4.2 Quantum-Beat Spectroscopy

If two or more closely spaced atomic or
molecular levels are simultaneously excited
by a short laser pulse at ¢t = 1, the total
wave function will be given by the superpo-
sition of the wave functions of the excited
states:

W0) = g a, ¥0), (52)

where a; is the probability amplitude that
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FIG. 32. (a) Schematic diagram of the delayed-coincidence technique. (b) Fluorescence decay, reconstructed
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by a multichannel analyzer. (From Demtroeder, 1981.)

the light pulse has prepared the atom in

level lk). The time-dependent intensity of the

fluorescence emitted when the excited levels
decay into the final state If) is given in terms

of the matrix element by

I(t) = CIK®Aler¥())P,

function, given by

(53)

where e is the polarization vector and ¥\z) is
the temporal evolution of the total wave



W) = g a @ (0)) exp [~ (iEx/h + y/2)t].
(54)

Inserting (54) into (53) and assuming equal
the decay rates of levels 1 and 2 (y; = v, =
y), we have

I(t) = Cexp(—y)(A + B coswyt), (55)

where A is the sum of the transition proba-
bilities 1 = f and 2 — f, B is the interference
term, and w,; = (E, — E;)/A. The time-de-
pendent fluorescence is hence given by the
superposition of an exponential curve and an
oscillation with frequency w,;. The measure-
ment of such an oscillation allows the deter-
mination of very closely spaced energy levels.
Quantum-beat spectroscopy therefore allows
Doppler-free resolution.

In Fig. 33 a typical example of a Zeeman
quantum beat for a resonance line in ytter-
bium is shown. The three Zeeman sublevels
of the upper level 3P, are excited simulta-
neously, but only the levels with m; = +1
and m; = —1 can decay into the ground
state 'S, (transitions with Am; = 0 for m; =
0 - m; = 0 are forbidden by the selection
rules). The modulation observed in the time-
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dependent fluorescence is thus related to the
separation of these two levels.

If further levels are excited simulta-
neously, modulations appear in the time-
dependent fluorescence at a different fre-
quency, and their measurement in the time
domain becomes rather difficult. In this case
the Fourier transform of the time-dependent
fluorescence intensity yields its spectral dis-
tribution I(w) with sub-Doppler resolution.
Figure 34 illustrates as an example quantum
beats measured by Andri et al. (1975) in the
fluorescence following excitation of three hy-
perfine levels in the 6p 2P,, state of the
137Ba* jon.

5. ULTRAHIGH-RESOLUTION
SPECTROSCOPY

Many of the processes by which spectral
lines are broadened are due to the random
motion of the atoms. Let us consider an
atom of mass M and velocity v. On account
of its motion, the atom absorbs photons at a
frequency o' given by the relation

o = wy + kv — wgy?/2c?, (56)

where w, = (E, — E,)/k is the resonance fre-

M

6s6p°R 7§+

' -1
E
[
g

1
1000 2000 3000 4000
time/ns

FIG. 33. Typical example of Zeeman quantum beat for the resonance line in ytterbium (from Svanberg, 1992).
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FIG. 34. Quantum beats in fluorescence from the 6p 2P, state of the '¥’Ba™ ion (from Andra, 1975). The up-
per curve represents the time evolution of the emitted fluorescence following excitation, and the lower curve is

the Fourier-transform spectrum.

quency and the second and third terms rep-
resent, respectively, the first- and second-or-
der Doppler shifts.

In the preceding sections we have seen
that the linear (first-order) Doppler shift can
be canceled by use of atomic beams or by
means of one of the numerous Doppler-free
spectroscopic techniques, but such methods
fail to eliminate the second-order Doppler
shift, which, as shown in Eq. (56), depends
quadratically upon the atomic velocity. An-
other effect strictly connected to the atomic
motion is the previously discussed transit-
time (or time-of-flight) broadening. In many
cases these two broadenings determine the
ultimate limit of spectral resolution. This is
the case, for instance, for transitions involv-
ing long-lived levels for which the radiative
width is very narrow. Full resolution of such
narrow transitions is of importance in test-
ing the fundamental laws of physics and for
many metrological applications such as
atomic clocks. In order to achieve maximum
resolution, it is necessary to reduce the
atomic velocities, since this reduces the sec-
ond-order Doppler shift and increases the in-

teraction time between the atoms and the la-
ser field.

When an atom interacts with a light
beam, the emitted and absorbed photons
carry much information about the atomic
structure, this being the essence of spectros-
copy. But the interaction of photons with at-
oms can also be used to manipulate the ki-
netic status of the atoms, i.e., their velocity.
This phenomenon, usually manifested as so-
called laser cooling, was first suggested in-
dependently by Hinsch and Schawlow
(1975) for neutral species and by Wineland
and Dehmelt (1975) for trapped ions. A more
detailed discussion of this subject is reported
in the article ATomic COOLING AND TRAPPING.

In the last few years, there has been in-
creasing interest in the use of near-resonant
photon scattering to cool and trap atoms and
ions. This interest is motivated in part by the
physics governing such phenomena and in
part by the wide variety of atomic and mo-
lecular physics experiments to which it may
be applied. The production of ultracold
atomic samples alone, having temperatures
of a few tens of microkelvins, has opened up



a rich area for experiments in atomic and
molecular physics. One of the main applica-
tions is in ultrahigh-resolution spectroscopy,
since for very slow atoms the first- and sec-
ond-order Doppler shifts and the pressure
shift are eliminated, and Doppler-free tech-
niques are no longer required.

The production of cold atoms moreover
offers the possibility of revisiting the physics
of collisions in a new light. There are two
principal reasons for investigating collisions
in atomic traps: The first is to understand,
and perhaps to minimize, the role of such
collisions because they represent a signifi-
cant loss channel; the other is to explore the
fundamental physics of ultracold collisions
between atoms with large de Broglie wave-
lengths, for which hitherto unseen effects
can be expected.

5.1 Laser Cooling

The principle of laser cooling is best illus-
trated by a two-level atomic system (Meystre
and Stenholm, 1985; Chu and Wieman,
1989). We consider an atom of mass M mov-
ing along the z axis with a velocity v. A pho-
ton of frequency w traveling in the opposite
direction can be absorbed if w is appropri-
ately Doppler shifted with respect to the res-
onance frequency .

The photon momentum Av/c changes the
velocity of the atom by

Av = hviMe. (57)

We suppose that the excited atom can decay
radiatively only back to the initial state. Dur-
ing this process, the atom also receives a ve-
locity kick when it radiates a photon by
spontaneous or stimulated emission. In the
presence of a single laser beam, stimulated
photons will be emitted in the same direc-
tion as the incoming photons, and as a con-
sequence, the momentum transferred by the
absorbed photon will be canceled. In con-
trast, the spontaneous photons will be emit-
ted in random directions; the average mo-
mentum transfer is in this case zero, and
there is thus overall a net momentum trans-
fer from the radiation to the atoms. Because
this process depends upon spontaneous
emission, the radiation pressure force that
results is often known as the spontaneous
force.

Spectroscopy, Laser 407

The recoil depends on the energy of the
photon (hv) and the mass M of the atom (4v
= hvicM). For instance, for sodium (M = 23
amu) and A = 589 nm, the velocity change
per photon absorbed is about 3 cm s™!. If
the initial atomic velocity is typical of room-
temperature distributions (about 10> m s™1),
the number of scattered photons required to
stop the atoms will be nyp,, = v/idv = 3 X
10*. The cooling transition a = b must there-
fore be closed, in the sense that atoms in up-
per level b may decay radiatively only to the
initial state a. For sodium, the 3S,,-3P;;
transition is suitable for such a cooling
scheme, even though the presence of hyper-
fine structure renders the transition incom-
pletely closed (optical pumping).

During laser cooling, atoms undergo a
maximum deceleration given by

a = hvi2Mcr,

where 7 is the lifetime of the upper level of
the cycling transition and the factor 2 takes
into account the fact that atoms spend only
half of their time in the upper level. Again
for sodium, a = 10° m s~ 2, which corre-
sponds to 10° times g. This strong accelera-
tion is sufficient to bring to rest a thermal
sodium atom in 1 ms and over a distance of
0.5 m, which is quite reasonable on the lab-
oratory scale.

An experimental apparatus suitable for la-
ser cooling is shown in Fig. 35. A laser
beam, appropriately detuned with respect to
the atomic resonance, travels against an ef-
fusive atomic beam. A second laser beam,
acting as an analysis beam, is roughly collin-
ear with the cooling laser. When the laser
frequency is tuned onto resonance, atoms
absorb and re-emit photons that can be de-
tected by a photomultiplier. The analysis
beam is swept in order to probe the velocity
distribution modified by the cooling beam.
Part of the analysis beam is sent perpendic-
ular to the atomic beam to provide a zero-
velocity marker.

The magnetic coils in Fig. 35 produce a
varying magnetic field along the atomic
beam direction, which shifts the Zeeman
sublevels so that the transition frequency be-
tween two Zeeman levels changes with posi-
tion. With a suitable dependence of B(z), the
transition frequency for moving atoms can
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be resonant with the fixed laser-cooling fre-
quency.

The early experiments on laser cooling of
neutral atoms used a sodium beam chosen
both because the resonance transition is
closed and accessible to tunable single-mode
dye lasers and because of its short radiative
lifetime. Many atoms have since been manip-
ulated with laser light, and in Fig. 36 we
show the result of laser-cooling atoms of cal-
cium using the transition 'So-'P; at 422 nm.

5.2 Atom Traps

In the preceding section we have dis-
cussed a method of stopping the atoms in an
atomic beam. Another aspect of atomic ma-

40
Ca

Laser cooling on ———————

Laser cooling off

nipulation is confinement to a region of
space where the atoms can then be investi-
gated.

In 1985, Chu et al. demonstrated the pos-
sibility of cooling neutral sodium atoms in
so-called optical molasses. Magneto-optical
traps represent a refinement of this idea
whereby atoms are localized at higher densi-
ties and cooled to temperatures limited by
the atomic recoil energy.

5.2.1 Magneto-optical Traps The mag-
neto-optical trap (MOT) (Raab et al,, 1986)
depends upon two features: the Zeeman in-
teraction with an inhomogeneous magnetic
field, and the radiative selection rules that

v (ms)

FIG. 36. Laser cooling of calcium ob-
served in presence of magnetic field.



govern transitions between magnetic levels
in am atom.

T he basic principle of the MOT can be il-
lustr-ated by considering a hypothetical atom
with a spin S = 0 (m, = 0) ground state and
aspin S =1 (@m, = —1, 0, +1) excited
state. In a weak, inhomogeneous magnetic
field B(z) = bz, the energy levels will be split
through the Zeeman effect by an amount AE
= umgbz. In the presence of two counter-
propagating waves with ¢* and ¢~ circular
polarizations (see Fig. 37), with a frequency
tuned below the atomic resonance, an atom
at z > 0 will absorb more o~ photons than
ot photons since the laser frequency is
closer to the 4m, = —1 transition fre-
quency. Similarly, for an atom at z < 0, the
Zeeman shift is reversed, and the atom will
absorb more o* photons. Because of the mo-

- § ENERGY

Spectroscopy, Laser 409

mentum carried by these photons, the posi-
tion-dependent differential absorption leads
to the presence of a force, which pushes at-
oms into the region z = 0. The scheme can
be readily extended to three dimensions by
using three pairs of counterpropagating
beams along the x, y, and z directions and a
spherical quadrupole magnetic field, as
shown in Fig. 37. ,

This type of trap can also be used for at-
oms with a more complicated hyperfine
structure such as, for instance, sodium or ce-
sium. Atomic samples with densities of 101°
atoms cm~> and at temperatures of a few
tens of millikelvins have been obtained. At
such low temperatures, atoms move with ve-
locities of a few centimeters per second,
which allows direct Doppler-free spectro-
scopic measurements. In Fig. 38 is shown a

FIG. 37. Arrangement for a mag-
neto-optical trap. (a) The energy-
level scheme for an atom having
spin S = 0 in the ground state
and S = 1 in the excited state.
(b) Experimental arrangement of a
three-dimensional  trap. (From
Raab et al., 1986.)
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FIG. 38. (a) Resonant fluorescence from cold atomic
cesium produced in a magneto-optic trap. (b) For
comparison, the saturated absorption spectrum is
shown.

spectrum of the cesium 6S,,(F = 3, 4)-
6P;,(F = 3, 4) transition obtained by laser
irradiation of a cloud of trapped atoms [Fig.
38(a)] and a conventional saturated absorp-
tion spectrum [Fig. 38(b)]. The linewidth ob-
served with the cold atoms is about 30 MHz,
somewhat wider than the natural width of
the transition (5.3 MHz). This is essentially
due to the saturating effect of the trapping
laser. In order to improve the resolution, the
atoms should be measured after switching
off the trapping and repumping laser beams.

GLOSSARY

Absorption Spectroscopy: The study of
radiant energy that is characteristically ab-
sorbed by a particular atom or molecule.

Bennet Hole: The hole that is produced
in the velocity distribution when narrow-
band laser light is absorbed.

Coherence: One of the most important
properties of the laser radiation. It is essen-
tially related to the high spectral purity of
the laser light. Coherence takes part also in
the excitation of atomic or molecular transi-
tion when this is realized with laser sources.

Doppler Linewidth: The width of a spec-
tral line caused by the Doppler effect.

Doppler-Free Spectroscopy: Spectro-
scopic techniques that allow elimination of
the Doppler broadening. They are essentially
based on two main approaches: velocity-se-
lective saturation or counterpropagating two-
photon absorption.

Emission Spectroscopy: The study of ra-
diant energy that is characteristically emitted
by atoms or molecules after a suitable exci-
tation.

Intracavity Spectroscopy: High-sensitiv-
ity spectroscopic techniques where the
atomic or molecular sample under investiga-
tion is inserted into a laser cavity or a pas-
sive cavity having a high quality factor.

Laser: An acronym for light amplification
by stimulated emission of radiation. A device
that emits a high-intensity, narrow-spectral-
width, and highly directional beam of light
by stimulated emission in an atomic or mo-
lecular system where a population inversion
between two levels has been produced.

Laser Beam: The bright stream of light
emitted by a laser. The near-zero divergence
makes this beam extremely interesting for a
wide variety of applications (surgery, com-
munications, printing, physics, chemistry,
etc.).

Laser Cooling: A method based on the

scattering of near-resonant photons to slow
atoms in an atomic beam to very low veloc-
ity.
Laser Trapping: A method based preva-
lently on laser radiation to trap neutral and
ionized atoms in a small volume at ex-
tremely low kinetic energy and, hence, low
temperatures.

Linewidth: The spread in wavelength of a
spectral line. Usually it is measured as the
full width at half maximum (FWHM).

Multiphoton Spectroscopy: Spectro-
scopic techniques based on the simultaneous
absorption of two or more photons.

Natural Linewidth: The width of a spec-
tral line caused by the finite lifetime of the
levels.

Optogalvanic Spectroscopy: Spectro-
scopic techniques where atomic or molecular
transitions are monitored through the varia-
tion of current of an electrical discharge
when this is irradiated by resonant radiation.

Optoacoustic Spectroscopy: Spectro-
scopic techniques where atomic or molecular
transitions are monitored through the detec-
tion of an acoustic wave produced by ab-
sorption of radiation.

Saturation: The condition reached in a
two-level system in presence of resonant ra-
diation when the populations of the two lev-
els become equal.



Spectral Line: The response of a gas-
phase sample obtained from the emission or
absorption of radiation when the frequency
is tuned around an atomic or molecular
transition.

Spectroscopy: The branch of physics
concerning the measurement of the emission
and absorption spectra of atoms and mole-
cules. According to the frequency range of
the electromagnetic radiation, we speak of
vacuum ultraviolet, ultraviolet, visible, infra-
red, or microwave spectroscopy.

Spectrum: The set of lines recorded after
emission or absorption of radiation.

Time-Resolved Spectroscopy: Spectro-
scopic techniques that allow one to investi-
gate fast relaxation processes involving the
levels excited with a short-pulse laser.

Two-Photon Spectroscopy: Spectro-
scopic technique where a transition forbid-
den in the dipole approximation can be
induced by the. absorption of two counter-
propagating photons.
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1. INTRODUCTION

In recent years semiconductor diode lasers in the visible near-infrared have been applied to
high sensitivity gas detection for a variety of environmental, medical and industrial applications.

The advantage of laser-based gas sensor with respect to conventional electro-chemical and
semiconductor point sensors resides in their characteristics of non-intrusiveness, high gas
selectivity, high detection speed and low cost.

In particular, great attention has been attracted by InGaAs-InP Distributed Feed-Back
(DFB) diode lasers, operating at room temperature. Thanks to the knowledge and technology
developed for telecommunication diode lasers emitting around 1.3pm and 1.51m, these lasers can
be easily designed to emit single mode almost anywhere in the region between 1um and 2um.

This spectral region is of particular interest because of the presence of molecular overtone
vibrational bands for many important gases, like for instance, CO,, CO, H,S, HCl, HF, NH;,
CH,, H;0, NO, N;O.

Although the transition strengths are at least one order of magnitude weaker than those for
the fundamental bands in the mid-infrared, this problem is compensated, in real applications, by
the advantages coming from the reduced opacity of the atmosphere and from the possibility of
connecting the lasers with optical fiber systems, developed for telecommunication purposes.

Furthermore diode lasers are particularly suited for high-sensitivity absorption spectroscopy
because they show much smaller amplitude noise than most other laser sources. In addition,
diode lasers can easily be modulated at frequencies up to several GHz.
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This allows to apply various detection techniques'? such as low-wavelength modulation
spectroscopy (LWM) and frequency modulation spectroscopy (FM)** depending on the
sensitivity level necessary to be reached.

In principle, sensitivities near to the fundamental quantum limit (shot-noise limit) are
possible. In practice, quantum-limited sensitivity has proven to be difficult to obtain, due to a
number of technical noise sources.

The noise sources can be divided in detector noise, noise due to amplitude fluctuations of
the laser field and optical noise due to interference fringes.

1.1 Detector noise

There are three major components in a photodetector noise: Johnson (thermal) noise,
detector shot noise, and 1/f-noise.

Johnson noise is due to the thermal fluctuations of the charge carrier density within the
resistor itself. The thermal noise current can be expressed as:

. _{4KTAv %
T="g (1)

where K is the Boltzmann constant, 7 the temperature, Av the detection bandwidth and R the
detector system resistance. The Johnson noise has a white frequency spectrum and can be
reduced by cooling the detector.

Shot noise is due to quantum fluctuations of the radiation field. They give rise to
fluctuations of the detected current in a photodetector and can be expressed by:

1
eP 2
is =(2e-h—;7-Av) @)

where e is the electronic charge, 77 is the quantum efficiency of the detector, P is the incident
power and V is the photon energy. Shot noise is also white and independent of the modulation
frequency but is proportional to the square root of the laser power. For optical powers in the mW
range the output noise-voltage of the photodetector is dominated by shot noise rather than by
Johnson noise. ‘

Often devices show various sources of other noisc mechanisms. In many cases this
additional noise shows a 1/f dependence, but unfortunately no theoretical analysis are available.
An empirical expression for the 1/f noise current is given by:®

1
-Av BfeP®
iw{c I VT(e,w") 3

where C is a proportional factor, a and b are constants close to unity. The 1/f noise depends on
the manufacturing processes, in particular on electric contacts and surfaces. It dominates the
detector noise for frequencies below 1 kHz and drops below the Johnson and shot noise levels at
“higher frequencies. The rms 1/f noise current shows an approximately linear dependence on the
photocurrent and therefore on the light intensity.Since all three detector noise sources depend on
the detection bandwidth Av a reduction of the bandwidth results in a noise-reduction. It is also
convenient to work at higher frequencies where the 1/f-detector noise has become lower than the
shot noise.
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Figure 1. Improving the signal to noise ratio decreasing the detection bandwidth, by means of signal averaging. In
figure the signal noise is plot versus the inverse of the square root of the number of averages, which is proportional
to the detection bandwidth, for a DFB laser at 1578 nm.

1.2 Laser Excess Noise

In practice, the sensitivity of absorption measurements is often limited by excess-noise
which is due to fluctuations of the laser power. The fluctuations are generated by external effects
like current and temperature instabilities, mechanical vibrations, or optical feedback as well as by
intrinsic noise sources, such like photon and carrier density fluctuations and partition noise. The
external noise sources can be minimized by battery-driven or highly stabilized current sources
together with proper alignment, ar-coatings, and optical isolators. The intrinsic noise depends
mostly on the manufacturing process and design and on the operating conditions, like
temperature and current.

Temperature|
controller
laser ANk >
T Reference Photodiode
»)
R to the frequency analysis
generator |~ driver
y v
- Direct absorption ” ifferenti
- LWM Technique Amplifier
Digital - FM Technique
Computer oscillos. [} - TTFM Technique

Figure 2. Schematic view of a laboratory set-up for a semiconductor diode laser spectrometer.
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Several investigations of amplitude-noise characteristics of lead-salt lasers’ and DFB and
DBR-lasers® have shown that in most cases the laser excess-noise exhibit a 1/f dependence with
cut-off frequencies ranging between 1 and 100 Mhz. The rms current at the detector caused by
the laser-excess noise can be expressed as:

. [Av l(ePe_J]) )
w7 | Thy (),

where a defines the frequency dependence of the laser-excess noise and ranges between 0.8 and
1.5, P defines the magnitude of the laser power fluctuations at 1 Hz in a 1 Hz detection
bandwidth. P is approximately proportional to the laser power and depends on the intrinsic
noise of the diode laser and on the external effects of the particular measurement system. As in
the case of detector noise, laser excess noise is detection bandwidth dependent and can be
reduced with appropriate techniques.

1.3 Residual Amplitude Modulation

Frequency modulation of diode lasers results in a simultaneous amplitude modulation, since
not only the wavelength depends on the current but also the laser power. This residual amplitude
modulation (RAM) becomes often the main noise source in high-sensitive absorption
measurements. The RAM can be reduced using a dual beam subtraction method, in which the
laser beam is split in a reference beam and a probe beam, which are detected by the same kind of
photodiodes.

It is important that the amplifier have the same quantum efficiency, the same gain and the
same frequency response. Therefore all electronic components have to be selected with great care
to avoid manufactural differences of photodiodes and electric components, such as resistance,
operational amplifiers and capacities.

1.4 Interference Fringes

Every transmitting element in the optical path, such as beamsplitters, lenses, absorption cell
windows or the laser collimator itself can create Fabry-Perot fringes. These optical fringes often
exhibit a free spectral range (FSR) comparable to the linewidth of absorption lines when the laser
is scanned across the lines. They appear as periodic oscillations with sufficient amplitudes to
obscure weak absorptions signals. Interference fringes arise from reflections between parallel
surfaces in the optical path and the transmission depend on the laser wavelength. Any scanning of
the wavelength results in an amplitude variation if resonant structures appear in the path. The free
spectral range between two fringes can be expressed as:

c
FSR=>— G)
where n is the refractive index of air and / is the distance between the optical surfaces. The
distance / ranges typically between 1 m and 5 mm, which corresponds to resonances at a distance
of 150 MHz and 30 GHz, respectively.
There are several possibilities to minimize these etalon effects. For example, if the free
spectral range of the fringes is very different compared to the width of the absorption feature they

can be removed by filtering the detected signal. However, for spacings comparable to the
linewidths the fringes can only be removed by a careful design of the experimental set-up.
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Figure 3. Second derivative profiles of different pressures of NH; in air: a detection limit of 7 ppmXm in air is
extrapolated. The combination band of ammonia at 1.5um is investigated, with a laser at 1494 nm.

Whenever possible, transmissive optics should be avoided or anti-reflection coated optics
should be used.

It is important to note that only detector 1/f noise and laser excess noise depend on the
detection frequency, while all noise sources discussed so far depend on the detection bandwidth
Av. Therefore, high sensitivity detection can be achieved by increasing the detection frequency
(to a value for which the laser excess noise is lower than the shot- and Johnson noise) and by
reducing the detection bandwidth.

1.5 Detection Techniques

In general, in a direct absorption measurements, the small changes in the transmitted
amplitude, arising from gas traces, have to be distinguished on a large background, resulting in a
poor sensitivity.

Frequency modulation techniques are based on a fast modulation of the laser emission in the
frequency domain resulting in an amplitude modulation of the ligth intensity. By means of phase
sensitive detection is then possible to extract only the absorbed signal from the background of the
transmitted power. An additional increase in sensitivity is due to the fact that the detection
frequency can be moved to larger values, in order to reduce the laser amplitude fluctuations.

The modulation techniques are divided according to the modulation frequency.

In low wavelength modulation spectroscopy (LWM), the laser frequency is modulated at a
relatively low frequency (hundreds of kHz), which is small compared to the width of the line to
be probed. The observed signal arises from the difference in the absorption of different sidebands
which probe simultaneously the absorption line. The signal is then demodulated, at n times the
modulation frequency. Usually, first (n=1) and second (n=2) derivative detection are used.
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Figure 4. Second derivative absorption signal of CO at the exit of a catalytic exhaust with a DFB laser at 1578 nm.

In frequency modulation spectroscopy (FM), the laser is modulated at much higher
frequencies, that range usually between 100 MHz and several GHz, comparable with the width of
the absorption features, and produce sidebands which are widely spaced in frequency. In this
technique, only one sideband is absorbed at a time, giving rise to a heterodyne beat signal at the
modulation frequency. The detection frequency is moved in a region where the laser excess noise
presents its minimum value and, in addition, the selective absorption of the sidebands results in a
larger detected signal.

In order to retain a similar sensitivity for atmospheric pressure broadened absorption
profiles, the laser must be modulated at frequencies in excess of one Ghz. Electronics for
heterodyne detection at these frequencies can be complicated. The problem can be simplified by
using two-tone frequency modulation spectroscopy (TTFM).” The laser emission is
simultaneously modulated at two distinct but closely spaced frequencies, v,+v, and Vv,-v,, once
more comparable to the line-width of interest (v;~a few GHz for pressure broadened profiles and
vo~few MHz). The heterodyne beat signal is then obtained at the much lower frequency 2v,,
eliminating the need of high speed detectors and electronics. Such detection frequency can be
anyway maintained sufficiently large (a few MHz) to avoid the 1/f excess noise and reach the
same noise level as in the FM technique.

It has to be noted that such high modulation frequency can be obtained only in
semiconductor diode laser by means of the injection current. Electro-Optical modulators (EOM)
could be a possible solution for other laser sources, but efficient modulation at frequencies above
1 GHz are not very easy to be reached.

Further improvement in sensitivity can be obtained by means of a double beam
configuration, in which amplitude fluctuations can be canceled out, achieving a shot-noise limited
detection.

1.6 Bandwidth reduction

Another important parameter that greatly influences the sensitivity of the apparatus is the
electronic detection bandwidth of the signal. Indeed, many noise sources (shot-noise, Johnson
noise, laser excess noise) depend on it, in particular they decrease proportionally to the square
root of the bandwidth.

For example, an appropriate filtering of the signal can result in an enhancement of the
sensitivity. In addition, by means of a signal averaging, the noise can be further reduced, as if the
bandwidth was decrease according to the relation:’
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with a DFB laser at 1578 nm.

A»qu = -;1— (6)

where n is the number of averages. This effect has been verified experimentally with a DFB diode
laser at 1578 nm, as can be seen in Figure 1.

2. EXPERIMENTAL SET-UP

In Figure 2. an experimental laboratory setup of a typical tunable diode laser sensor is
shown. Different diode lasers are used, depending on the gas under study. The emission
frequency is selected with an appropriate control of laser temperature and current in order to
match the chosen molecular line. A current ramp of about 10 mA amplitude is added to the
injection current, leading to continuous sweep of the laser frequency of several GHz, which
allows to record the whole sclected line with one current scan.

The output beam of the laser is collimated and splitted into three parts: one is used for the
frequency control, the second one is used to detect the unabsorbed light intensity and the third
one is used to detect the transmitted light intensity.

The absorbed and reference signals are amplified and subtracted from each other to avoid
the background slope due to the amplitude modulation produced by the current scan.

The sample cell, a 1.5 m long Pyrex tube, is pumped out to 10™ Torr and filled with the gas
sample.

This simple experimental set-up is used to extract atmospheric relevant broadening
parameltgrs with the advantage of a straightforward interpretation of the broadened absorption
profile.

For high sensitivities measurements LWM and TTFM techniques are used.

In the low wavelength modulation apparatus an ac component at 0y=3.5 kHz is added to
the injection current, the absorbed signal is demodulated at a frequency 2, by means of a lock-in
amplifier.

In the two-tone frequency modulation scheme the signal from a synthesizer at v,=2.04 GHz
is mixed with that at v,=5.35 MHz of a function generator.
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Figure 6. Noise power as a function of the optical power incident on the photo-detector. The linear dependence
indicates that the sensitivity is shot-noise limited, since other noisesources depend in a different way on the optical
power.

The output, at Vu=2 Ghz+5.35 MHz is coupled to the laser diode current by means of a
high pass filter. The signal of the function generator is frequency doubled and is mixed in a phase
detector with the filtered and amplified absorption signal coming from an InGaAs-PIN photo-
diode. The output of the phase-detector, which is proportional to the Fourier component of the
signal from the photo-diode at v, is low pass filtered (100 Hz), amplified and recorded on a
digital oscilloscope.

To perform a quantum limited detection a careful attention to experimental details like
amplifiers has to be paid. In particular, for the balanced dual-beam set-up used in our application,
it is of fundamental importance that the probe signal and the reference signal are detected with the
same kind of photo-diodes and amplified with the same kind of amplifiers.

Table 1. Comparison between minimum detectable concentrations in air obtained with different detection
techniques.

A Detection limit in air
nm ppmxm
NH; | 1494.35 7 (LWM)

CO |1579.74 | 500 (AD) | 170 (LWM) | 7 (TTFM)

CO, | 1579.57 | 800 (AD) | 260 (LWM) | 10 (TTFM)

H,S | 1577.32 | 400 (AD) | 130 (LWM) | 4 (TTFM)

0, | 760.89 1000 (LWM)

HCl | 17423 0.5 (LWM)
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To avoid manufactural differences of resistances or capacitance they have to be tested and
chosen carefully. For that reason a low-noise pre-amplifier circuit for the photo-diodes was
especially designed to work for detection frequencies between 1 and 40 MHz.

The preamplified output signals of the photo-detector are combined in a 180° rf hybrid,
which shifts one signal by 180° before adding it to the other one, eliminating in this way all
coherent fluctuations of the two beams. A quantitative description of our quantum limited dual
beam spectrometer can be found elsewhere."!

With all the detection techniques listed before a series of signal to noise ratio measurements
at different total and partial gas pressures are performed. The minimum detectable gas pressure is
then obtained by a nonlinear fitting procedure, extrapolating the value at which the signal to noise
ratio becomes unity.

3. RESULTS AND DISCUSSION

The sensitivity limits from the three detection techniques are reported using the absorption
lines of some interesting molecules in the 1um-2um region (Table 1.).

3.1 Ammonia NH;

The combination band v;+2v, at 1.51um has been investigated. Low wavelength modulation
spectroscopy has been performed on the strongest component at A = 1494.35 nm using a DFB
diode laser (Fig.3). A minimum detectable concentration of 7 ppmxm of ammonia in air has been
achieved.This low detection limit is important for monitoring the NH3 concentration in various
applications. Selective Catalytic Reduction (SCR) of NO, with ammonia represents the most
effective technology currently available for deep NO, removal. Furthermore, alteration in NH3
concentration in the breath can indicate severe epatic failure.

3.2 Carbon Monoxide CO, Carbon Dioxide CO, and Hydrogen Sulphide H>S

These three molecules have, in the region around 1578 nm, overlapping overtone bands: 3v
(CO), 2vi+2vo+v3 (CO2)'? and vi+Vvo+vs (H,S)". By using one single semiconductor diode laser
and a TTFM scheme, a minimum detectable absorption of 5x107 is achieved. This corresponds at
a minimum detectable concentration in air of 7 ppmxm for CO, 10 ppmxm for CO; and 4
ppmxm for H,S.

CO and CO, are important in combustion processes and exhaust gases control (Figure 4.),
while H,S detection is fundamental for security on sour-oil-rigs (Figure 5.).

Furthermore a TTFM spectrometer is a powerful tool for non-invasive diagnostic of human
breath, where detection of the isotopic ratio *CO/">CO, can give information of the presence of
Helicobacter Pylori in the stomach.

33 Molecular'Oxygen 0:

A magnetic dipole transition of the bIZ‘.g+ (v’=0)<—X32‘.g' (v’=0)--band at 761nm is studied.
A low wavelength modulation scheme is used, but a sensitivity of only 1000 ppmxm is achieved,

because the transitions' line-strengths in this forbidden band are more than one order of
magnitude weaker than those of the other molecules investigated.

201



Table 2. Self-broadening and Air-broadening coefficients for the gases under study (* measured at 1.65 pm).

A Self-broadening | Air-broadening
(nm) (MHz/Torr) (MHz/Torr)
NH; | 1494.35 37(3) 4.0(2)*
CO |1579.74 3.95(9) 3.67(8)
CO, | 1579.57 4.1(3) 3.42(7)
H,S | 1577.32 6.7(2) 3.09(9)
O, 760.89 2.04(2) 1.92(5)
HCl | 17423 8.6(4) 2.9(5)

3.4 Hydrogen Chloride HCl

The first overtone band (2v) at 1.77um is investigated™* with a low wavelength modulation
and two-tone frequency modulation apparatus. Sensitivity of 0.5 ppmxm is reached. Monitoring
of HCl is very important in the emitted gases of waste incinerator.

For the shot-noise limited detection the absorption spectrometer has been tested using HoS
as a target gas, once the noise sources are minimized and the optimal working conditions are
found. We have measured the rejection ratio using the difference method.

We have demonstrated that the used dual beam configuration can suppress laser noise by
more than 25 dB, in the region of interest near 10 MHz. Then we have measured the difference
of the two channels, using the 180° combiner, and the sum using the 0° combiner, that is only 5
dB over the difference. So, taking in account the rejection ratio we concluded that we have
reached the shot-noise level. The detection limit of HS in air was found to be approximately 500
ppb over 1 meter path-length.

As an additional check to the reached shot-noise limit, the light noise was measured as a
function of the square root of the optical power incident on the photo-detector (see Figure 6.). In
addition, pressure broadening parameter are measured for all these molecules. Results are listed in
Table 2.

4. CONCLUSION

The achieved quantum limited sensitivity demonstrate that using distributed feedback diode
lasers in combination with two-tone frequency modulation spectroscopy is a powerful technique
for gas detection. It is possible to detect traces gases in air with a sensitivity on a ppm-level over a
1-meter path-length for some molecules of industrial, medical and environmental interest.

The natural combination with fiber optics technology make these sensors attractive for a
large variety of “in situ” measurements.
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1. — Introduction

Bose-Einstein condensation (BEC) is a purely quantum phenomenum first predicted
by A. Einstein in 1924 [1,2]. A gas of non-interacting identical particles described by a
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wave function symmetric under the exchange of any two particles, should undergo a phase
transition when the de Broglie wavelength becomes comparable to the spacing between
particles. Under these conditions, the wave packets overlap and the indistinguishability
of the particles becomes important. Particles described by a symmetric wave function
are called bosons from S.N. Bose who was the first to study their statistical behaviour
in the case of photons [3]. Bosons obey Bose-Einstein statistics. As is well known, the
symmetrization postulate of quantum mechanics admits only another class of particles,
those described by an antisymmetric wave function, which are called fermions and follow
Fermi-Dirac statistics [4,5]. If the temperature of a gas of bosons is lowered, below a
transition temperature a macroscopic fraction of the particles should suddenly occupy
the single lowest-energy quantum mechanical state. The condition for the transition is
that nA3g = 2.612 [6], where n is the density of particles, and Agg = h/v2rmksT is
the thermal de Broglie wavelength, with h Planck’s constant, m the mass of particles, kg
Boltzmann’s constant, and 7' the gas temperature (the quantity nA3g is usually called
phase-space density and a system of identical particles for which nA3y ~ 1 is referred to
as a quantum-degenerate system). In fact, this prediction had never been tested directly
although quantum degeneracy is at the origin of the behaviour of superfluid helium and
exciton gases in semiconductors. A comprehensive review of experimental and theoretical
work on BEC before 1995 can be found in [7].

In 1995, BEC was first observed directly by E. A. Cornell and collaborators in a gas
of 8Rb atoms [8] and by W. Ketterle’s group in a gas of Na atoms [9]. Evidence of
BEC in a gas of "Li was also reported in [10,11]. These important results were achieved
after several years of experimental efforts initially focused on atomic hydrogen. The
observation of BEC in hydrogen was prevented by the presence of collisional processes
leading to losses of atoms from the sample and by the difficulty in the detection of the
atoms. In fact, the success of experiments of BEC on alkali atoms was the result of
the combination of methods of magnetic confinement and evaporative cooling, mainly
developed for hydrogen, with the techniques of laser cooling and trapping which are
particularly efficient for alkali atoms. Also important was the occurrence of favourable
collisional parameters and the possibility of easy optical diagnostics of the atomic sample.

This paper describes these recent experiments of BEC in dilute vapors of alkali atoms.
Since the first observation of BEC, an amazing number of experimental and theoretical
papers have been published. Because of this rapid development, it is impossible to give
a complete bibliography and some of the results discussed here will necessarily become
obsolete soon. An updated bibliography and information on recent results can be found
at the Internet site http://amo.phy.gasou.edu:80/bec.html/. The purpose of this paper is
to summarize the experimental methods that allowed the achievement of BEC, in several
laboratories now, and to describe the main results obtained so far in the study of what
can be considered as a new state of matter.

2. — Cooling and trapping of atoms

In recent years there was a dramatic progress in cooling and confinement of neutral
atoms using electromagnetic fields. Cooling was achieved by using optical fields from laser
sources (laser cooling) or by selective ejection of more energetic atoms from a trapping
region using microwave radiation (evaporative cooling). Wall-free confinement of the cold
atoms was accomplished by using laser beams (optical traps), by static or slowly varying
magnetic fields (magnetic traps), or by a combination of the two (magneto-optical traps).

In this section we describe these cooling and trapping techniques with particular
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emphasis on the methods which have been used so far to achieve Bose-Einstein conden-
sation. The important “ingredients” of the experiments which have been successful so
far are magneto-optical trapping, cooling in optical molasses, magnetic trapping, and
evaporative cooling.

2°1. Laser cooling and trapping of atoms. — The field of laser cooling and trapping of
atoms has been one of the most active fields of research in physics in the past decade.
Starting from the initial proposals that dated back to the seventies, several methods
were developed which allowed to reach lower and lower temperatures. The study of the
cooling processes became of interest in its own right as new mechanisms were discovered.
In 1997, the Nobel Prize in Physics was awarded to C. Cohen-Tannoudji, S. Chu and
W. D. Phillips for their important contributions in the development of methods to cool
and trap atoms with laser light. It is beyond the scope of this review to describe in
detail the different methods developed and the results obtained by the many groups in
the world that have been involved in the research in this field. In this section, we only
briefly describe the techniques of laser cooling and trapping that were important in the
experiments in which Bose-Einstein condensation was achieved. A comprehensive review
on both experimental and theoretical work in this field can be found in [12-16].

2'1.1. Slowing of an atomic beam. When an atom with mass m absorbs or
emits a photon with frequency v, because of conservation of total momentum its velocity
changes by the recoil velocity v, = hv/(mc) = h/(m). For the D, transition in sodium
atoms, A = 589 nm, m = 23 a.m.u., v; = 3 cm/s. For cesium, A = 852 nm, m = 133
a.m.u., vy = 3.5 mm/s. This change in velocity is small but if several photons are
scattered, a considerable change in the atomic velocity can result. For example, a sodium
atom moving with a velocity vg ~ 1000 m/s interacting with a laser beam propagating
in the opposite direction would stop after the absorption of vy/v; ~ 33000 photons. In
the case of a thermal cesium beam (vy ~ 300 m/s) about 86000 photons are required to
stop the atoms.

The absorption of each photon is followed by spontaneous emission. Because the
emission direction is random, spontaneous emission has no effect, on the average, on
the atomic velocity. The acceleration of the atom depends on the rate of scattering of
photons. For high intensity of the light, an absorption-emission cycle requires a time of
the order of the excited-state lifetime 7. For the transitions considered above, 7 ~ 20 ns.
Therefore atoms can be stopped in a few milliseconds.

In order to describe the process in more detail, a simple model can be considered
of a two-level atom interacting with a plane light wave propagating in the direction n
with frequency v1, and intensity I (fig. 1). The lower and upper states of the atom have
energies F, and E., respectively, separated by the quantity Ee — E; = hva.

The number of absorption-emission cycles in one second is given by the rate of spon-
taneous emission 1/7 times the probability of occupation of the excited level, given by

1 /1o
(1) P() = S T (L) + AT — (/v

where § = v, — va, Iy is the saturation intensity, and I' = 1/(277) is the natural width
of the atomic resonance.

The effect of the exchange of momentum between the atom and the radiation field
is that the atom experiences a force Fg, called spontaneous force or radiation pressure



4 G. M. TINO and M. INGUSCIO

<
J VL Va
a) -i:;.lz-.::::::'_-.'_:'_:'_: siiri:: <‘r
atomic laser
atoms beam beam
source
]
b) ~
Y

P
)

v

Fig. 1. — Slowing of an atomic beam using laser light. a) Simplified scheme of the apparatus;
b) velocity distribution of the atoms with no laser (dashed line) and in the presence of a
fixed-frequency counterpropagating laser beam (continuous line).

force. This force is given by the change of momentum of the atom in the unit of time,
that is by the momentum of a photon times the number of absorption-emission cycles in
the unit of time:

(2) Folv) =n="00313 (I/Io) + (4/T?)[6 — (L/c)v - m]?

Equation (2) gives the average force on the atom over several absorption cycles. This
expression is valid if changes of the quantity deg = [6 — (v1./c)v - n]? can be neglected in
the time interval considered.

Slowing of an atomic beam with a counterpropagating laser beam is efficient if the
laser frequency is smaller than the atomic resonance frequency in order to compensate for
the Doppler shift. As can be seen from eq. (2), the spontaneous force is most substantial
when [§ + v1,(v/c)] K T. For a given laser frequency, only atoms with a velocity within
an interval of width Av = I'c/uy,, called the capture range, will be slowed down. Figure 1
shows the change in the atomic velocity distribution produced by a counterpropagating
laser beam with frequency vy, < v4. Atoms in the velocity capture range are slowed and
their velocity distribution is narrower. Therefore, this scheme produces not only slowing
but also cooling of the atoms. The problem of this scheme is that only a small fraction
of the atoms interact with the laser. Also, the process stops when the atoms, because of
the change in velocity, are no longer in resonance.
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Fig. 2. — Scheme for 1-dimensional cooling of atoms in optical molasses.

Two methods have been devised to solve these problems. The first method is called
laser chirping [17]: The laser frequency vy, is changed in time, typically in the form of a
succession of ramps, so that groups of atoms see the laser in resonance until they reach
the final velocity. The second method exploits a static space-varying magnetic field to
tune the frequency va [18]. The advantage of the laser chirping method is its simplicity
that does not require particular changes in the atomic beam apparatus. It was further
simplified by the recent advent of diode lasers whose frequency can be easily varied at a
high rate. However, with this method, only “bunches” of atoms interact with the laser
and eventually the slowed atoms are not localized but they are spread along the beam
length. In the second scheme, instead, the nonuniform magnetic field can be designed
so that almost every atom will see the fixed-frequency laser in resonance starting from a
position which depends on the initial velocity. If the magnetic field is properly designed,
a noticeable fraction of the atoms can be slowed down with this method and brought at
a given velocity at the end of the magnet. The drawback of this scheme is that a large
solenoid is required, whose shape must be accurately optimized. Also the presence of an
intense magnetic field can represent a limit in some experiments.

The above methods are both used in present beam-slowing experiments and the choice
of one method or the other depends on the particular requirements of the experiment.

2°1.2. Optical molasses. The possibility of cooling an atomic gas using laser radia-
tion was first proposed by T. W. Hansch and A. L. Schawlow in 1975 [19]. They pointed
out that if a moving atom is irradiated with counterpropagating laser beams that are
tuned slightly below the atomic resonance frequency, the Doppler shift will cause the
atom to absorb preferentially photons moving opposite to its velocity (fig. 2). As dis-
cussed above, the atom will slow down. In a gas, this process will produce a cooling of
the gas. The kinetic energy of the atoms is dissipated and converted into energy of the
electromagnetic field.

If stimulated emission of photons is neglected, using eq. (2) the force on the atoms
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can be written as the sum of the forces produced by each of the laser beams:

(3) Fop(v) =

hI/L i [ I/Io _ I/Io ]
¢ 27 [14+ (4/T2)[6 - (v/c)v]2 1+ (4/T)[6 + (v/c)rL)?

In the limit of small atomic velocity (v < I'c/2vy), the force can be written as

V2 86 /I,
4 F, ~h D 10— .
) w () ~h T {[1 + (25/1“)2]2] v

For low velocities, the force on the atoms depends linearly on velocity as in a viscous
medium. This suggested the name optical molasses for this cooling configuration. The
same scheme can be extended to three dimensions using three pairs of counterpropagating
laser beams in three orthogonal directions. An optical molasses was first demonstrated
experimentally by S. Chu and coworkers in 1985 with sodium atoms [20].

The minimum temperature expected for the atoms in optical molasses can be esti-
mated, with the model considered above, taking into account two effects: The first is the
cooling effect produced by the viscous force. The second is a heating of the atoms due
to the random direction in which photons are absorbed and emitted. The temperature
of the atomic sample at which these two effects balance is

R (T 26
The minimum temperature is obtained for § = —I'/2 and is given by
hT
(6) kBTD —_ —2— .

Tp is called Doppler limit. Typical values of Tp are 240 uK for sodium and 120 pK for
cesium.

An important reference temperature for laser-cooled atomic gases is the so-called
recoil temperature. Because the exchange of momentum between atoms and radiation
takes place by discrete amounts, corresponding to the single photon momentum, the
minimum spread of the atomic energies cannot be smaller than the energy corresponding
to the single photon recoil. The recoil temperature T; is therefore defined by

1, 1 (hn)®
(7) é'kBTf_En—z(T) :

T; is 2.4 uK for sodium and 197 nK for cesium.

2°1.3. Sub-Doppler temperatures in optical molasses. Accurate measure-
ments of the temperature of the atoms in optical molasses, first performed by W. Phillips
and coworkers by time-of-flight methods [21], showed that the temperature was much
smaller than the expected Doppler limit temperature and not far from the recoil limit.
This unexpected result was explained by J. Dalibard and C. Cohen-Tannoudji [22] and
by S. Chu and coworkers [23]. They developed a theory of sub-Doppler laser cooling
taking into account light-induced shifts of the atomic levels and optical-pumping effects.
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Fig. 3. — Mechanism leading to sub-Doppler cooling of atoms in 1-D optical molasses for two
counterpropagating laser beams with orthogonal linear polarizations. The so-called Sisyphus
cooling is an effect of the position-dependent light shift of the levels and of optical pumping.

A mechanism leading to sub-Doppler cooling can be qualitatively understood consid-
ering a 1-D model in which atoms having, for example, an angular momentum J, = 1/2
in the lower state and J. = 3/2 in the upper state interact with two counterpropagat-
ing laser beams with orthogonal linear polarizations. The polarization of the resulting
field varies with position. Figure 3 shows the light-shifted atomic levels. The shift of
a given Zeeman sublevel depends on the quantity //§ and on the excitation probability
for atoms in that level. Since this probability depends on the light polarization, the
position-dependent polarization of the light leads to a position-dependent shift of the
atomic levels. The combined effect of the spatially dependent light shift of the levels and
of optical pumping is at the origin of the cooling mechanism. An atom starting, for ex-
ample, at z = A/8 in the g_, /, state and moving to the right, will climb the potential hill
so that part of its kinetic energy will be converted into potential energy. If the velocity
is sufficiently small, near the top of the hill the atom will be optically pumped into the
g+1/2 state. The potential energy gained at the expense of kinetic energy is dissipated
in this spontaneous Raman anti-Stokes process. Optical pumping is then the mechanism
allowing dissipation of energy and cooling of the atoms. This cooling effect was called
Sysiphus cooling because, as in the Greek myth, the atoms are forced to continuously
climb potential hills. The minimum temperature predicted by this model is of the order
of the light-induced splitting of the levels. A linear dependence on I/§ is then expected.

Optical molasses are often realized with a light polarization scheme different from the
one considered above. The two counterpropagating laser beams have opposite circular
polarizations. Also in this case, sub-Doppler temperatures can be reached. The mech-
anism can be understood as follows: for two counterpropagating beams with opposite
circular polarization and same amplitude, the resulting field is linearly polarized with the
polarization vector rotating along the standing wave thus forming a helix with a pitch A.
It was shown in [22] that with this polarization configuration, the combined effect of
the polarization rotation, light shift, and optical pumping produces a motion-induced
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difference in the population of the ground-state Zeeman sublevels. This gives rise to an
imbalance between the radiation pressures of the two beams and therefore to a friction
force. This mechanism only works for J > 1 in the ground state.

The cooling mechanisms described above both depend on the presence of a light po-
larization gradient. However, since different processes lead to cooling in the two cases,
different values for the friction and diffusion coefficients result. The steady-state tempera-
tures are instead found to be about the same and to be proportional to the quantity /4.
This behaviour was confirmed experimentally for three-dimensional molasses down to
temperatures of a few uK [24], corresponding to about ten times the recoil temperature.

2'1.4. Magneto-optical trapping of atoms. The magneto-optical trap (MOT)
is nowadays a common method to confine and cool neutral atoms. In particular, it played
a crucial role in BEC experiments. It was first proposed by J. Dalibard and demonstrated
experimentally in [25].

A MOT consists of a combination of a set of laser beams and a quadrupole magnetic
field. It is usually realized with six laser beams, which form three orthogonal pairs each
made of two counterpropagating beams with opposite circular polarizations, intersecting
in the zero point of the magnetic field generated by two parallel coils with currents flowing
in opposite directions.

The basic mechanism can be understood, in the frame of a model similar to the one for
Doppler cooling, by considering the 1-dimensional scheme shown in fig. 4. For simplicity,
we consider an atom with a J = 0 ground state and a J = 1 excited state. The magnetic
field, that is null at the center and has a magnitude proportional to the distance from
the trap center, produces a position-dependent Zeeman splitting of the levels, as shown
in the figure. If the laser frequency vy, is smaller than the atomic resonance v4 and
the polarizations of the laser beams are chosen as indicated in the figure, atoms will
experience a force towards the center of the trap. In fact, an atom displaced to one side
with respect to the position where the magnetic field is null, will preferentially absorb
photons from the laser beam coming from that direction and will be pushed towards the
origin. As for optical molasses, the force on an atom can be written, in the low intensity
limit, as the sum of the forces due to each of the beams. In this case, however, the
Zeeman shift of the levels must be taken into account. In the limit of a small atomic
velocity v and a small Zeeman frequency shift xz, the force can be written as

(8) Fp(v) ~ hV?L-SI—(‘s [[1_4‘(]7%[70{:)_2]—2] [—VCE'U + K,Z] .

The motion of an atom is therefore that of a damped harmonic oscillator. The im-
portant characteristic of the MOT is that the atoms are not only confined but their
kinetic energy is also dissipated as in atomic molasses. In fact, it was found [26] that
sub-Doppler mechanisms due to polarization-gradient effects also play an important role
in a MOT, leading to an increase of the confining force and to temperatures below the
Doppler cooling limit. Atoms can be collected in a MOT from a slowed atomic beam as
in [25] or from the room temperature vapor in a cell, as first demonstrated in [27].

The rate of change in the number N of trapped atoms is given by

(9) %zR—’yN—ﬁ/nde,
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z

Fig. 4. — Magneto-optical trapping. a) 1-dimensional scheme of the experimental set-up for a
magneto-optical trap. b) Transition scheme. c¢) 1-dimensional model of the MOT.
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where R is the collection rate, 7 is the loss rate due to collisions of the trapped atoms
with background gas, and the last term gives the loss rate associated with collisions
between trapped atoms with a density n and loss coefficient 3. In the case of a vapor-cell
trap, if the last term in eq. (9) is neglected, the steady-state number of trapped atoms is
N; = R/v. The rate R at which atoms with a velocity smaller than the capture velocity
of the trap v, enter the volume V defined by the intersection of the laser beams is [27]

(10) R:nV2/3 'v;’( m )3/2,

2 2KT

where n is the density of the atoms in the vapor, T is the temperature of the cell, and m
is the atomic mass. The capture velocity of the trap can be calculated as the maximum
velocity for which an atom can be stopped within a distance equal to the laser beams
diameter [28]. A rough estimate can be obtained considering a constant photon scattering
rate r = 1/27, where 7, is the excited-state lifetime. The stopping distance for an atom
with initial velocity v is lssop = v2/2rv,, where v, is the recoil velocity. By imposing that
the stopping distance equals the trapping beams diameter d, one gets

o d v;
11 . = .
(11) Ve ™

Equations (10) and (11) show that the loading rate R is proportional to d*. The loss
rate v due to collisions of the trapped atoms with the hot atoms in the background vapor
is given by v = no(3KT/m)'/2, where o is the collisional cross-section. The number N
of trapped atoms is then given by

(12) N =

1rmdtv? / m \2

6 120 <2K T )

In the case of a Cs MOT, 7, = 30 ns, 0 = 2 x 1073 ¢cm? [27], v, = 3.5 mm/s; if the laser
beams have a diameter of 1 cm and the MOT is loaded from a room temperature vapor,
one gets N ~ 5 x 10° atoms which is of the right order of magnitude compared to what
can be obtained experimentally in these conditions.

An important quantity, especially for BEC experiments, is the density of the trapped
atoms. The maximum density of atoms that can be achieved in a MOT is limited
by two main factors: first, the collisions between ground-state and excited-state atoms
contributing to the 3n? loss term in eq. (9) become important at the atomic densities
typically obtained in MOTs; the second limit is due to repulsive forces between trapped
atoms caused by reabsorption of scattered photons. Above a critical value of density,
an increase of the number of trapped atoms gives a larger cloud with no increase of
density. This represents also a limiting factor for the maximum number of atoms that
can be confined in a MOT. In [29], a scheme called dark-spot trap was demonstrated
that allowed a noticeable increase in the density of trapped atoms. The key idea is to
isolate the cold atoms from the trapping light. This is obtained by optically pumping the
atoms in the center of the trap into a state where they do not interact with the trapping
laser. This scheme allows an increase of both the number of trapped atoms and their
density. More than 10'° atoms can be confined in a dark-spot trap at densities of about
102 atoms/cm®.
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The maximum phase-space density obtained with the methods of laser cooling and
trapping described above is in the range 10~5-107%.

2'1.5. Other schemes for laser cooling and trapping of atoms. In the effort
towards the achievement of BEC in atomic gases, several methods have been developed
to increase the phase-space density in a sample of atoms. Here, we only focus on the
methods that were used in the experiments in which condensation was observed so far. In
these experiments, a combination of optical cooling and trapping methods and of other
techniques based on magnetic trapping and evaporative cooling was used. However,
the possibility of reaching quantum degeneracy conditions with purely optical schemes
cannot be excluded. Amongst the methods which look more promising in this prospect,
are trapping by optical dipole traps and subrecoil cooling schemes such as Raman cooling
and velocity-selective coherent population trapping.

The dipole trap is an optical trap based on the dipole force acting on an atom in the
presence of nearly resonant light with a nonuniform intensity. This force is not caused by
the scattering of photons due to spontaneous emission but can be considered as the effect
of processes of absorption-stimulated emission of photons. In the dressed-atom picture,
the dipole force arises from the spatially varying shift of atomic levels produced by a
light field with a nonuniform intensity profile. For a laser frequency smaller than the
atomic resonance frequency, the atoms will be attracted towards high-intensity regions.
In contrast, for a positive detuning the atoms will be repelled from the high-intensity
regions. A dipole trap was first realized in [30] using a single, red-detuned, focused laser
beam. At the focus, the intensity has an absolute maximum such that three-dimensional
confinement is possible.

Since no cooling mechanism is present in this trap, only atoms colder than the trap
depth can be loaded into it. Also, the lifetime of the atoms in the trap is limited by the
heating due to absorption and spontaneous emission of photons. The heating rate can
be reduced by using large values of detuning for the trapping beam. Indeed, the photon
scattering rate is proportional to I /62 while, for a large detuning, the trap depth depends
on I/§. With the so-called far-off-resonance trap (FORT), trap depths of the order of
mK can be obtained with lifetimes of several seconds [31]. Recently, a hybrid electro-
optical dipole trap was demonstrated [32]; a static electric field was used to increase
the confinement along the axial direction of the focused laser beam, that is a weak-
confinement direction in the single-beam dipole trap. Blue-detuned dipole traps are also
interesting and have been demonstrated [33]. In these traps, atoms can be confined by
the repulsive walls created with the blue-detuned light and kept in regions where light is
virtually absent.

Optical dipole traps have several positive features: they allow confinement of atoms
at very high densities and in extremely small volumes. Contrary to the case of magnetic
traps, the atoms in a dipole trap are not polarized. This can be of particular importance
in experiments where mixed-spin systems are studied. Light traps can be quickly switched
on and off. They can allow the confinement of atoms for which magnetic traps cannot
be used. The main drawbacks of these traps are the high intensity required in order to
use large values of detuning, and the need for good spatial stability of the trapping laser
beam.

Of particular interest is the possibility of combining trapping in optical dipole traps
and subrecoil cooling methods. Two cooling methods have been demonstrated leading to
atomic samples where the velocity spread is smaller than the atom’s recoil velocity after
emission of a photon: velocity-selective coherent population trapping (VSCPT) [34-36]
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Fig. 5. — Energy of the Zeeman components of the hyperfine levels in the ground state of 8TRb
and ®Rb as a function of the magnetic field.

and Raman cooling [37-40]. These cooling methods are both based on the idea of let-
ting the atoms randomly scatter photons until they fall by spontaneous emission into a
velocity-selective state which is no longer coupled to the laser field. In VSCPT, a c.w.
light field tuned to a J, = 1 — J, = 1 transition produces a velocity-selective dark
state. This state is a linear superposition of magnetic substates having different linear
momenta. In Raman cooling, on the other hand, the light field is pulsed. Atoms are
pushed towards v = 0 with a sequence of laser pulses which induce velocity-selective Ra-
man transitions followed by resonant excitation and spontaneous emission. Appropriate
choice of laser pulse shape and detuning prevents atoms with v ~ 0 from being further
excited. While VSCPT requires a specific type of atomic transition, Raman cooling can
be applied to any three-level system with two long-lived states.

Raman cooling of atoms in a dipole trap was demonstrated in [41]. Sodium atoms
were cooled down to a temperature of about 1 uK with a density of 4 x 10'! atoms/ cm®,
corresponding to a factor ~ 400 in phase space density from BEC.

2'2. Magnetic trapping. — Magnetic traps consist of an inhomogeneous magnetic field
with a local minimum. Atoms with a non-zero magnetic moment g in an inhomogeneous
magnetic field B have an interaction energy given by W = —u - B and experience a force
F = V(u - B). The direction of the force depends on the orientation of the magnetic
moment with respect to the field. If the atomic motion is adiabatic (the atom does not
change Zeeman sublevel), it can be described by a local potential given by the atomic
magnetic moment times | B |. In the presence of a minimum of the magnetic field | B |,
atoms which are in a state whose energy increases with increasing magnetic field experi-
ence a restoring force towards the minimum region and can be trapped. Since for a static
magnetic field only minima can exist in free space [42], only atoms in low-field-seeking
states can be trapped. Figure 5 shows the energy of the Zeeman components of the
ground state of 8’ Rb and #Rb atoms as a function of the magnetic field. Magnetostatic
traps work for ’Rb atoms in | FF = 1,m = —1) and | F = 2,m = 1,2) states and for
8Rb atoms in | F = 2,m = —1,-2) and | F = 3,m = 1,2, 3) states.

A magnetic trap was first used by W. Paul to confine neutrons [43]. Magnetic trapping
of neutral atoms was first demonstrated for Na [44]. More recently, magnetic traps were
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Fig. 6. — (a) Scheme of a quadrupole trap. (b) Scheme of a Ioffe-Pritchard trap.

used to confine H [45,46], Li [11], Na [47,48], K [49], Rb [50,51], Cs [27,52], and Eu [53].

Compared to magneto-optical traps, magnetic traps allow the confinement of the
atoms at much lower temperatures because the effects due to radiation are absent (for
example, the photon recoil limit). Magnetic traps are, however, much shallower than
MOTs. The typical depth can be estimated considering a magnetic trap made of two
parallel coils with currents flowing in opposite directions. As discussed in the following,
such a configuration produces a field which is zero at the trap center and increases linearly
around it. For a system of ~ 2 cm radius coils separated by ~ 3 cm carrying a current of
~ 500 At, the axial field gradient at the trap center is of the order of 100 G/cm and the
lowest threshold is AB ~ 100 G. Since the magnetic moment of a ground-state alkali
atom is p &~ up, atoms can be trapped only if kg7 < pugAB = 10~2% J, corresponding
to a temperature of about 10 mK. Compared with atoms emerging from a thermal beam
or a vapor at 300 K, it is clear that atoms must be pre-cooled before being loaded into
a magnetic trap.

It must be noted that since magnetic traps are conservative traps, an independent
mechanism is required to cool the atoms once they are in the trap. The methods demon-
strated so far are evaporative cooling, which is described in detail in the next section,
and sympathetic cooling via elastic collisions with another cold species in the trap (see
sect. 3°6).

2°2.1. Quadrupole traps. The simplest scheme to realize a magnetic trap is the
anti-Helmholtz configuration schematically shown in fig. 6a. This configuration produces
a spherical-quadrupole magnetic field crossing a zero at the center and varying linearly
around it. For two coils with radius R separated by a distance A and a current I flowing,
the field components in cylindrical coordinates are [54]

(13) B, =2cz, B,=-cp, Bs=0,
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where ¢ = 3ugl AR?/2(A? + R?)%/2,
The potential energy for an atom in the trap is given by

(14) W =p|B |= pev/422 + p2.

This type of trap was used in the initial experiments of atom trapping. In addition to
the simplicity of the construction, it offers the advantage of a tight confinement of the
atoms compared to other traps, discussed in the following, which are characterized by a
parabolic minimum around a finite bias field.

A serious drawback of this trap becomes apparent, however, when it is used in com-
bination with evaporative cooling. As the temperature of the atoms is lowered and their
density increases, a loss of atoms from the trap is observed. This loss mechanism is due
to the so-called Majorana spin-flips.

2°2.2. Losses due to Majorana spin-flips. As the atoms move in a magnetic
trap, they experience a magnetic field changing direction in a complicated way. In order
for the atoms to be trapped, the atomic magnetic moments must be oriented so that they
are attracted towards the field minimum region. If the magnetic field changes slowly, the
atomic magnetic moment precesses around the field and follows it adiabatically. The
adiabaticity condition is violated if the Larmor frequency is smaller than the rate of
change of the field direction. This is in fact the case for atoms passing close to the zero-
field point in the center of a quadrupole trap. The probability of nonadiabatic transitions
for a beam of oriented atoms crossing a region where the magnetic field goes to zero was
calculated by E. Majorana [55]. Atoms in a quadrupole trap can undergo a spin-flip
transition from one Zeeman sublevel to another and be lost from the trap [56]. The loss
rate 1/7o caused by this effect can be estimated as follows [50]. If an atom with velocity v
and mass m passes near the center of the trap with a minimum distance b, it can undergo
a nonadiabatic spin-flip if the Larmor frequency is smaller than the rate of change of the
magnetic field direction v/b. For a radial gradient of the field 8B, /0r = B, the Larmor
frequency is ~ pbBj/h. Loss then occurs within an ellipsoid of radius by ~ (vi/uB})*/2.
The loss rate is given by the flux through this ellipsoid, that is, the density of atoms N/I3
times the area of the ellipsoid ~ b2 times the velocity v, where N is the number of trapped
atoms and [ is the radius of the atom cloud. The mean velocity and cloud size are related
by the virial theorem: mv? ~ piBj. It follows that 7o ~ (m/h)I*>. For *"Rb atoms, for
example, m/h is about 10%s/cm?. The loss rate increases as the atoms are cooled and
spend more time at the bottom of the trap near the zero-field point. In order to reduce
losses due to spin-flips, different schemes were invented that prevent the atoms from
crossing a zero-field region. They are briefly described in the following.

2'2.3. The time-averaged orbiting potential (TOP) trap. In the first ex-
periment in which Bose-Einstein condensation was observed [8], a magnetic trap, named
TOP trap, was used which had been invented trying to overcome the storage time lim-
itation due to spin-flip losses while keeping the advantage of tight confinement of a
quadrupole trap [50].

The idea of the TOP trap is to add to the quadrupole magnetic field a continuously
changing bias field that moves the location of the field zero around much faster than the
atoms can follow. In ref. [50] this was realized by adding to the static quadrupole field,
produced by two horizontal coils in anti-Helmholtz configuration, a small magnetic field
Brop ~ 10 G, rotating in the horizontal plane with a frequency wyop of the order of
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Fig. 7. — Comparison of magnetic-field configuration and resulting potential for a quadrupole
trap (a, b) and for a time-averaged orbiting potential (TOP) trap (c, d). (From W. Petrich et
al. (1995), with permission.)

10 kHz (fig. 7). The value of wrop must be much smaller than the Larmor frequency
for atoms in the bias field and much larger than the oscillation frequency of the atoms
in the trap:

(15) wp &« Btop > wrop > Wyib -

The motion of the atoms is then governed by the time average of the instantaneous
potential. It can be shown [50] that, using cylindrical coordinates with z indicating the
axis of the quadrupole trap, the resulting potential energy has the form

12

uB
(16) Wrop(p, 2) ~ uBrop + 4_(p? + 82%).
4Brop

The trap is therefore harmonic to lowest order and the magnetic field in the center of
the trap is Brop # 0.

2°2.4. The optical-plug trap. Another successful method to “plug the hole” lead-
ing to losses in quadrupole traps makes use of the optical dipole force to repel the atoms
from the central region of the trap. This method was used in the first experiment in
which Bose-Einstein condensation was observed in a gas of sodium atoms [9]. The opti-
cal plug was created by an Ar™ laser beam tightly focused at the point of zero magnetic
field. The blue-detuned far-off-resonance light produced a light-shift repulsive barrier
that prevented the atoms from crossing the zero-field region in the trap. As for the
other trapping schemes, the atoms were cooled by rf-induced evaporation. The potential
experienced by the atoms is then a combination of the magnetic trapping potential, the
repulsive potential due to the laser beam and the effect due to the rf. The resulting
potential is shown in fig. 8.
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Fig. 8. — Adiabatic potential for an optical-plug trap. The total potential is a combination of
the magnetic quadrupole trapping potential, the repulsive potential of the laser plug, and the
energy shifts due to the rf. (From K. B. Davis et al. (1995), with permission.)

2'2.5. The Ioffe-Pritchard-type traps. The trap called Ioffe-Pritchard (IP) trap
was one of the first schemes to be suggested for trapping atoms [57]. It is similar to the
Toffe configuration introduced earlier for plasma confinement [58]. The basic scheme of
this trap is shown in fig. 6b. It is made of two coils with parallel current, producing a
so-called bottle field, and four straight conductors with current in alternating directions
producing a quadrupole field for transverse confinement. If we use cylindrical coordinates
with z indicating the axial direction, in proximity of the center the field components
are [54]

B, =c +c3(z2—p*/2)+...,
(17) _ B, = —c3zp + capcos(24) + ...,
By = —copsin(2¢) + ...,

where ¢;, ¢ and c¢3 are coefficients which can be calculated using the expressions for the
field produced by a coil and by a straight conductor.
The resulting field | B | is given by

(18) | B |?=c? + 2c1c32% + [c2 — c1c3 — 2c2¢32 c08(26)]p% + 2 (2* + p*/4) + . ..

With proper choice of the configuration, the origin can be made a minimum for motion
in any direction. The resulting potential is harmonic with a nonzero bias field at the
origin:

1 2
(19) W=u |:C:1 +c32% + 3 (% - 03) ,02:| .

In this case, an atom passing near the center of the trap never finds a vanishing field and
spin-flips can be suppressed. For this purpose, the Larmor frequency for atoms in the
bias field must be larger than the vibrational frequency of the atoms in the trap:

(20) wr, X Bip 3> wyip ,
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Fig. 9. - Magnetic trap made of six permanent magnet cylinders. (Figure courtesy of R. Hulet.)

where Bip is the bias field at the center of the trap (given by the ¢; term in eq. (17)). A
bias field Bip of a few Gauss is typically sufficient.

In fact, in recent experiments of BEC, trap schemes that can be considered as variants
of an IP trap were used. One is called “baseball” trap because it is made of coils following
the pattern of the seams on a baseball [51]. Another scheme is called “cloverleaf” trap,
again because of the shape of the coils [48]. These schemes will not be described in detail
here for brevity.

22.6. Permanent-magnets traps. Intense fields and tight field curvatures can be
easily obtained using permanent magnets. A trap made of permanent magnets was used
in the experiment of BEC of “Li [10,11] (fig. 9). In this experiment, the trap oscillation
frequencies were of the order of 150 Hz with a bias field of about 0.1 T. As discussed
in subsect. 2°3, a large value of the field curvature, that is of oscillation frequency,
makes evaporative cooling more efficient. On the other hand, permanent magnets have
the disadvantage that the magnetic fields cannot be changed. This can be a serious
limitation, for example, for the observation of the condensate.

2'2.7. Comparison of magnetic traps. Several factors must be taken into ac-
count for a comparison of the different schemes of magnetic traps for atoms. In experi-
ments aiming to achieve BEC by evaporative cooling, it is important to reach the highest
collisional rate after the atoms have been compressed in the magnetic trap' while keeping
the Majorana spin-flips to a negligible level. Important issues are also the simplicity of
construction and the possibility of optical access. This latter considerations limited the
use of traps made of superconducting magnets to hydrogen experiments where cryogenic
systems are used. '
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If the geometric mean of the field curvatures is considered as a relevant figure of merit,
a quantitative comparison can be made of TOP and IP traps [8,48]. The magnetic field
gradient B’ and curvature B" produced by a coil of radius R, at a distance ~ R are

(21) (B'), ~ %, (B"), ~

BO N Bl N BIZ
R:

"R, By’
where By is the field at the center of the coil. This gives a good estimate of the axial

curvature in the IP trap. From eq. (18) it can be seen that the curvature of the radial
field is given by

B”
22 BII ey ™ ,

where Bip is the bias field at the center of the trap.
For the TOP trap, eq. (16) gives a curvature

BI2
(23) (B")rop = -
TOP
The quantities to be compared are therefore
"t plt BIG UBslEsi B/G
24 B.B,B ~ B.B,B ~ .

Equations (15) and (20) indicate that in order to avoid spin-flips, the minimum Brop
of a TOP trap must be much larger than Bip of an IP trap. Therefore for comparable
field gradient B’, the radial curvature of the TOP trap is smaller than that of an IP trap
(typically by two orders of magnitude). In the axial direction, instead, the curvature of
the TOP trap is typically hundred times larger than that of an IP trap. The geometric
mean of the curvatures is then usually better in an IP trap than in a TOP trap.

2'3. Evaporative cooling of trapped atoms. — Evaporative cooling of a gas of trapped
atoms is based on the selective removal of atoms which have an energy higher than
the average energy per atom and on rethermalization of the sample by collisions. Since
the average energy of the atoms remaining in the trap is reduced in this process, the
new equilibrium state of the gas corresponds to a lower temperature. As described in
the following, methods have been demonstrated to force the cooling to proceed at a
given rate. With optimized evaporative procedures, it is possible to achieve a dramatic
reduction of the gas temperature and, more important for BEC experiments, an increase
of the phase-space density by 5-6 orders of magnitude.

Evaporative cooling was first proposed [59] and demonstrated [60] in the effort to
achieve BEC of atomic hydrogen. The technique was later extended to alkali atoms [50,
47] and, in combination with laser cooling, played a key role in the recent experiments
on BEC. :

Different methods of evaporative cooling have been demonstrated [61]. In the ex-
periments on alkali atoms in which BEC was observed so far, rf-induced evaporation
was used. An rf field was used to induce spin-flip transitions from trapped to untrapped
states. The resonance frequency depends on the local magnetic field. Excitation can then
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Fig. 10. — Rf-induced evaporative cooling. (Figure courtesy of W. Ketterle.)

be energy-selective taking advantage of the connection between position and potential
energy for the atoms in the trap (fig. 10).

In this subsection, we discuss some general features of the process and give the general
scaling laws and the relevant parameters following essentially the presentation in [61)].
Several detailed studies of evaporative cooling of trapped atoms have been published.
An accurate overview on the subject can be found in [61,62].

We consider a sample initially made of IV trapped atoms at a temperature 7. The
atoms are confined by a three-dimensional potential U(r) « r3/%. Cases of particular
interest for the present discussion are the linear potential (§ = 3) and the parabolic
potential (§ = 3/2)(!). The average energy per atom is given by

(25) E= (g + 5) ksT .

As mentioned above, evaporative cooling works by “cutting the edge” of the confining
potential so that high-energy atoms can escape. We indicate the depth of the resulting
potential with ¢; = nkpT and the average energy of the removed atoms with (n+ k)kgT .
If dN atoms escape from the trap, the energy of the N' = N — dN atoms remaining in

(*) For an anisotropic potential, U(z,y,2) = a |  [*% +b |y |¥/%2 4¢ | 2z |/% with § =
01 + 02 + d3.
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the sample is reduced by

(26) dE =dN [(n + k) — (g’- + 5)] ksT .

Rethermalization by collisions leads to a new temperature 7’ = T — dT, given by the
condition

(27) N' (%+5) kT —dE = N' (%er) kgT'.

From egs. (26),(27), neglecting second-order terms in dN dT, it follows that

aT dN
(28) T =N
where
n+k
29 - _
(29) * 2+6

« is a crucial parameter in the evaporative cooling process, giving the temperature change
per particle lost. In particular, if a is kept constant during the process, eq. (28) is easily
integrated and gives

T N \*“

(30) T, (N 2) '

Note that n > 1 — o > 1; eq. (30) shows then how efficient evaporative cooling can
be. Equation (30) also shows that in the evaporation process 7' is no longer independent
of N. The scaling laws for the relevant physical quantities can then be expressed in terms
of the number of atoms in the sample, by taking the dependence on N and T of these
quantities for atoms in equilibrium in a confining potential and replacing T' by N¢. The
results are shown in table I. From the scaling laws in the table, it is possible to determine
for which values of «, and consequently of 1, evaporative cooling works efficiently. A first
consideration is that in order to have an increase of the phase-space density D when the
number of atoms in the trap is reduced, the exponent of N in the expression of D must
be negative, that is

1

i .
(31) a>5+%

Another condition to be fulfilled is that the evaporation does not lead to a reduction of
the collisional rate noev, which would slow down the process. The reduction of v must
be compensated by an increase of the density n. Table I shows that this is the case if

1
-3

(32) o>

This regime is called “runaway evaporation”. Conditions (31) and (32) indicate that
efficient evaporation requires a value of n as large as possible. This is in agreement
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TABLE I. — Dependence of relevant physical parameters on the number of trapped atoms N during
evaporation.

Temperature, T o« N*
Volume, V o N
Density, n o N({1=ad)
Average velocity, v ox N&/?
Elastic collision rate, nov o Ni-a(-3)]
Phase space density, D o Nlt—a@+3)]

with the intuitive argument that the larger the energy of the evaporating particles, the
larger the temperature change. On the other hand, a large value of n implies a low
rate of evaporation. If the evaporation time is too long, other mechanisms such as
collisions or Majorana spin-flips can produce losses of atoms from the trap. Optimization
of the evaporative cooling then requires a compromise between efficiency and speed of the
evaporation process taking into account the unavoidable loss mechanisms. It is beyond
the scope of this review to analyze this problem in detail. An analytical expression for
the rate of evaporation can be easily obtained, however, following an argument given
in [61]). This rate can then be compared with the rate of losses of atoms from the trap.
The argument is the following: For a large value of 7, the rate of evaporation of the
atoms is the same as the rate of production of atoms with energy larger than nkgT. The
evaporation rate can be written as the number of atoms with energy higher than nkgT
times the elastic collision rate 1/7,. The number of atoms with E > nkgT in the
untruncated Boltzmann distribution can be approximated with 2N/n/mexp[—n]. The
elastic collision rate is given by ngov, where ng is the density of the particles, o is the
elastic collision cross-section, and v = /2nksT/m = ,/7nv/2 is the velocity of atoms
with energy nkgT. The rate of evaporation can therefore be written as

. N
(33) N = —Nngotne™ " = ——.

Tev

Equation (33) gives the rate of change of the number of atoms due to evaporation.
The loss of atoms due to background gas collisions or other loss mechanisms can be taken
into account by considering an exponential decay of the number of atoms with a time
constant Tiss. The rate of change of the collisional rate can then be written as

(34) — —(nov) =

1 d _[1-a(5—§)+ 1].

Tev Tloss

In order to have a constant or increasing collisional rate during evaporatlon, the term in
the square bracket must be null or negative, that is

(35) ' < q (5— %) —1 - Joss 5 Tev

1
Tloss Tel ~ Tel & (5 - %) -1

The quantity 7ey/7e; can be easily calculated in the limit of large 7 considered above,
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giving

n
(36) Tev o, V2T

Tel n

For arbitrary values of 7, this ratio can be written in terms of generalized gamma func-
tions.

Equation (35) shows that efficient evaporative cooling requires the rate of elastic
collisions to be much larger than the rate of collisions causing losses of atoms from the
trap (typical numbers in the experiments are Tjoss & 200 — 500 times 7).

Two kinds of collisions are responsible for atom losses from magnetic traps: collisions
with background gas and inelastic collisions. Losses due to background gas collisions can
be reduced by reducing the pressure of background gas. Ultra-high vacuum chambers
are indeed used in the experiments. Inelastic collisional processes can be either binary
collisions, such as dipole relaxation and spin relaxation, or three-body recombination.
Since evaporative cooling is based on collisions, a high density is required; inelastic
collisions are then unavoidable. The situation is however quite different for different
atoms depending on their collisional parameters. The success of BEC experiments on
alkali atoms, compared with the experiments on hydrogen, is due to the fact that alkali
atoms have a much larger elastic cross-section. Since the rate of inelastic collisions is
roughly the same as in hydrogen, the ratio of “good” to “bad” collisions is much larger
for alkali atoms. An analysis of the relevance of different kinds of collisions for different
atoms is beyond the scope of this review. A comprehensive treatment of the subject can
be found in [61] and references therein.

3. — Studies of Bose-Einstein condensates

3'1. Ezxperimental procedure to achieve BEC. — In the previous section, the ingredients
of BEC experiments were presented, that is the methods to cool and trap the atoms.
Here, we describe the way these ingredients were put together in the first experiments
in which BEC was observed. Table II gives a synthetic view of the general scheme of a
BEC experiment with the possible variations demonstrated in the different laboratories.
The procedure to observe BEC can in fact be divided into four main steps.

The first step is laser cooling and trapping of the atoms. This was accomplished by
using a single vapor-cell MOT, or a laser-slowed atomic beam, or a double-MOT appa-
ratus in which the atoms are loaded in a first MOT from the vapor and then transferred
into a second, high-vacuum, chamber. In the first experiments, a dark-spot MOT was
used to increase the atoms density. A molasses phase can be used to reduce the temper-
ature of the atoms before loading them into the magnetic trap. In this first step a large
gain in phase-space density is obtained. For example, the phase-space density in a room
temperature vapor of Rb at a pressure of 10710 Torr is of the order of 10720, After laser
cooling and confinement, a value in the range 107%~10~° can be reached.

The second step is the magnetic trapping of the atoms: This is the aspect in which
the different experiments have more differentiated. As described in subsect. 2°2, several
schemes have been developed to achieve a tight confinement of the atoms and to avoid
losses due to Majorana spin-flips. The trap configuration must also be suitable for
evaporative cooling of the atoms in the trap. An important stage in this phase is the
adiabatic compression of the trapped atoms. After loading, the atoms in the trap are
adiabatically compressed by increasing the trap curvature. This leads to an increase
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TABLE II. — Ezperimental procedures used to study Bose-Einstein condensation in atomic gases.

Single vapor-cell (JILA) (8]
1) Laser cooling and trapping Slowed atomic beam (MIT, Rice) [9,48,11]
Double-MOT (JILA) [51]

TOP (JILA) [8]
: Optical plug (MIT) [9]
2) Magnetic trapping Permanent magnets (Rice) [11]
Cloverleaf (MIT) [48]
Baseball (JILA) [51]

3) rf-induced evaporative cooling (JILA, MIT, Rice)

Absorption imaging (JILA, MIT) [8,9,48,51]
4) Optical imaging Dark-ground imaging (MIT) [63]
Polarization imaging (Rice) [11]

of the temperature and density of the atoms, with the phase-space density remaining
constant. The increased rate of elastic collisions obtained in this way is important to
achieve the necessary conditions of rethermalization in the evaporative cooling process.

The third important stage is indeed evaporative cooling. In all of the experiments
where BEC was obtained so far, atoms in the magnetic trap were cooled with evaporative
cooling by using rf-induced evaporation. As mentioned in subsect. 2'3, the magnetically
trapped atoms are irradiated with rf radiation. The rf frequency is tuned near the
resonance frequency for transitions between nearby Zeeman sublevels. This produces
spin-flip transitions from trapped to untrapped states. Since higher-energy atoms can
reach higher-field regions of the trap, spin-flip resonance frequencies are more shifted
than for colder atoms. By varying the frequency of the rf field, colder and colder atoms
are eliminated from the trap. As discussed in subsect. 2°3, if the right procedure is
followed, this process can give an increase of the phase-space density of several orders of
magnitude and eventually allows to reach the condition for BEC (phase-space density ~
1).

Once conditions for BEC have been reached, a proper observation method must be
used. For this fourth stage, the methods demonstrated so far are based on absorption
imaging and phase-contrast imaging. The basic idea and experimental realization of
these detection methods are described in the next subsection.

In order to give a specific example of an experimental procedure to reach BEC, we can
describe the way followed in the first, now almost “historical”, realization at JILA [8].
About 107 87Rb atoms were first collected in a dark-spot MOT from the room tempera-
ture vapor in a glass cell. Because of the very low pressure of Rb in the cell (10~1! Torr),
the loading of the MOT took about 300 s. The trapped atoms were compressed and
cooled to 20 uK by adjusting the field gradient and laser frequency. The laser beams
were then switched off and the magnetic trap (a TOP trap in this experiment), was
quickly switched on. The magnetically trapped atoms were compressed by adiabatically
increasing the quadrupole field. This produced a sample of 4 x 10° atoms in the trap with
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Fig. 11. — Absorption imaging method. (Figure courtesy of S. Wieman.)

a temperature of about 90 4K and an average density of about 2 x 10'® atoms/ cm®. The
trap had an axial oscillation frequency of 120 Hz. Evaporative cooling was then applied
for about 70 s. During this time, the rf frequency was ramped down from the initial value
to the final value that determined the final temperature. At the end of the evaporative
cooling, the magnetic trap was switched off, letting the atoms expand freely. After 60
ms of expansion, the cloud was observed using an absorption imaging technique. The
atoms were irradiated with a resonant laser beam for 20 us and the shadow produced
by the atoms was imaged on a charge-coupled-device (CCD) array, as described in the
following.

3'2. Observation of a Bose condensate. — As mentioned above, in the experiments
performed so far, at the end of the cooling process the atoms distribution was observed
by imaging with an optical probe. Two major approaches have been followed: The first
is absorption imaging of the sample, the second is based on the detection of refractive
effects caused by the atoms.

Absorption imaging was used, for example, in [8,9]. The atoms were illuminated
with a short pulse of resonant light and the shadow of the cloud was imaged onto a
CCD detector (fig. 11). Because of the high optical density (D = 100-300) of the atom
cloud, however, quantitative measurements could not be performed by direct imaging of
the atoms in the trap. At the end of the evaporative cooling, the cloud was allowed to
expand by switching off the trapping fields and the absorption image was recorded after a
time of several milliseconds. The larger size of the sample after the expansion also reduces
spatial resolution requirements for the optical system. A result is shown in fig. 12. This
method of observation corresponds to a 2-dimensional time-of-flight measurement of the
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~ 200 nK

~ 400 nK

0.2 mm

Fig. 12. — False-color images showing the velocity distribution of a sample of cold 87Rb atoms.
Left: before condensation, center: just after the transition, right: for a nearly pure condensate.
Images were recorded by the absorption imaging method after releasing the atoms from the trap
and letting them expand freely. (Figure courtesy of E. A. Cornell.)

velocity distribution. The recorded image gives the initial velocity distibution of the
atoms in the trap. However, for a harmonic confining potential, the spatial distribution
and the velocity distribution are the same. From a single image, information can then be
extracted on the density and the temperature of the atoms in the trap. This method is
obviously a destructive observation method because each atom scatters several photons
while being probed, heating the gas. Experiments are therefore performed by repeated
cycles of load-evaporation-probing.

An alternative method to observe the condensate was demonstrated in {63]. By using
a so-called dark-ground imaging technique [64], the dispersively scattered light was ob-
served. In the dark-ground imaging technique, a collimated probe beam is sent through a
weakly absorbing sample (fig. 13). The coherently scattered light is collected with a lens
system and imaged onto a camera. The probe beam is blocked after passing the sample
by inserting a small opaque object at the position where the beam comes to a focus.
If E, is the electric field of the incident probe beam, after passing through the sample it
acquires a spatially dependent phase 8 = ¢ + ia/2 so that the transmitted electric field
is given by E = E¢ ¢®¥. When the opaque object is inserted to block the incident beam,
the resulting intensity is given by I, = E2 | ¢®® — 1 |2. In the case a <| ¢ | 1, the
resulting signal is Iy ~ E2p? = Iyp?.

Dispersive imaging offers two important advantages with respect to absorption imag-
ing. First, because the signal depends on the phase shift ¢, it is possible to detune the
frequency of the probe light from resonance at values for which the optical density is
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Fig. 13. — Schematic of dark-ground imaging method.

small. This allows probing of dense clouds of atoms directly in the trap. Second, dis-
persive imaging can be a nondestructive detection method. In [63], it was demonstrated
that by probing the condensate with a pulse of off-resonant light, several consecutive
images of the same condensate could be taken with no observable deterioration of the
signal (fig. 14). Indeed, in dispersive scattering the photons are elastically scattered by a
small angle. Also, if a light pulse duration longer than the oscillation period in the trap
is used, no momentum is transferred to the atoms on the average.

When the phase shift ¢ is small, the dark-ground signal is small because it depends on
©?. A signal linear in ¢ can be obtained by a phase-contrast imaging method [11,65]. In
situ imaging allowed the MIT group to observe the propagation of sound in a condensate,

Intensity

Fig. 14. - Nondestructive observation of a condensate. (A) Images of the same condensate taken
1 s apart. (B) Two pictures taken 6 s apart during decompression of the cloud. (From M. R.
Andrews et al. (1996), with permission.)
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to study the formation of the condensate and to directly observe the collective excitations.
In [11}, the birefringence of the sample of atoms polarized in the trap magnetic field was
probed using a linearly polarized laser beam. After passing through the atomic sample,
the polarization of the probe beam was analyzed with a polarizer. The intensity of the
transmitted light was measured with a photodetector. This detection method allowed in
situ imaging of condensates with only ~ 10® atoms.

Some remarks can be made concerning dispersive imaging detection methods. As
discussed above, they can be considered as nondestructive detection methods. In fact,
the phase of the condensate is changed under the effect of light. Only the number of
atoms in the condensate can be measured in this way. Also, one could expect light
scattering to be affected by the quantum degenerate state of the atoms. Such effects are
negligible, however, under typical experimental conditions [66)].

3'3. Measurement of energy and ground-state occupation as a function of temperature.
Images of the ultra-cold atoms as the one shown in fig. 12, obtained by resonant absorp-
tion imaging, contain a wealth of information about important thermodynamic quanti-
ties. The integrated area under the distribution gives the total number, N, of atoms in
the sample. The number of atoms in the ground state of the system, Ny, can be obtained
from the integrated area under the narrow feature centered on zero velocity. The mean
square radius of the expanded cloud as a function of time gives the mean square velocity,
that is average energy, of the atoms. The temperature, T, can also be extracted from
the analysis of the images. From the data on mean energy as a function of tempera-
ture, the specific heat can be determined, that is an important quantity in the study of
phase transitions. At high densities of condensed atoms, the repulsive mean-field energy
becomes important and can be measured.

In the work reported in ref. [67], a series of images of ultra-cold clouds of " Rb atoms
were analyzed to extract the ground-state occupation and the mean energy as a function
of temperature. The number of atoms in the ground state was defined as the number of
atoms contributing to the central feature in the optical-depth images. The condensate
shape was fit with a 2-d Gaussian. The width, aspect ratio and peak height were found to
be functions only of the number of atoms in the feature. The procedure gave consistent
values of Ny for temperatures down to about one half of the transition temperature.
The temperature was determined by fitting a Gaussian to the high-energy tail of the
velocity distribution. This procedure is based on the assumptions that the high-energy
part of the velocity distribution remains in thermal equilibrium with the central part of
the cloud and that it can still be described by a Maxwell-Boltzmann distribution because
the density of the atoms in the outer part of the cloud is lower. Figure 15 shows the
data obtained for the ground-state fraction No/N as a function of scaled temperature
T/Ty. The scale temperature, Tp, is the critical temperature for a noninteracting gas
in the thermodynamic limit. The solid line in the figure shows the behaviour expected
for the ideal gas of bosons in an anisotropic potential in the limit of infinite number
of atom: Nyo/N = 1~ (T/Tp)®. The dotted line shows the curve calculated including
finite-number corrections [68,69]. The dashed line is, instead, a least-squares fit of the
data with the function No/N = 1 — (T/T.)3, with T. as a parameter. The fit gives a
value for the critical temperature T, = 0.94(5)Tg. The accuracy of the data is however
too low to show a difference between T, and T. An accurate measurement of the critical
temperature would allow to test theories taking into account mean-field [70,71] or many-
body [72] interaction effects.

From the same images analyzed to measure the ground-state fraction, information
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Fig. 15. Total number of atoms (inset) and ground-state fraction as a function of scaled tem-
perature T/To. (From J. R. Ensher et al. (1996), with permission.)

on the energy and specific heat was obtained. The specific heat is usually defined as
the temperature derivative of the energy per particle at constant pressure or constant
volume. In this case it is given by the slope of the scaled energy vs. temperature plot
with the confining potential held constant. The result is shown in the inset of fig. 16 and
compared with the specific heat of other relevant systems. The data indicate the presence
of a step in the specific heat near the empirical transition temperature. The observed
step is smaller than the one predicted by a finite-number, ideal-gas theory [68,69]. The
difference can be explained as an effect of interactions.

06 08 10 12 1.4
TIT,N)

Fig. 16. — Specific heat as a function of scaled temperature T'/T; for various theories and ex-
periments. The inset shows the experimentally determined specific heat (bold line) and the
theoretical prediction for a finite number of ideal bosons in a harmonic trap. (From J. R.
Ensher et al. {1996), with permission.)
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Fig. 17. — Equipotential contours for the two trap perturbations corresponding to the m = 0
and m = 2 collective modes. (From D. S. Jin et al. (1996), with permission.)

A related work was performed at MIT on trapped Na atoms [48]. The dependence
of the condensate fraction on temperature and the interaction energy as a function of
the number of atoms in the condensate were investigated. The study of the effect of
interaction energy was made possible by the high density of atoms achieved in the new
“cloverleaf” trap. The measured interaction energy per atom showed a good agreement

with the Ng /® behaviour expected from the theory.

3°4. Study of collective excitations and propagation of sound in a Bose-Einstein con-
densate. — The collective excitations of the Bose-Einstein condensate have been studied
both by the JILA group and by the MIT group. The excitation of the lowest collective
modes of the condensates in the trap was achieved by a time-dependent perturbation of
the magnetic trap potential. For a noninteracting gas, all modes have frequencies which
are integer multiples of the trap frequency. Deviations from this behaviour are expected
as an effect of interatomic interactions. In the mean-field picture, the interaction term in
the Gross-Pitaevskii equation depends on Na,/v, where N is the number of atoms, a is
the scattering length and v is the trap frequency. The normal modes of the condensate
can be classified by a quantum number m that gives the angular momentum projection in
the direction of the trap symmetry axis. In [73] the m = 0 and m = 2 modes of a dilute
condensate of ’Rb were investigated and their frequency measured as a function of the
interaction strength. The m = 0 mode corresponds to an oscillation in radial size. The
m = 2 mode resembles an ellipse whose major axis rotates in the plane orthogonal to the
trap axis (fig. 17). The measured frequencies for the two excitation modes as a function
of the interaction strength are shown in fig. 18. In the figure, the experimental data are
compared with the theoretical predictions based on mean-field theory. The measured
frequencies deviate from the harmonic trap values showing a fairly good agreement with
theoretical calculations.

A similar experiment was performed by the MIT group on a sodium condensate. They
studied m = 0 oscillations. The measured frequency 30.0(2) Hz agreed with the theo-
retical prediction /5/2 v, [74]. The oscillations observed in this experiment showed a
damping with a decay time, for a nearly pure condensate, of 250(40) ms for the oscillation
at ~ 30 Hz. Measurements on a thermal cloud (T'/T, ~ 2) gave a damping time of 80
ms for oscillations at a frequency of 35(4) Hz = 1.2(2)v,.

The dependence of the damping rate and of the oscillation frequencies on the sample
temperature was studied in [75,76]. In particular, temperatures were investigated for
which both condensate and noncondensate atoms are present, a regime which is not well
understood theoretically. In [75], the m = 0 and m = 2 modes were studied with the
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Fig. 18. — Measured frequencies for the m = 0 (triangles) and m = 2 (circles) excitation modes
as a function of the interaction strength. Lines show the result of mean-field calculations. (From
D. S. Jin et al. (1996), with permission.)

same technique used in [73]. The main results of this work can be summarized as follows
(fig. 19): A temperature-dependent shift of the excitation frequencies of the condensate
can be observed, with the two modes shifting in opposite directions. In addition, for the
m = 0 mode, a sharp feature in the temperature dependence is observed at T’ ~ 0.62 T,.
This feature is not observed for the m = 2 mode. For both the m = 0 and m = 2
condensate excitations the damping rate quickly decreases with decreasing temperature.
The two decay rates show the same behaviour. Interestingly, at temperatures where
both condensed and noncondensed atoms are present, the condensate excitations are
observed to decay more rapidly than the ones of noncondensed atoms. In the MIT
experiment [76], collective excitations of the Bose gas at nonzero temperatures were
studied for large condensates and in conditions corresponding to the hydrodinamic limit.
The hydrodynamic oscillation of the thermal cloud, corresponding to the first sound, was
observed. Also, an antisymmetric oscillation of the thermal cloud and the condensate,
analogous to the out-of-phase second sound mode in liquid helium was identified. The
results of this work cannot be completely explained with presently existing models and
will certainly require a deeper investigation.

The propagation of sound in a dilute Bose-Einstein condensate was studied in [65].
Density perturbations were excited using the dipole force of a focused, blue-detuned laser
beam. The propagation of sound waves was observed by recording rapid sequences of
nondestructive phase contrast images.

The speed of sound ¢(r) is given by [77-79]

n(r)U

(37) o(r) =4/ =~

b

where n(r) is the local density, m is the mass of the particles and U = 4nh2q /m gives the
interaction of bosons with scattering length a. The basic idea of the experiment reported
in [65] is schematically shown in fig. 20. A condensate was formed, as in the other
experiments described above, with the atoms confined in a magnetic trap. At time ¢ = 0,
the blue-detuned laser beam was switched on or off. The beam was focused at the center
of the trap. The wavelength used (514 nm) was far enough from the sodium resonance
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Fig. 19. — Temperature-dependent excitation spectrum: (a) Frequencies for m = 0 (triangles)
and m = 2 (circles) modes in the case of the condensate (solid symbols) and noncondensate
(open symbols) clouds. (b) Damping rate. (From D. S. Jin et al. (1997), with permission.)

at 589 nm to make heating from spontaneous emission negligible. If the laser beam
was switched on after producing the condensate, the effect was to push the atoms out
from the center of the trap creating two density peaks that propagated outward. If the
focused laser beam was kept on during the evaporative cooling and switched off after the
formation of the condensate, negative density perturbations were generated propagating
outward with the same speed. The speed of sound was determined by measuring the
position of the density peaks as a function of time. The resulting value was in good
agreement with the value expected from eq. (37) (fig. 21).

3'5. Condensation of atoms with attractive interactions. — The experiments that first
clearly showed BEC in dilute gases were performed on 3"Rb [8] and 23Na [9]. Both
these atomic species have a positive s-wave scattering length as, indicating that for cold
atoms the interatomic interaction is repulsive. Evidence for Bose-Einstein condensation
of “Li, an atom for which a; is known to be negative, was first published in [10] and later
confirmed in [11] with more accurate values for the number of condensate atoms. In the
mean-field theory, the interaction energy is given by U = 4nh%a;n/m, where n is the
density and m is the mass of the atoms. If a; < 0, the energy decreases with increasing n,
so the condensate is not stable and tends to collapse. For atoms in a confining potential,
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Fig. 20. — Scheme for the excitation of positive (a) or negative (b) density perturbations in a
condensate using a focused, blue-detuned laser beam. The perturbations propagate at the speed
of sound. (From M. R. Andrews et al. (1997), with permission.)

recent theories predicted, however, that the kinetic zero-point energy can balance the
attractive interaction and lead to a metastable condensate with only a small number of
atoms in the condensate [80,81].

The experiment reported in {11] gave results in agreement with theoretical predictions.
As discussed in subsect. 3°2, a phase-contrast technique was used to observe the atoms
directly in the trap. In this experiment, a permanent-magnet trap was used, so that only
in situ imaging was possible. For temperatures between 120 and 330 nK, the maximum
condensate number was found to be between 650 and 1300. This result is consistent with
what is expected from theory for the trap used in this experiment. Work is actually in
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Fig. 21. — Speed of sound vs. condensate peak density. The solid line is the theoretical prediction.
(From M. R. Andrews et al. (1997), with permission.)
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Fig. 22. — Absorption image showing two 87Rb condensates produced by evaporative cooling of
atoms in the | 1,—1) state and sympathetic cooling of atoms in the | 2,2) state. (From C. J.
Myatt et al. (1997), with permission.)

progress to study the effect of attractive interactions on BEC also for other atoms, such
as ®5Rb, for which the s-wave scattering length is predicted to be negative.

A related subject under investigation is the observation of the so-called Feshbach
resonances [82] in the scattering length of alkali atoms [83]. Such resonances could allow
to control the magnitude or even the sign of the scattering length by applying external
magnetic, optical or radio-frequency fields. Feshbach resonances were recently observed
in an experiment performed at MIT on Bose-Einstein condensates of Na atoms [84].
A key ingredient in this experiment was the possibility of confining the condensate in
an optical dipole trap [85]. It was predicted indeed that Feshbach resonances in Na
would be observed for a relatively small applied magnetic field only for atoms in high-
magnetic-field seeking states. Since these atoms cannot be trapped in magnetic traps,
they were confined using the optical trap. The occurrence of the resonances was detected
by two methods: The enhancement in the rate of inelastic collisions was detected as an
increase of the losses of atoms from the trap as the magnetic field was swept across
the resonance. Also, a clear evidence for a dispersive variation of the scattering length
around the resonance was obtained by measuring the interaction energy for the trapped
condensate vs. magnetic field by the time-of-flight absorption imaging method.

3°6. Production of two condensates by sympathetic cooling. — In [51], a cooling method
called sympathetic cooling was used to produce two overlapping condensates made of
87Rb atoms in two different spin states. In sympathetic cooling, an atomic species is
cooled via collisions with another species at a lower temperature. This method was first
developed to cool ions in ion traps [86]. It had never been used before to cool neutral
atoms, where interactions are in general weaker. In the experiment reported in [51], the
two species corresponded to 2*Rb atoms in the | F = 1,m = —1) and | F = 2,m = 2)
spin states. Trapped atoms in the | F = 1, m = —1) state were cooled, by evaporative
cooling, down to Bose-Einstein condensation as in other experiments described above. In
this case, however, atoms in the other spin state were left in the trap and observed at the
end of the cooling process. Figure 22 shows the absorption image recorded by probing
the atoms in F' = 2 and the atoms in F = 1. In this case, the trap axis was slightly tilted
with respect to the horizontal plane so that gravity produced a separation of the two
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Fig. 23. - Number of atoms in the | 1, —1) and | 2, 2) states for different temperatures during the
sympathetic-evaporative cooling process. (From C. J. Myatt et al. (1997), with permission.)

condensates. With a well-aligned trap, however, nearly perfectly overlapping condensates
were obtained. Because of the different magnetic moments, evaporative cooling acts
preferentially on the atoms in the | F' = 1,m = —1) state which are less tightly confined
in the trap. Therefore the evaporative cooling process leaves the initial number of atoms
in the | F = 2, m = 2) state nearly unchanged (fig. 23). The study of the behaviour of the
condensates provided important information on collisional parameters. By measuring the
densities and loss rates for the atoms in the two states for various overlapping conditions,
it was possible to determine the rate constant for binary inelastic collisions such as spin-
exchange collisions. Another interesting result came from the observation that in the
presence of the two condensates, the | F/ = 2,m = 2) condensate was displaced upward
from its equilibrium position because of interaction with the | F = 1, = —~1) condensed
atoms. This provided an indication that the interaction between the two condensates is
repulsive.

The demonstration of the possibility of cooling a sample of atoms down to quantum
degeneracy using sympathetic cooling is of great interest because of possible applications
to other species. In particular, sympathetic cooling might allow the achievement of
quantum degeneracy conditions in a gas of fermionic atoms. For spin-polarized fermionic
atoms, in fact, simple evaporative cooling is not efficient because s-wave collisions are
not possible for atoms in the same state. Also, the two fermionic atoms for which
experiments are presently in progress, namely °Li [87] and °K [88], have a low natural
abundance so that it is important to use a cooling technique which does not require
a large initial number of atoms. More generally, sympathetic cooling may enable the
achievement of Bose-Einstein condensation of atoms for which evaporative cooling does
not work efficiently.

3'7. The coherence properties of the condensate and the “atom laser”. — A gas of
bosons all occupying the same state is described by a macroscopic wave function that is
the solution of the nonlinear Schrédinger equation. Therefore, a Bose condensate should
show coherence properties analogous to the ones of laser light. Such properties were in-
vestigated experimentally starting with the most striking effect, that is interference of the
“matter waves” of two Bose condensates [89]. In this experiment, Na atoms were confined
in a trap created by focusing a blue-detuned light sheet at the center of a “cloverleaf’
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Fig. 24. — Interference of two expanding condensates, for two different powers of the light sheet
used to produce the double condensate. (From M. R. Andrews et al. (1997), with permission.)

magnetic trap. The combination of magnetic force and optical dipole force produced
a double-well potential. After evaporative cooling, two separate Bose condensates were
produced instead of the single cigar-shaped condensate usually produced in the simple
magnetic trap. The distance between the condensates could be varied by changing the
intensity of the laser light. The overlapping of the two condensates was obtained by
switching off the trap and letting the condensates expand. The interference pattern was
observed by absorption imaging. In order to increase the spatial resolution, only a thin
slice of the cloud was observed. This was achieved by first optically pumping the atoms
in the relevant part of the cloud into a given hyperfine state using a thin sheet of light
and then probing the atoms in this state with a pulse of resonant light. Figure 24 shows
the interference of two condensates as observed, after 40 ms of expansion, for two differ-
ent intensities of the blue-detuned laser light in the trap. Nearly straight fringes can be
observed with a contrast that, after calibration, was found to be in the range 50%—-100%.
The measured spacing between the fringes, ~ 20 um and ~ 15 pm, respectively, was
consistent with the value of the de Broglie wavelength A associated with the relative
motion of the atoms

ht
38 A= —
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where h is Planck’s constant, m is the atomic mass, d ~ 30-40 ym was the initial spatial
separation between the condensates and ¢ = 40 ms was the expansion time before the
observation. The slight curvature of the fringes in fig. 24a was attributed to the effect of
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interactions which becomes nonnegligible for small separations of the two condensates.
- The main result of this work was to demonstrate the first-order coherence of a Bose
condensate and long-range correlations over the extent of the condensate. The methods
developed allowed for the first time to address experimentally the debated question of
the phase of a Bose-Einstein condensate showing the existence of such a phase and the
possibility of comparing the phases of two condensates.

Higher-order coherence properties of the condensate were studied in [90]. Starting
from the analogy between the intensity fluctuations in a light beam and the density in
an atomic sample, information on statistical correlations in a condensate was obtained
by studying three-body recombination rates. Indeed, in [91] it was calculated that the
rate of three-body recombination in a condensate for noninteracting atoms should be
reduced by a factor 3! with respect to the corresponding rate in a thermal cloud with
the same mean density. In the experiment reported in [90], collision rates were inferred
from the loss rate of atoms from the trap. Three-body recombination processes could
be distinguished from other loss processes by measuring the loss rate as a function of
density. By comparing the data obtained for noncondensed and condensed samples, it
was found that the three-body recombination rate was smaller in the case of a condensate
by a factor 7.4 (2.0). The measured value is then in agreement with the theoretical value
of 3! and demonstrates that density fluctuations are reduced in a condensate relative to
a thermal gas. In the language of quantum optics, condensate atoms appear to be less
bunched than thermal atoms.

Several papers have recently discussed the analogies between coherent matter and
coherent light [92-96]. One of the most interesting prospects in this field is the realization
of an “atom laser”. In fact, atoms in a magnetic trap can be considered as analogous to
photons in an optical cavity. The thermal cloud of ultracold atoms plays the role of the
active medium and, in the experiments performed so far, evaporative cooling acts as the
“excitation” mechanism which makes the atoms accumulate into a single state of the trap.
It is obvious that, contrary to the photon case, the number of atoms cannot be amplified.
However, the enhanced probability for bosons to occupy an already occupied state of the
system can be seen as the analogue of an amplification mechanism. A key element in the
realization of the “atom laser” is the possibility of coupling out particles in a coherent
way. The simplest way to couple atoms out of the condensate is to switch off the trapping
potential and let the atoms fall under the effect of gravity. A more controlled method was
demonstrated in [97]. Rf radiation was used to create Bose condensates in a superposition
of trapped and untrapped states. After producing a condensate of 5 x 10 sodium atoms
in the FF = 1, mg = —1 ground state, a resonant rf magnetic field was switched on
with a polarization orthogonal to the magnetic field at the trap center. This coupled a
part of the trapped atoms into the mr = 0 and into the mp = 1 states. Atoms in the
mp = 1 state were repelled from the trap while the untrapped mp = 0 atoms expanded
freely while moving downward under the effect of gravity. The amplitude of the rf pulse
could be adjusted to get an out-coupling of atoms between 0% and 100%. Interestingly,
by varying the intensity of the rf pulse, Rabi oscillations were observed with the same
Rabi frequency as for the single atom. Using subsequent rf pulses, multiple pulses of
atoms out of the condensate were obtained (fig. 25). In the same work, another output
coupler scheme was demonstrated using a nonadiabatic rf sweep through resonance to
transfer atoms into the untrapped states. This scheme is less sensitive than the other to
changes in the bias magnetic field of the trap. In the same work, the possibility of taking
advantage of Majorana spin-flips as an out-coupling mechanism was also shown.

In [89], a test of the coherence of the pulses of atoms was performed. Pulses from two
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Fig. 25. — Atom laser. The figure shows successive pulses of coherent sodium atoms coupled out
from a Bose-Einstein condensate. (Figure courtesy of W. Ketterle.)

separate condensates were combined and high-contrast interference fringes were observed.
This completed the proof that a Bose condensate with an out-coupling mechanism such
as the one just described can be considered as a realization of an “atom laser”.
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4. — Conclusions and future prospects

At the time of this writing, almost three years have passed since the first observation of
BEC in atomic gases. The laboratories where BEC was first achieved had the possibility
of investigating a wide range of interesting phenomena some of which had been predicted
theoretically but never studied experimentally in such simple and well-controlled systems.
During this time, several laboratories in the world have been trying to reproduce the
experiments and to achieve BEC.

Recently, a few laboratories announced the observation of BEC: D. Heinzen’s group at
the University of Texas at Austin observed BEC of 3’Rb atoms using a Zeeman-slowed -
atomic beam and evaporative cooling of the atoms in a TOP magnetic trap. L. Hau
and collaborators at the Rowland Institute in Cambridge, MA, used a Zeeman-slowed
atomic beam of Na and a Ioffe trap. The group of M. Kasevich, at Stanford University,
achieved BEC of 8 Rb atoms with a single vapor cell and a TOP trap. At the University
of Konstanz in Germany, the group of G. Rempe observed BEC of 8”Rb atoms in a
double MOT apparatus with a Ioffe-type magnetic trap. In the laboratory of T. Hénsch
at the University of Munich/MPI for Quantum Optics, BEC of 8"Rb was achieved using
a double-MOT apparatus and a Ioffe-type magnetic trap. The group of W. Phillips at
NIST, Gaithersburg achieved BEC with sodium using a Zeeman-cooled atomic beam and
a TOP trap. It is interesting to notice that in this experiment BEC was reached also
by evaporating only with the “circle of death” of the TOP trap. At the Ecole Normale
Superieure in Paris, J. Dalibard and colleagues observed BEC of rubidium atoms using
an apparatus based on a double-MOT and a Ioffe-type magnetic trap.

The experimental results also stimulated a lot of theoretical work and several papers
were published interpreting the new observations and proposing new possible experi-
ments.

Amongst the future challenges one can envisage the achievement of BEC with other
atoms. Of particular interest are H and He*. Work is also in progress on K [49], Cs [52,98],
and even on molecules [99)].

The effect of interactions needs to be further investigated. The case of atoms with
attractive interactions and the possibility of modifying the strength of the interaction by
external fields are certainly important subjects to be further explored.

There are important phenomena that have been predicted theoretically and observed
in other systems. Notable examples are vortices and second sound that have been widely
investigated in superfluid helium. The study of these phenomena in the well-controlled
conditions of experiments with dilute atomic gases will provide important information.

The possibility of manipulating the condensates should allow studies of tunnelling
effects between two condensates and the observation of Josephson-type phenomena.

The future possibilities of atom lasers can be imagined considering the major impact
that optical lasers had in several fields.

Finally, one of the most interesting prospects is to investigate the properties of an
ultracold gas of fermionic atoms. At phase space densities similar to the ones achieved
in BEC experiments, the behaviour of a degenerate Fermi gas may be studied and, at
still lower temperatures, the superfluid phase transition could be observed [100-103].
Promising candidates which are presently investigated are °Li [87] and “°K [88].

Note added in proofs. — After the completion of this review, many interesting papers
appeared reporting new results in the investigation of BEC. An extensive review of the
theory of BEC in trapped gases has been published in [104]. A discussion of recent
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theoretical and experimental results can be found in the proceedings of the E. Fermi
School on “Bose-Einstein condensation in atomic gases” held in Varenna in the summer
1998 [105]. During that School, the first evidence of BEC in atomic hydrogen was
presented [106].
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