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10. High-Resolution Sub-Doppler Laser Spectroscopy

The spectral resolution of all methods discussed in Chap.8 was in principle
limited by the Doppter width of lines in the molecular absorption—or emis-
sion-spectra, although the laser linewidth might have been much smaller. In
this chapter we present several techniques which overcome this resolution
limit and which allow one to resolve the natural linewidth even in the pre-
sence of a much Targer Doppler width. These techniques, which have been de-
veloped recently, have already stimulated experimental and theoretical
atomic physics in an outstanding way. These various Doppler-free methods
certainly represent an important step towards a more detailed knowledge of
molecular structure and of deeper details regarding the interaction of E.M.
radiation and matter.

While for most experiments in Doppler-1imited spectroscepy —discussed in
Chaps.8 and 9—muitimode lasers can be used {e.g., for optical pumping ex-
periments, laser-induced fluorescence of atoms and simple molecules, or for

Doppler-Timited absorption spectroscopy) only some of the sub-Doppler methods,
treated in this chapter, may be performed with pulsed or cw multimode lasers.

Most of these techniques demand narrow-band tunable single-mode lasers with
a bandwidth which should be smaller than the desired spectral resclution. If
t i i

;e :atura] Tinewidth 6un has to be resolved, the laser frequency jitter
should be smaller than 8y, - This demands frequency stabilization techniques
(see Sect.6.5) and there are many examples in this branch of high-resolution
laser spectroscopy where the achieved resolution is indeed limited by the
stability of the laser,

The basic principle of most Doppler-free techniques relies on a proper
selection of a subgroup of molecules with velocity components vy in the
direction of the incident monochromatic wave, which fall into a small inter-
val av, around vz = 0. This selection can be achieved either by mechanical
apertures which select a collimated molecular beam, or by selective satur-
ation within the velocity distribution of absorbing molecules caused by a
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strong pump wave, and a successive probing of this selective "hole burning”
by a monochromatic tunable probe wave {see Sect.3.6}.

Another class of Doppler-free techniques is based on a coherent prep-
aration of an atomic or molecular state and a detection scheme which is

capable of detecting the phase relations of the wave functions in this state.

Most of these “coherent excitation methods™ rely on optical pumping by
pulsed or cw lasers, which may not even be single-mode lasers as long as the
selective population of the levels under study is guaranteed.

We will now discuss these different methods in more detail.

10.1 Spectroscopy in Collimated Molecular Beams

Let us assume molecules effusing into a vacuum tank from a small hole A in
an oven which is filled with a gas or vapor at pressure p. The molecular

density behind A and the background pressure in the vacuum tank shall be suf-

ficiently low to assure a large mean free path of the effusing molecules,
such that collisions can be neglected. The number N(9) of molecules which
travel into the cone 9 + d& around the direction 9 against the symmetry axis
{which we choose to be the z axis) is propertional to coss. A slit B with
width b selects at a distance d from the point source A a small angular in-
terval - ¢ <9 < + ¢ around 3 = 0 (see Fig.10.1). The molecules passing
through the slit B, which is parallel to the y axis, form a molecular beam
in the z direction, collimated with respect to the x direction. The colli-

mation ratio is defined by (see Fig.10.1b)
vx/vZ = tane= b/{2d) . (10.1})

If the source diameter is small compared with the s1it width b and if b<<d
{(which means e << 1), the flux density behind the slit B is approximately
constant across the beam diameter, since coss ~ 1 for << 1. For this case
the density profile of the molecular beam is illustrated in Fig.10.1b.

The density n(v)dv of molecules with velocities v = [v]| inside the inter-

val v to v + dv in a molecular beam at thermal equilibrium which effuses

{ZkT/m)lé inte the z direction can be de-

with a most probable velocity v_ =
sz %

scribed at a distance r = (z2 + from the source A as

2
n(v.r)dy = € €52 w2 e VPN 4y _ (10.2)
r
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Fig.10.1. Schematic illustration of laser excitation spectrosco

py with re-
duced Doppler width in a cellimated molecular beam (a). Collimation ratio
and density profile n{x) in a collimated beam effusing from a point source

(b)

where the normalization factor C = (4/J?)v_3 assures that the total density
N of the molecules is N = [ n(v)dv.

10.1.1 Reduction of Doppler Width

If the collimated molecular beam is crossed perpendicularly with a mono-
chromatic laser beam with frequency w propagating into the x direction, the
absorption probability for each molecule depends on its velocity component
v, In Sect.3.2 it was shown that the center frequency of a molecular
transition, which is wg in the rest frame of the moving molecule, is Doppler

shifted to a frequency mé according to

md B kv = wy - kvx s ko= k| . {10.3)

Only those molecules with velocity components vy in the interval dvx = ﬁmnjk
around v, © (w - mo)/k essentially contribute to the absorption of the mono-
chromatic laser wave, because these molecules are shifted into resonance with
the laser frequency w within the natural linewidth 6mn of the absorbing
transition.

When the laser beam in the x-z plane passes along the x direction through

the molecular beam at y = 0, its intensity decreases as

X
2
[w) = Ig exp[- f u(m,x)dx] . (10.4)
X
For small absorptions the spectral profile of the absorbed intensity
dl = I(x;) = I(x,) is with I{x;) = I,

{wyv Jdx|dv, . {10.5}

-v sine

+U 5ine
di(w} = 1, [I

The absorption cross section O(m,Vx) describes the absorption of a mono-
chromatic wave of frequency o by a molecule with a velecity component v . Its
spectral profile is represented by a Lorentzian (see Sect.3.8)

2
(v/2) e o Lo - wnat) - (10.6)
{w - wg - k”x)z v (2P o

a{w,v, ) = 99

The density n(vx,x)dvx of molecules with velocity components v in the inter-
val dvx at a point {x,z) in the molecular heam can be derived from (1C.2).
Using the relations r2 = x2 + 12; vx/v = xfr - dvx = (x/r)dv we obtain with
cosy = z/r (note that dv changes sign with x since dv > 0}
_ 2 (rv /xv )

n(vx,x)dvx = CN ;7 v XETTp v - (10.7)
Equation (10.3) gives the relation between the velocity component v, and the
Doppler shift bug = ug = w' = kv =V mO/c of the center frequency wg.

Inserting {10.3,6, 7) 1nto {10 5) yields the absocrption profile

+ @ Aw 2 2
di{uw) = a j jz :3— L{w - wgsv) exp[-mu c /m0 p(l + -;—z-)ldx!d(mo}

g {10.8)
with a = locﬂoo(c3/ g)z. The integration over Auj extends fram -= to +o
since the velocities v in (10.5) range from 0 to «. The integration over x
can be carried out and gives with X =T Sine, r2 = x2 + 2

+o 2
dl({w) = Iﬂb I Llw - mO,Y) exp-|(w - w')C/mOVp sing| duw' {10.9)

with

b = a(zc/mo)2
This represents a Voigt profile, i.e., a convelution product of a Lorentzian
function with halfwidth y and a Doppler function. A comparison with (3.33)
shows, however, that the Doppler width is veduced by a factor sine, which
equals the collimation ratio of the beam. The collimation of the molecular
beam therefore reduces the Doppler width B of the absorption lines to a
width



lele)

bupy = duyy Sine with g = Zug(v/c)(In 2%, {10.10)

where Awpy is the corresponding Doppter width in a gas at thermal equilibrium.
Note that for larger diameters of the oven hale A the density profile n(x}

of the molecular beam is no longer rectangular but decreases graduatly beyond
the Timiting angles 9 = ¢ ¢. For AMEI'Y the absorption profile is altered
compared to that in {10.9), while for Ams <y the difference is negligible
because the Lorentzian profile is dominant in the latter case [10.1].

The technique of reducing the Doppler width by the collimation of mole-
cular beams was used before the invention of lasers to produce light sources
with narrow emission lines (10.2). Atoms in a collimated beam had been ex-
cited by electron impact. The fluorescence Tines emitted by the excited
atoms show a reduced Doppler width if observed in a direction perpendicular
to the atomic beam. However, the intensity of these atomic beam light sources
was very weak and only the application of intense monochromatic tunable
lasers has allowed one to take full advantage of this method of Doppler-free
spectroscopy.

Figure 10.2 shows a typical experimental arrangement for sub-Doppler
spectroscopy in molecular beams, The photomuTtiplier PM 1 monitors the total
fluorescence IF](AL) as a function of the laser wavelength AL (excitation
spectrum, see Sect.B.2), whereas PM 2 records the dispersed fluorescence
spectrum excited at a fixed laser wavelength, where the laser is stahilized

single-mode
argen ion laser

skits
-1 {ens
monachremalor|
+
m 1 Thorium
- hollow cathode lamp

fluorescerce
cell

Nz vacuum pump PM1

M1 M2 M3 M4 movase mirrors

Fig.10.2. Typical experimental arrangement for sub-Doppler laser spectro-
scopy in collimated molecular beams
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Fig.10.3a,b. Section of the excitation spectrum of the Csy molecule in the
spectral range around 1 = 476.5 nm, {a) Excited in a cesium vapor cell,
(b) excited in a collimated cesium beam

cnto a molecular absorption line. A Fabry-Perot can be inserted to increase
the spectral resolution of the fluorescence spectrum. A thorium holiow
cathode spectral Tamp serves as the wavelength calibration standard.

Figure 10.3 #1lustrates the achievable spectral resolution by comparing
a section of the C52 absorption spectrum obtained in a cesium vapor cell
(left curve) and in a collimated cesium beam (right spectrum). Both spectra
were taken with a single-mode argon laser which could be continuously tuned
around x = 476.5 nm. The absorption was monitored through the total fluores-
cence intensity lFl(AL) as a function of laser wavelength AL {excitation
spectroscopy, see Sect.8.2.1). The different 1ines correspord to rotational-
vibrational transitions (v",J") + (v',J') between two different electronic
states of the Csz molecule [10.3].

Particularty for polyatomic molecules with their complex visible absorp-
tian spectra, the reduction of the Doppler width is essential for the re-
solution of single lines [10.4}. This is illustrated by a section from the
excitation spectrum of the Nﬂz molecule, excited with a single~-mode tunable
argon laser around x = 488 nm (Fig.10.4). For comparison the same section
of the spectrum as obtained with Doppler-limited laser spectroscopy in an
NO2 cell is shown in the upper trace [10,5].

Limiting the collimation angle of the molecular beam to 2 ><10_3

rad, the
residual Doppler width can be reduced to 500 KHz. High-resolution iodine
spectra with linewidths of less than 150 KHz could be achieved in a molecu-
lar iodine beam [10.6]. At such small linewidths the time of flight broaden-
ing due to the finite interaction time of the molecules with a focussed
laser beam is no Tonger negligible, since the spontaneous lifetime already
exceeds the transit time.
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Fig.10.4a-c. Section of the excitation spectrum of NO; obtained with a
single-mode argon laser, tunable around i = 488 nm. (a} In an N0 cell
{p = 0.01 torr), {b) in a collimated N2 beam with a collimation ratio of
1:80, {c} filtered excitation spectrum, Instead of the total fluorescence
as in (b) only the {0,1,0) fluorescence band was monitored

Besides these three examples a large number of atoms and molecules have
been studied in molecular beams with high spectral resolution, Mainly hyper-
fine structure splittings, isotope shifts, and Zeeman splittings have been
investigated by this technique because these splittings are generally so
small that they may be completely masked in Doppler-limited spectroscopy.

An impressive illustration of the sensitivity of this technique is the
measurement of nuclear charge radii and nuclear moments of stable and radio-
active instable isotopes through the resolution of optical hfs splittings
and isotope shifts performed by several groups [10,7-11}. Even spurious
concentrations of short-lived radicactive isotopes could be measured in
combination with an on-Tine mass separator,

More examples of sub-Doppler spectroscopy in atomic or molecular beams
can be found in reviews on this field by JACQUINDY [10.11] and LANGE et al.
[10.12].

10.1.2 Laser Spectroscopy in Supersonic Beams

An interesting development in the high-resolution spectroscopy of complex
molecules in molecular beams takes advantage of the internal cooling of
molecules in supersonic beams [10.13], When a gas expands freely from a
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high-pressure region into the vacuum, adiabatic cooling of the internal
energy occurs. This means that tne thermal energy of the molecules in the
source, which is composed of translational, rotaticnal, and vibrational
energy, 15 partly transferred into expansion energy. This transfer occurs
during the expansion in the orifice at densities where the collision prob-
ability is high. The degree of cooling depends on the number of collisions
during the expansion which is proportioral to the product nd of density and
orifice diameter [10.14].

Since the eross sections for elastic collisicns are larger than those
for collision-induced rotational transitions which are still larger than
those for vibrational transitions, the translational cooling [which means a
narrowing of the velocity distributian n(vz)j will be more effective than
the rotational or vibraticnal cooling. While at thermodynamic equilibrium
in the oven all degrees of freedeom have the same mean energy (1/2)kT, which
implies that the translational temperature T equals the rotaticnal tempera-
ture T as well as the vibrational temperature T , after the adiabatic ex-
pansnon the translational energy T nas decreased more than T and T and
we obtain at the intersection reglon with the laser beam

Tt < Tr < Tv .

Typical values achieved for these temperatures in supersonic beams at
oven pressures of some atmospheres are

Tt e 0.5-20K , T 2-50 K, T, m 10-10C K

This internal cooling has two definite advantages for high-resolution
laser spectroscopy.
a) Because of the low values of Tr and TV, only the lowest rotational-
vibrational levels in the electronic ground state are populated, Assuming
thermodynamic equilibrium within each degree of freedom, the population in
a leve! (v,J) with vibrational quantum number v and rotational number J is
given by A""'ri«}
; _ .
n(v,d) = 2;.JN+ 1) o-(v+hue/RTy Bed{J+1)/ETr - (10.11)

where N = § n(v, J) js the tota) number of molecules, va the vibrational

energy in level v, and BJ(J + 1) the rotational energy,-. ffﬂ|/wfﬁf’“{“L

Since the intensities of absorption lines are proportional to the popu=
lation densities n{v,d) of the absorbing Tevels, this reduction of n{v,J)
to a few populated levels implies a cansiderable reduction of the number of
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Fig.10.5a-c. Reduction of the complexity of the N0y excitation spectrum by
internal cooling in a supersonic beam. {a) Conventional room temperature
sample of pure N0» at 0.04 torr, {b) supersonic beam of pure NO», {c) super-
sonig beam of 5% ﬁoz in Ar. The excitation source was a cw dye ?aser with
0.5 A bandwidth [10.13]

absorption lines and leads to an appreciable simplification of the spectrum,
This is illustrated by Fig.10.5, which shows three times the same section of
the N02 excitation spectrum, obtained in a conventional absorption cell at
room temperature, in a pure NOZ supersonic beam with medium cooling (rota-
tional temperature 30 K) and in a beam of argon, seeded with 5% of NUZ‘ Due
to many collisions between the argon atoms at high density and the NO2 moTe-
cules, the rotational temperature drops to 3 K.

b) Because of these low temperatures, loosely bound moTecules with small
dissociation energies De can be formed in supersonic beams, which would im-
mediately dissociate at room temperature if kT >» De. The spectroscopy of
these "van der Waals molecules” Oopens a new area for the investigation of
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interaction potentials which before could only be studied through scatter-
ing experiments. The much higher accuracy of spectroscopic measurements
will improve the exact knowledge of long-range interactions, as far in-
stance experienced by molecules in 3} ground states (see below) [10.15].
This is not only important to understand the chemistry of loosely bound
complexes but also contributes to elucidating molecular structure in the
transition region between free molecules and solids. One example of this
is the formation of clusters in supersonic alkali beams where motecules
Nax have been observed from x = 2 to x = 12 [10.16]. The spectroscopy of
such multimers {(clusters) yields dissociation energies, ionization energies,
and vibrational structure as a function of the number x of atoms in the
cluster. The comparison of these figures with the values in the solid al-
lows the proof of theoretical models, which explain the transition from
molecular orbitals to the band structure of solids.
Besides its merits for high-resolution spectroscopy the absorption spec-
trum in a molecular beam, generated by a tunable monochromatic laser, can be

also used to measure the velocity distribution n{v) of molecules in a defined

level Ei at arbitrary locations in the beam. For this purpose the incident
laser beam is split into two parts (see Fig.10.6a). The first beam 1 crosses
the molecular beam perpendicularly while beam 2 intersects the common cros-
sing point at an angle g with the z axis. When the laser wavelength a is
continuously tuned across a molecular absorption line, an absorption pro-
file around the unshifted center frequency wpy with a reduced Doppler width
is obtained from beam 1 while beam 2 produces a Doppler-shifted and Doppler-
broadened absorption profile. Since each molecule which travels at a velo-
city v ms v, absorbs at the Doppler-shifted frequency wé = wg - kv cosg, the
absorption profile a(w) = n(v cosBlofw - mo) of beam 2 reflects the velo-
city distribution n(v).

From the maximum of the shifted absorption profile the most probable
velocity v can be deduced [10.17]. Figure 10.6b illustrates the measurement
of velocity distributions of Na2 molecules in specified quantum states at
different oven temperatures. The narrowing of the velocity distribution with
increasing oven temperature and the increase of the most probable velocity
Vp tharacterize the transition region from a thermal effusive molecular beam
to a supersonic beam. The velocity distribution in the supersonic beam can
be described by

2

2
cosg 2 ~(v-u) /vp dv . (10.12)

n{vidv = C - W e
r

T ——
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£ig.10.6a,b. Doppler shift laser spectroscopy of the velocity distributions
of Napz molecules and their dependence on the vapor pressure p(T} in the

oven. (a) Experimental arrangement, (b} velocity distributions n{v,v"=0,J"=28)

of molecules in the vibrational level v"=0 and rotational level J"=28 at
three different oven temperatures [10.17]
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where vy~ (21‘:Tt/nl)!2 is much smailer because of the smaller translational
temperature It. The parameter u characterizes the deviation of the super-
sonic distribution from a thermal distribution.

Compared with conventional methods of measuring velocity distributions
with mechanical selectors or with conventional time-of-fiight tubes, this
spectroscopic detection method has the following advantages:

a) The accuracy of spectroscopic techniques is generally higher than that
pbtained with mechanical velocity selectors.

b) The velocity distribution of molecules in selected vibrational—rotutional
levels can be measured. This is of particular imporiance in crossed beam
experiments where inelastic collision processes are studied and the transfer

of energy from translational to internal energy can be detected in detail.

¢) The velocity and its distribution can be measured at localized points

in the beam which allows one to detect local variations of n{v,E;) along and
across the beam. This gives information about the formation of molecules
during the expansion and in the region where collisions still occur,

Note, that at low laser intensities the densities n(v)dv are measured.
However, at higher laser intensities, where complete saturation cccurs, the
flux densities vn(v)dv are detected.

The relative populations n{vi,di)/(n(vk,dk) in the superscnic beam can
be measured in the following way. Part of the laser beam is split into a
glass cell containing Na—Na2 vapor at thermal equilibrium. When the laser
frequency is tuned through the Na2 absorption lines, the laser-induced
fluerescence both from the cell and from the crossing point of laser beam 1
with the molecular beam is monitored simultaneously. Since the fluorescence
intensity at nonsaturating laser intensities is proportional to the popu-
lation densities in the absorbing levels, the relative populations
"B{Vi’Ji)/"B(Vk’Jk) in the molecular beam can be obtained from the ratic
of the fluorescence intensities

Ic(vi,dijflc(vk,dk) ) nc(vi’di)/"c(vk’dk)

Iglvysdi W/ Ig(viadi ) nglvyadyd/mg(viady)
The population ratio in the cell at thermal equilibriun

)% e
q
nc(vk,Jk) k
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Fig.10.7, Relative population distribution of Nap molecules in two levels
(v'=0, J"=28, v" =3, J"=43) in a thermal vapor cell at T=500 K and in
a supersonic beam

follows a Boltzmann distribution. Figure 10.7 shows as an example the
Doppler-broadened 1ine profiies from the cell and the corresponding lines
with reduced Doppler width in the supersonic beam. One clearly sees that
Ehe vibrational Tevel at v" = 3 is much less popuTated in the supersonic
beam than in the cell, which had a temperature of about 500 K. This indi-
cates the vibrational cooling in the beam [10.17a].

10.1.3 Laser Spectroscopy in Fast Ion Beams

In the examples considered so far, the laser beam was crossed perpendicu-—
larly with the molecular beam, and the reduction of the Doppler width was
achieved through the limitation of the maximum velocity components VX by
geometrical apertures. One therefore often calls this reduction of the
transverse velocity components “geometrical cooling". KAUFMANN {10.18a] and
WING et al. [10.18b] have independently proposed another arrangement, where
the laser beam travels collinear with a fast ion or atom beam and the reduc-
tion of the longitudinal velocity distribytion n(vz) is achieved by an ac-
celeration voltage {"acceleration cooling").

Assume that two ions start from the ion source (Fig.10.8) with different
thermal velocities ¥1(0) = 0 and v,(0) > 0. After being accelerated by the
voltage U their kinetic energies are

_ _m 2
El =el = 5 V]

813

Laser

Fiq.10.8. Laser spectroscopy
in fast fon beams. The laser
beam 1s collinear with the
ion beam

m_2 -m 2
E, = ?—VZ(O) el =5v,
Subtracting the first from the second equation yields
2 2 2 ~ o2 : -
v, -V = Va(0) = av = v, - vy = VZ(O)/ZV with v = (v +v,)/2
This means that the initial velocity spread v2(0) has decreased to
Y

2 1
v (0)m AE
. 2 . th) 10,13
B = Vz(f’)(‘“gar) - VZ(O)(?EU_ : (10.13)
txample
S, = 0.1 eV el =10 KeV =4y = 1,55 107 v,(0).

This reduction of the velocity spread results from the fact that erergies
rather than velocities are added. If the energy el>> Eth the velocity change
is mainly determined by U but hardiy by the fluctuations of the initial
thermal velecity. This implies, however, that the acceleration voltage has
to be extremely well stabilized to take advantage from this "acceleration
cooling".

A definite advantage of this parallel arrangement is the Tlonger interac-
tion zone between the two beams because the laser-induced fluorescence can
be collected by a lens from a path length aZ, of several cm, compared to a
few mm in the perpendicular arrangement. A further advantage is the possi-
bility of Doppler tuning. The absorption spectrum of the ions can be scanned
across a fized laser frequency w simply by tuning the acceleration voltage
U. An absorption line at gy is Doppler tuned into resonance with the laser
field, at frequency w, if

2el 0.14)
w = - kv, = (1 - ) - (1
YT g z % V mcz

This allows one to use high-intensity fixed frequency lasers, such as the

argon laser, which have a high gain and even allow one to place the interac-
tion zone inside the laser cavity.

TP e
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Instead of tuning the acceleration voltage U (which influences the beam
collimation), the velocity ¢f the jons in the interaction zone with the
laser beam is tuned by retarding or accelerating potentials U and U, (see
Fig.10.8).

This superimposed ion-laser beam geometry is quite suitable for high-sen-
sitivity spectroscopy with high resolution, as has been demonstrated by
METER et al. [10,19] who resclved the hfs pattern of odd xenon iscotopes and
by OTTEN et al. [10.20] for Hg isotopes. Such a laser-ion coaxial beam
spectrometer has been described in detail by HUBER et al. [10.21]. If the
laser photodissociates the molecular ions, the photo-fragments can be ana-
lyzed with great efficiency. In this case the coaxial arrangement is clearly
superior to the crossed beam arrangement because the interaction time of
the molecular ions with the laser fielid can be made several orders of magni-
tude longer.

Figure 10.9 shows a velocity-tuned spectrum of ot photofragments from
the process

+ ot
Oth\J—’Oz S0+ 0

The laser wavelength was kept at x» = 5815 £ and the velocity of the 0; ions
was continuously tuned by coentrolling the acceleration voltage. More examples,
inctuding saturation spectrcscopy in fast jon beams, can be found in the
review by DUFAY and GAILLARD (10.22].

The fast ions can be converted to neutral atoms by charge exchange col-
lisions while passing through a target gas chamber. Since charge exchange
occurs preferentially at large impact parameters the velocity change during
the ¢ollisions is nearly negligible and the neutral atoms still have a
rather narrow velocity distribution n(vz) [10.23]. The merits of the col-
linear arrangement can therefore be extended to neutral atoms and molecules.

The charge exchange collisions may result in highly excited states of
the neutral species. Often the population of these excited states accumi~-
lates in metastable states with leng lifetimes. This opens the possibility
of performing laser spectroscopy on transitions between ercited states.
While the resonance lines, corresponding to transitions from the ground
state, are for most atoms in the ultraviolet region, the transitions between
exeited states are generally in the visiblte to infrared range and are there-
fore more readily accessible to the tuning range of dye lasers.
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Fig.10.9. Velocity tuned spectrum of 07 -photo fragments obtained by photo-
dissociation of 0% in a "laser icn ceaxial beam spectrometer” [10.22]

10.1.4 Optical Pumping in Molecular Beams

1f the laser frequency w i5 tunmed to a molecular transition (v#,d? - vL,JL),
the molecules are excited into the upper level (VL,J&) where they can
undergo spontaneous transitions (VL,JL) - (v&,d%) to many rotational-
vibrational levels in the electronic ground state. Contrary to optical pump-
ing in atoms, only the small fraction n = (Aki/zm Akm) of all excited mole-
cules, determined by the spontanecus transition probabilities Akm’ returns
into the initial state (v?,J?).

In the intersection region of laser beam and molecular beam the pressure
is already sufficiently low to exclude collisiona) transitions from (v%.d%)
- (VE,JQ). The radiative transition (VL,JL) “ (vi,9y) 1s therefore the only
relaxation process in diatomic homonuclear malecules which can repopulate
the level (VU,J?) depleted by optical pumping. The mean recycling time for

1 .

this repopulation process depends on the absorptien rate Bjkpik and on the
spontanegus lifetime Ty of the excited levei. For Bikpik>> Ak = 1/rk one
pump cycle (i - k - i) takes a time of about T The number of pump cycles
is determined by the ratio Tf/Tk of time-of-flight Tf through the laser beam
to spontaneous lifetime Ty Assuming a diameter of the focussed laser beam

: 4 :
of about 0.1 mm and a mean molecular velocity v = 5x 107 cm/s, we obtain



Tf R 2 x 10"7 s. At a spontanecus lifetime T = 10-8 s this implies that
about 20 pump cycles are possible, With a value of n = 0.1 the population
of the pumped level (vg,J;) decreases after each cycle to 10% which means
that after 2 pump cycles the population has already dropped to about 1% of
its unsaturated value.

This iliustrates that optical pumping in molecular beams is a very ef-
ficient way to completely deplete a specified molecular level (v?,dg). This
can be used to gain detailed information on velocity distributions in super-
sonic beams of molecules in defined quantum states and on relaxation pro-
cesses, molecular formation, and collision processes in crossed molecular
beams .

The following is an example of ome of the many possible applications of
optical pumping to a time-of-flight spectrometer with velocity selection for
melecules in defined quantum states in supersonic beams [10.24].

The monochromatic laser beam is split into two beams 1 and 2, both of which
cross the molecular beam perpendicularly but at different locations Z = A
and z, = B (see Fig.10.10). When the laser frequency is tuned to a molecular
transition (v?,d; - v',J&), the molecules passing through the pump beam 1
are optically pumped and there are nearly no molecules left in the depleted
level (v?,d?}_ This means that the fluorescence excited by the probe beam 2
is very low. If the pump beam 1 is interrupted for a short time interval at
{e.q., by a fast mechanical chopper) the molecules can pass during this
interval at without being pumped. Because of their different velocities they
reach the probe beam 2 at different times t = L/v, where L = 7y -z, The
time-resolved fluorescence intensity induced by the cw probe beam therefore
reflects the velocity distribution of molecules in the level (v#,d?).

Figure 10,11 shows for the case of Na2 molecules in a supersonic beam that
these velocities are different for different quantum states. This has to

do with the fact that during the adiabatic expansion in the nozzle the inter-
nal energy of the molecules is partly converted into expansion energy and the
expansion velocity depends on the degree of energy transfer a molecule has suf-
fered [10.24a].

106.1.5 Optical-Optical Double-Resonance Spectroscopy in Molecular Beams

This selective depletion of specified rotational-vibrational levels by opti-
cal pumping can also be used to facilitate the identification of complex
molecular spectra. The basic concept is illustrated in Fig.10.12. Differing
from Fig.10.10 the pump beam and the probe beam come from two different
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Fig.10.12. Labeling of specified upper or lower levels (v,J) by optical
pumping and successive probing {optical-optical double resonance)

lasers. If the pump laser 1 which is stabilized onto the molecular tran-

k
densities n; and n, are also chopped, where the phase of "i(fl) is opposite

sition (v?,d?) - (vi,d ) is chopped at the frequency fl’ the population
to that of nk(fl)' If the wavelength A of the unchopped probe laser 2 is
tuned across the absorption spectrum of the molecules, the laser-induced
fluorescence intensity lF] which is proporticnal to niIZ or "k[2’ respec-
tively, will always be modulated at f1 if the probe laser hits a transition
which starts from one of the optically pumped levels Ei or Ek. The modulation
phase is opposite for the two cases. When the fluorescence is detected through
2 lock-in amplifier, tuned to the chopping frequency fl, only those of the
many possible transitions induced by the tunable probe laser are detected
that are connected to one of the pumped levels Ei or Ek (see Fig.10.12b}.
This optical-optical double-resonance technique has already been used
for other Doppler-free techniques [10.25], such as polarization spectroscopy
{see Sect.10.3). Its applications to molecular beams has, however, the fol-
lowing advantages compared to spectroscopy in gas cells. When the chopped
pump laser periodically depletes the level Ei and populates level Ek’ there
are two relaxation mechanisms in gas cells which may transfer the population
aodulation to other levels. These are collision processes and laser-induced
fluorescence (see Fig.8.39). The neighboring levels therefore also show a
modulation and the modulated excitation spectrum induced by the probe laser
includes all lines which are excited from those levels. If several absorption
lines overlap within their Doppler width, the pump laser simultaneously ex-
cites several upper states and also partly depletes several lower levels.
The simplification and the unambiguous assignment of the lines is therefore
partly lost again. However, in the molecular beam, Doppler-free excitation

is possible and cotiisions can be neglected. Since the fluorescence from the
excited level B terminates on mawy lower levels (v;,J&), anly a small frac-
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tion of the population n. from the depleted level Ei is pumped into each of
the Teveis Em which are populated by fluorescence decay from Ek. This means
that the modulation amplitude is much smaller if the probe Jaser is tuned
to levels Ern rather than to Ei’

Molecules with long spontaneous lifetimes may fly several centimeters
before they radiate and may therefore emit their modulated fluorescence
at the location of the probe beam. In order to distinguish this modulated
fluorescence from that excited by the probe laser, both lasers are chopped
at two different frequencies fl and f2. The fluorescence intensity excited
by the probe laser tuned to the transition (v?,dg) - (vm,Jm) is then

Tl = N1y = (g - a1,

= [“10 - aIUl(l - €os 2nflt)1102(1 - cos vazt)

and therefore contains terms with the sum frequency (f1 + fz). Tuning the
detection system to (f1 + fz) therefore selects those transitions which are
due to transitions excited by the probe laser from a level Ei which had been
depleted by laser 1. Figure 10.13 shows the experimental arrangement, Figure
10.14 compares a section of the ]inear excitation spectrum of N02 with the
double~-resonance spectrum detected at (f1 + fz) where the pump laser 1 had
been stabilized to Tine No. 4. The double resonance spectrum shows that
lines No. 1 and 4 share the same lower level [10.26], information which
could not have been deduced easily from the linear spectrum,

10.1.6 Radio-Frequency Spectroscopy in Molecular Beams
L 2R TRy In Melecular Beams

The “Rabi technique" of radie-frequency or microwave spectroscopy in atomic
and molecular beams [10.27a] has made an outstanding contribution to the ac-
curate determination of ground state parameters, such as the hfs splittings
in atoms and molecules or the Coriolis splittings in melecules, etc. Figure
10.15 depicts schematically a conventional Rabi beam apparatus. Motecules
with a permanent dipole moment p effuse from the orifice of the oven and

are collimated by the slit Sl' In an inhomogeneous magnetic field (A field)
they experience a force F = -y grad B and are therefore deflected. In a
second reversed inhomogenecus field (B field) they experience an opposite
force and are therefore deflected back onto the detector, If an rf field

in a homogeneous field region € between the A and the B field induces tran-
sitions to other molecular levels the dipole moment u changes and the B field

G0J

th

TR S

(a) ‘____'___, - o "c detector

oven 51 A C I B

| molecuiar beam
(b) - Sy -

—J 1 "

Laser beam

Fig.10.15. Comparison between conventional Rabi methad (a} and its laser
equivalent {b)

does not deflect the molecules exactly back onto the detector. This means
that the detected beam intensity I(vrf) as a function of the radio fre-
quency v o shows a dip in case of resonance. Because of the long spontaneous
lifetimes in electronic ground states the linewidth of this dip is mainly
determined by the time of flight through the rf field and by saturation
broadening {10.27b].

Optical pumping with lasers offers a new and very convenient variation
of the conventional Rabi method, which is iltustrated in Figs.10.15b and
10.16. The two inhomogeneous magnetic fietds A and B are replaced by two
parallel laser beams which cross the molecular beam perpendicularly, The
first "pump beam" depletes the population N(i) of the lower level i. This
is monitored by the resultant decrease of the fluorescence intensity IFI in-
duced by the probe laser. When the rf field induces transitions k - i
between other levels k and the depleted level i, the population N{i} is in-
creased, resulting in a corresponding increase of IF]'

The laser version of the Rabi method does not rely on the mechanical
deflection of molecules but uses the change of the population density in
specified Jevels due to optical pumping. The conventional technique is re-
stricted to atoms or molecules with magnetic or electric dipole moments and
the sensitivity depends on the difference between the dipole moments in the
two levels connected by the rf transition. The laser versicn can be applied

to all atoms and molecules which can be optically pumped by existing lasers.

The background noise is small because only those molecules which are in the
specified level contribute to the probe-induced fluorescence.
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Fig.10.16. Schematic diagram of atomic beam magnetic resonance method using
optical pumping and probing with lasers [10.27e]

Some examples illustrate the achievable sensitivity and accuracy: ERTMER
and HOFER [10.27¢c]} measured the hyperfine structure of metastable states of
scandium which were populated by electron impact. The population achieved
in these states was only about 1% of the ground state population. Optical
pumping to a higher electronic state with a single-mode dye laser allowed
selective depletion of the single hfs sublevels of the metastable F state.
The hfs constants could be determined with an accuracy of a few kHz.

ROSSNER et al. [10.27d] measured the very small hfs splitting ( < 100 kHz)
of a rovibronic level (v" = 0, J" = 28) in the X 1[9 ground state of the
Na2 mplecule. This splitting is much smaller than the natural linewidth of
the optical transitions. The quadrupole coupling constant was determined to
€ qQ =463.7 + 0.9 kHz and the nuclear spin-molecular rotation interaction
constant came out to be a = 0.17 & 0.03 kHz.

Figure 10.16 shows a block diagram of the whole apparatus, used by PEN-
SELIN and his group for atomic beam magnetic resonance spectroscopy detec-
ted by laser-induced flucrescence [10.27e), The pump laser beam crosses the
atomic beam several times to assure high pumping efficiency. The rf tran-
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sitions induce population changes, which are detected by the laser-induced

fluorescence in the probe region. For further examples see [10,27f].

10.2 Saturation Spectroscopy

Saturation spectroscopy is based on the selective saturation of an inhomo-
geneously broadened molecular transition by opticai pumping with a monc-
chromatic tumable laser. As has been outlined in Sect.3.6 the population
density ni(vz)dv2 of molecules in the absorbing state Ei is selectively de-
pleted of moiecules with velocity compoenents

v, dvZ = (mo - w ot dwifk

in the interval dvz, because these molecules are Doppler shifted into res-
onance with the laser frequency w and are excited from Ei to the higher
level Ek (Ek - E1 = Hwo).

The monochromatic laser therefore "burns a hole” into the population dis-
tribution ni(Vz) of the absorbing state and produces simultaneously a peak
at the same velocity component v, in the upper state distribution nk(vz)
(Fig.10.17).

Ay lv,}
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Fig.10.17. (a) "Hole burning" in the lower level population distribution
niivzi of an absorbing transition and generation of a correspending popglat1on
peak in the upper level. (b} Increase of Bennet hole width with increasing

saturating intensity
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Because of this pepulation depletion the absorption coefficient
afw) = An(Vz)uik(wU -w - vz-k) decreases from its unsaturated value ao(w)
to the saturated value

ag(w) = ag(e}VT 3, (10.15)

as has been shown ir (3.8la).

an =, - (gi/gk)"k gives the population difference between the two levels
Ei and Ek.
S0 = S(mo) is the saturation parameter at the line center (3.70) and
S = Bikpik(m)/R ts the ratio of the depleting absorption rate Bikp(m) to
the sum R of all relaxation processes which refill the depleted level Ei'

Because the intensity absorbed over a path length dz
dl{w) = ag(w)lg(w)dz = 0010//1 ¥ 575 dz  with a = 28, /(cmyR) (10.16)

is no longer Vinearly dependent on the incident intensity IO’ spectroscopic
methods based on saturation effects are often called nonlinear spectroscopy.

We now briefly discuss the basic concepts and experimental arrangements
of saturation spectroscopy and show that this technique allows essentially
Doppler-free spectral resoiution.

10.2.1 Basic Concepts

Assume that a monochromatic laser wave E = By cos(wt - kz) is travelling

in the +z direction through a gaseous sample with molecules at thermal equi-
Tibrium, The absorption cross section Uik(m} of a molecule in level E; that
moves with velocity v is, according to (2.73) and (3.76),

Tilosvy) = (Ha/c)Byalug = w - kv,) (10.17}

where the function
YS/?n

(ug - w = kv ) + (v/2)?

g(mo - w - sz) = (10.18)
represents the normalized homogeneous line profile of the melecular tran-
sition with hmo = (Ek - Ei) [see {3.10)].

The homogenecus Jinewidth

Yo = Y/T_:Ti; with v = Tn t Ye (10.18}

is determined by the natural Tinewidth Tn? the collisional broadening Tes and
by saturation broadening (see Chap.3). At sufficiently low pressures and
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small laser intensities, pressure broadening and saturation broadening may

be neglected and the homogeneous Tinewidth Yo approaches the patural Tine-
width Ty provided the interaction time of the molecules with the radiation
field is longer than the spontaneous 1ifetime, so that time-of-flight broaden-
ing can be neglected (see Sect.3.4). In the visible region ' is several
orders of magnitude smaller than the Doppler width twp.

Since g(wo -w - kvz) has its maximum for wy @ = kvz, those molecules
with velocity components v, = (m0 - w)/k have the largest absorption prob-
ability. This implies that a hole centered at v, = (mo - w)/k appears in the
population distribution n(vz) (Fig.10.17) with a width ' and a depth de-
pending on the saturation parameter S0 at w = wy. According to (3.77b) the
difference Ano(vz) =ni(v2) - (gifgk)"k(vz) decreases to its saturated value

(Y/?)zSo

dv (10.20)

Ans(vz)dvZ = Ano(vz) 1 - 2

(wo - kVZ)2 + (YS/Z)Z
(v/2)%s,
Can (L -

2
2 2 e (2l 4y,
0 (g - w - kv,)" + (v,/2)

with v, - (26T/m)* and aNy = | Ang(v,)dv, .

The spectral width Yy of this “Bennett hole" [10.28] represents the homo-
geneous linewidth of the molecular transition and is, as mentioned above,
in the visible region for Yo Y, VETY much smaller than the Doppler width
(see the examples in Chap.3).
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In order to detect this Bennet hole, which has been burned into the popu-
lation distribution "i(vz) by the so-called pwmp wave, a second light wave,
called the probe wave has to be sent through the sample to probe the popu-
lation depletion in the hole. This probe wave may be either split from the
same Jaser which provides the pump wave, or it may alsc come from another
laser.

In a simple arrangement the pump wave may be reflected by a mirror back
into the sample (Fig.10.18a). Since the reflected wave E = E0 cos({wt + kz)
has the opposite wave vector -k, it interacts with another group of mole-
cules centered around v, . As long as w # Wy therefore two different holes
at v, = :( - w}i/k are burned into the populatipn distribution n. ( Z)

(F1g 10. 18) which merge together at the Tine center v, = 0 for w - ug
{(dotted curve). The superposition of the two counterpropagating waves

E = E0 cos{wt - kz) + ED cos{wt + kz) = 2E0 coswt cos kz represents a stand-
ing wave field. The crucial point is now that the absorption in this field
{which means the total absorption of both counterrunning waves) has a mini-
mun for w = wgy - In this case namely both waves interact with the same mole—
cules, which are therefore exposed to twice the intensity. This means that
the saturation parameter S becomes twice as large and the depletion of

An(vZ = 0) therefore is larger for v, = 0 than for v, ¥ 0 [see (10.20) and
Fig.10.18b].

To be more guantitative let us calculate the absorption coefficient a(w)
in the standing wave field. According to (2.68) we can use the retation

w) = sNo{w) and obtain

as(w fAn o ( mo - w - ka) +oof{w, - w + kvz)]d\fz , {10.21)

G
where the popu]at1on difference An(vz), saturated in the standing wave, is
according to (10.20) given by

(7/2)250 (v/2)%

an_{v_) =an (v )|t - - 0
Bl 0z (‘*’G - wo- kVZ)z + (‘{S/E)z (mo - w + kv2)2+ (YS/Z)

(10 22)
Equation (10.21) can be solved in the weak field approximation for S = 1.

After some elaborate calculations (see {10.53]} one obtains

(o) = ag@)|1 - 2 (1 052)° )] (10.23)
a. lw) = anlw - + : .
s 0 Z ( (o - u)0)2 . (Y5/2)2

5|
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This is a Doppler profile uy(us) = CNy exp-l(In 2)(u -MO)Z/.smf)J modified by
the expression in brackets, which represents a small dip at the center
(Fig.10.18b} which is called Lumk dip, after W.C. Lanb, who first described
this effect in the approximation of weak saturation [10.29].

The Lamb dip profile is Lorentzian with a halfwidth YS{FNHM). At the
line center us(ma) decreases to uo(wn)(l - SO), far off resonance to
aO(m)(l - 50/2). This is because for w = wg the molecules are saturéted .
by twice the intensity, while for o - wy * Y both fields interact with dif-
ferent molecules,

The Lamb dip in the distribution An(vz) of the population difference
an = ny - (91/92)"2 appears not only in the inhomogeneously broadened ?b—
sopption profile a(v) but in case of inversion (an < 0) also in the gain
profile -a{w) of an amplifying medium with an inhomogeneous linewidth. If
the frequency of a single-mode gas laser is tuned over the Doppler-broadened
gain profile, the output intensity shows a dip around the center frequency
ug [10.30]. This Lamb dip in the laser output can be used to stabilize the
laser frequency to the center of the gain profile {see below).

10.2.2 Doppler-Free Saturation Spectroscopy

The narrow Lamb dips in the Doppler-broadened absorption coefficient a(w),
as seen by a monochromatic standing wave, can be used to resolve closely
spaced absorption lines, which would be completely masked in Doppler-limited
spectroscopy. Figure 10.19 gives an example for two transitions, between
hyperfine components of two molecular states, which are separated by less
than their Doppler width. Although the Doppier-broadened 'ine profiles com-
pletely overlap, their Lamb dips can be ciearly resclved. The detection of
these narrow resonances can be realized with different experimental arrange-

ments, which will be discussed in the following.

wclew)

Fig.10.19. Resolution of the
Lamb dips of two closely
spaced transitions w!th over-
lapping Doppler profiles
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Fig.10.20. Possible experimen-
T . tal arrangement for saturation
= S spectroscopy outside the laser
> detector resonator

A typical example for a possible experimental setup is shown in Fig.10.20.
The output beam from a tunable laser is split by the beam splitter BS into
a strong pump beam and a weak probe beam, which pass through the absorbing
sample in opposite directions. The attenuation of the probe beam is measured
as a function of the laser frequency w. To enhance the sensitivity, the probe
beam can be again split into two parts. One beam passes the region of the
sample which is saturated by the pump beam the other passes the sample cel)
at an unsaturated region (see Fig.10.46). The difference of the two probe
beam outputs yields the saturation signal. Figure 10.21 illustrates a satur-
ation spectrum of the Ha Tine in atomic hydrogen [10.31] obtained in a hydro-
gen discharge with a pulsed narrow-band dye laser with a Tinewidth of about
7 MHz {see Sect.7.3). While the fine structure of the Ha line (25 - 3P) is
masked in Doppler-limited spectroscopy, a spectral resolution of 30 MHz
could be achieved with saturation spectroscopy. Absolute wavelength measure-
ments of the strong 2P3/2 - 3D5/2 component provided a new tenfold improved
value of the Rydberg constant [10.31].

The two transitions 231/2 -+ 3P1/2 at wy and 251/2 - 3!’3/2 at wy share
a common lower level. In such cases a "crossover resgnance" is observed at
a laser f;equency He = (ml + mz)/2, if the Doppler width L is larger than
(wl - mz). At the frequency @ the pump beam interacts with atoms which are
Doppler-shifted into resonance on transition 1. The same atoms are then in
resonance on transition 2 with the counterpropagating probe beam. Such
crossover signals, which appear exactly at the mean frequency of two coupled
transitions, can help to assign transitions with a common level and to sep-
arate the upper tevel splittings from the lower ones.

Figure 10.22 shows an example of the saturation spectrum of a mixture of
different cesium isotopes contained in a glass cell heated to about 10G°C
£10.32]. The hyperfine structure and the isotope shifts of the different
isctopes can be derived from these measurements with high accuracy.

Instead of measuring the attemuation of the probe beam, the absorption
can also be monitored by the laser-induced fluorescence itntensity, which is
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%%giégégg; iggvey scan of the saturation spectrum of all hfs components of
e L - transition at & = 459.3 nm in a vapor mixture of Cs 133
135, and 137 [10.32] P ’

proportional to the absorbed Taser intensity. In cases where the saturation
is very small, the change in the attenuation of the probe beam is difficult
to detect and the small Lamb dips may be nearly buried under the noise of

the Doppler-broadened background. SOREM and SCHAWLOW [10.33) have demonstrated

a very sensitive “intermodulated fluorescence technique", where pump beam

and probe beam are chopped at two different frequencies f1 and f2. Assume

the intensities of the two beams to be I - 10(1 + cos 2uf t) and

12 = Io(l + COS Enfzt}. The intensity of the laser-induced fluorescence is
then

by = Ong{ly + 1 (10.24)

Fl 2) -
where ng is the saturated population density of the absorbing state and the
constant C includes the transition probabilities and the collection effi-
ciency of the fluorescence detector. According to (10.22) the saturated
population density at the center of an absorption line is n_ = no(l - 50)
! s
= no[l - a(I1 + 12)].

Inserting this into (10.24) gives

- P4

IF] C[no(]1 + 12) - anU(I1 + 12) |- (10.25)
which shows that the fluorescence intensity contains linear terms, modulated
at the chopping frequencies fl and f2’ respectively, and quadratic terms
with modulation frequencies (f1 + f2) and (f1 - fz), respectively, While
the linear terms represent the normal laser-induced fluorescence with a
Doppler-broadened line profile, the quadratic terms describe the saturation
effect, because they depend on the decrease of the population density
"i(vz = 0) due to the simultaneous interaction of the molecules with both
fietds, When the fluorescence is monitored through a lock-in amplifier,
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Fig.10.23a,b, Saturation spectro-
scapy using intermodulated fluor-
escence technique. (a) Experimental
arrangement, (b) hyperfine spec-
trum of the (v"=1, J"=98)
(Y'= 58, J' =99) line in the

%17 - 3nyp system of Iy at

2 = 514.5 nm, monitored at the
chopping freguency ) of the pump
beam {upper trace) and at the sum
frequency (lower spectrum) [10.34]

IFtuorescence

’ . Laser Freguency

ST

WHZ ? 2 13 (b)

tuned to the sum frequency f1 + fz, the linear background is suppressed
and only the saturation signals are detected. This is demonstrated by

Fig.10.23, which shows the 15 hyperfine components of the rotational line

(v* =1, 3" = 98) (v' = 58, J' - 99) in the xlig ~ 8%, transition of the

The two laser beams were chopped by a rotating

iodine molecule I2 [10.34].
r of holes which interrupted the

disc with two rows of a different numbe
= 600 s_1 and f2 = 900 5_1. The upper spectrum was monitored at

at which the pump beam was chopped while the probe was not
ar terms in

beams at fl
the frequency f1
modulated. The Doppler-broadened background caused by the line
(10.25) and the Lamb-dips both show a modulation at the frequency f1
eously. The center frequencies of the hfs

and

are therefore recorded simultan
can be obtained more accurately from ithe intermodulated

components, however,
m fre-

fluorescence spectrum (lower spectrum) which was monitored at the su
quency (f, + f,) where the linear background is suppressed.



This transition is very weak and the signal to noise ratio is therefore
not very high.

Although the iodine molecule has always served as a standard example to

demonstrate new sub-Doppler techniques and many papers have been published

about saturati i
ration spectroscopy of 12 [10.35], meanwhile the intermodulated

fluorescence version has been applied to a number of other atoms and moje-
cules, One i

e he:amp}e is the BOZ malecule [10.36] where the hfs components of

ranch transitj i i i i i
(XEU o ranet 025 involving ?everal vibronic bands in the ground
g Xcited {A nu) electronic states have been resolved. For many

mol?cu]e? the hfs splittings are caused by two effects: an electric inter-
action with the electric quadrupele of a nucleus and a magnetic interaction
between the nuclear spin moment and the magnetic field produced by the ro-
tation of the molecule (

tings for different rotational Tevels allows one in many cases to separate
the two contributions [10.37a,b].

Another very sensitive method of monitoring saturation signals is based
on intracavity absorption,

the Lamb dips in the absorption profiles represent minima of
105305. Because the laser output depends sensitively on the internal losses
it will show sharp peaks when the laser frequency is tuned across the Lamb
dips of the abserption profile (see Fig.10,24b).

Due to the enhancement of sensitivity in intracavity absorption (see
Sect.8.2.3) these peaks in the laser output generally have a much better

signat-to-noise ratio than the Lamb dips obtained with saturation spectro-

M, Laser absorplion cell Etalon M,

=< | [z}
(a) Q \%rlfng detector M

/
fluorescence device
fb) detector Ej@
(c)

Yoo

. Wy W, Wy
Fig.10.24a-c. Intracavity saturated absorption s

tal setup {b) "Lamb peak" in the 1
; aser output,
peak obtained by modulation of the laser frgquen

pectroscopy. (a) Experimen-
(¢) derivative of a Lamb
cy

spin-rotation interaction), Measuring the hfs split-

If the sample s placed inside the laser resonator,

the intracavity

He-Ne laser at ) =

The laser frequency
was swept twice over
the gain profile

scopy outside the laser resonator. Furthermore, because of the nonlinear
dependence of the laser output on the losses, the halfwidth of the peaks
may be smaller than Yo particularly when the laser is operated close above
threshold., Figure 10.25 illustrates such o "Lamb peak", monitored in the
output of a He-Ne taser at A =3.39 um with an internal methane cell {10.43].
By fortuitous coincidence an absorption line of the CH, molecule falls into
the tuning range of the 3.39 um laser transition. This line corresponds
te a rotational line in a vibrational transition of CHq. Because of the
long lifetime of the excited vibrational level in the electronic ground
state {t = 20 ms) the natural width Yn of the transition is very small
and the width of the Lamb dip is mainly determined by time-of-flight
broadening and pressure broadening (see Chap.3). Enlarging the laser beam
diameter and reducing the CH4 pressure allows one to achieve extremely nar-
row resonances [10.38,39], with linewidths in the kilohertz range,

The sensitivity may be further enhanced by modulation of the laser fre-
quency. This allows sensitive lock-in detection and yields signals which

represent the derivative of the Lorentzian line profiles (see Sect.8.1). For

illustration of the resolution achieved with extremely well-stabilized

lasers, large magnifications of the laser beam diameter, and long abserption

cells at Jow pressures, Fig.10.26 shows the mcdulated saturation spectrum
of the CH335C1 molecule at v = 2947.821 cm'1 (2 2 = 3.39 um) [10.40].

Because of the chlorine nuclear spin [ = 3/2, each rotational level with
J > 2 splits into 4 hfs components with total angular momentum F = J + I.
The four tines in Fig.10.26 correspond to the four hfs transitions.

Fig.1G.25. Saturation

peak in the output of a

3.39 nm caused by the
Lamb dip of a CH, ab-
sorption line {16.43].
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If the center frequency uy Of the molecular absorption line is different
from the center frequency wy of the gain profile G{w - ml) of the amplifying
laser medium, the absorbing sample inside the Taser resonator causes a Lamb
péak at wy in the laser output IL, which ties at the slope of the gain pro-
file (see Fig.10.27). This not only causes a slight shift of the Lamb peak

IL(w)

HA ) w

A/A: l ZA

Tiw—" | w

[arbitrary units]

|iL3](w)

Fig.10.27. Lamb peak and its first,

second, and third derivatives in the

w output I (u} of a gas laser with in-
tracavity absorber, when the absorp-
tion frequency wg is placed at the

| slope of the laser gain profile

center frequency, due to the sloped background, but also makes it unsafe to
stabilize the laser freguency directly onto this peak. Any slight pertur-
bation which drives the laser frequency away from the Lamb peak by more than
the peak width, may induce the feedback control to drive the frequency further
away to the center frequency wy of the gain profile because here it also finds
a zero point of the derivative dIL/dw.

In such cases it is often advantageous to use the "third derivative tech-
ntque™ which is based on the following considerations. The frequency depen-
dence lL(w) of the laser intensity is determined by the superposition of the

(gh 35c1

3
2947.821 em”

L abs ref ¥ fsca]g

» - 2732.4 Miz
1= 1372

Q
P3(22)

"

i 100 200 100 400
KiloHertz Detiming

Fig.10.26. Saturated absorption spectrum of CH335C1 at » = 2947.821 cm-l.
The spectrum represents the derivative of four hfs components of the

Qp3(22) rotational line [10.40]

10.2.3 Lamb Dip Stabilization of Gas Lasers

The extremely small tinewidths, achieved with saturation spectroscopy of
vibraticnal transitions, are not only essential for sub-Doppler resclution
of ¢losely spaced molecular lines but also allow some interesting appli-
cations in other fields of physics. One aspect is concerned with the re-
alization of superstabilized lasers, which may serve as frequency standards
in the visiblg or near infrared region. If the laser frequency is locked to
the center of a narrow Lamb peak, its stability depends on the widths of the
peak, on the signal-to-noise ratio, and on possible frequency shifts of the
molecular transition caused by external perturbations, such as magnetic or
electric fields, collisions, or light fields. Jransitions with a small home-
geneous linewidth in molecules without permanent dipole moments are therefore
preferable candidates for laser stabilization. Locking the He-Ne laser at

A = 0.63 um to a hyperfine component of a rotational line in an electronic
transition of 12 allows a frequency stability of a few kHz [10.41]. The
He-Ne laser transition at & = 3.39 um can be locked to the vibrational tran-
sition of the CH4 molecule even with a stability of av/v ;710'13 [10.42].



gain profile Glw - wl), and the Doppler-broadened absorption profile of the
absorbing probe inside the cavity with the Lamb dip at g
S

Ldw) o | 6lw - w) - « (m)( - 0 )] ) 10.2
. .26
e (w - ug)® + (w2)? He

In a small interval around wg we may approximate the Doppler profiles of

Gluw - ml) and ao(m) by a quadratic function and obtain for (10.26) the ap-
proximation

D
(@ = og)® + (v/2)"

I (w) = Auf 4 B+ € + , (10.27)

w?ﬁ;e the constants A, B, C, D depend on Wgs W ¥, and S. The derivatives
() = 1(d"E ) {w)/du"] are
2D{w - «
IEI)(w) = 2Aw + B - (w2 ”0)
o = wg)? + (/2)%2

2

6D(w - uy) - Dy%/2

(2)ey -
M w) = 28 +
[ - wg)® + (/2)%)°

L

{10.28)

(3) 0¥ (1w - uy)
{w) =+ > 54
H{w - mU) + (y/2)°)

These derivatives are shown in Fi9.10.27 which demonstrates that the Doppler-
broadened background disappears for the higher derivatives, i1t is therefore
advantageous to stabilize the laser freguency w to the zero point ©g of the
third derivative. This can be performed as follows.
‘ If the laser frequency ugy is modulated at a frequency u, the laser inten-
sity
IL((AJ) = IL(mO + a simzt)

can be expanded into a Taylor series around wg

IL(m) = ]L(mo)

: 1
+a s1nﬂt[£ )(mo)

2

at . 2 2
+ 7 sintut IE )(mo)

3

+ % sin’at 1{3){m0)+ . (10.29)

Rearrangement of (10.29) yields, after applying some trigonometric relations,
2 4
a 2 a 4
I (o) = I wg) + 3 11 ug) + 27 18P tug) + oo

3
+ [a 1) + % 1830000y + ...]sinnt

2 4
+ [' %r I{Z)(wo) - %g'léq)(mo) + ...]cos 2at
3 5
+ [' 57 IE3)(w0) - é%g Iés)(mo) + ...]sin 3nt
e o (10.30}

th harmonic

The expressions in brackets yield the laser intensity at the n
of the modulation frequency Q. The signal at 3u is therefore essentially
determined by the third derivative 153)(m0] since at a sufficiently small
medulation amplitude a, the second terms in the brackets are small compared
to the first ones.

Figure 10.28 shows the experimental performance. The modulation frequency
@ is tripled by forming rectangular pulses, where the third barmonic is
fittered and is fed intc the reference input of a lock~in amplifier, which
is tuned to 32. The lock-in output is used for the stabilization feedback.
Figure 10.29 illustrates a third derivative spectrum of the hyperfine struc-
ture components of 12, obtained in Fig.10.23 with the intermodulated fluor-

escence technique.

810 14
12 3445 6 6 7911'2 12 1315

genera tor lock-1n

[}
Fig.10.28. Schematic arrangement for
third derivative frequency stabilization

«Fig.10.29, Third derivative intracavity
absorption spectrum of I, around
»=514.5 nm, showing the same hfs com-
W ponents as Fig.10.23 [10.37a]
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Fig.10.30, Schematic diagram of a freguency offset-locked spectrometer
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Lamb dip stabilization onto very narrow saturation peaks allows one to
achieve a very good frequency stability, especially when pressure or power
broadening or transit broadening can be minimized, as in the case of the
3.39 um He-Ne laser stabilized onto a CH4 transition.

Using a double servo loop for fast stabilization of the laser frequency
onto the transmission peak of a Fabry-Perot interferometer and a slow loop
to stabilize the F.P.I. onto the first derivative of a forbidden narrow
calcium transition BARGER et al. [10.44] constructed an ultrastable cw dye
laser with a short-term linewidth of approximately 800 Hz and a long-term
drift of less than 2 kHz/hr [10.45].

This extremely high stability can be transferred to tunable lasers by

a special "frequency offset locking” technique [10.43] (see also Sect.5.9).

Its basic principle is illustrated in Fig.10.30. A reference laser is fre-
quency stabilized onto the Lamb dip of a molecular transition. The output
from a second, more powerful laser at frequency w is mixed in detector D 2
with the output from the reference taser at frequency g+ An electronic
device compares the difference frequency wy T W with the frequency o' of a
stable but tunable rf oscillator, and controls the piezo P2 such that al-
Ways wp - w = w'. The frequency w of the power laser is therefore always
locked to the "offset frequency" wy - w' which can be controlled by tuning
the rf frequency w'.

The output beam of the power laser is expanded before it is sent through

the sample cell in order to minimize tramsit time broadening (see Sect.3.4).

A retroreflector provides the counter propagating probe wave for Lamb dip
spectroscopy.
The spectrum in Fig.10.26 has been obtained with such a frequency offset

locked laser spectrometer. The real experimental setup i$ somewhat more com-
plicated. A third laser is used to eliminate the troublesome region near zero

[

offset freguency. Furthermore optical decoupling elements have to be inser-
ted to avoid optical feedback between the three lasers. A detajled descrip-
tion of the whole system can be found in [10,38].

10.2.4 Saturation Spectroscopy of Coupled Transitions

Assume that two laser fields are interacting simultaneously with a molecu-
lar system. If the two laser frequencies @y and w, are tuned to two melecu-
lar transitions which share a common level (a), coupling phenomena occur
due to the nonlinear interaction between the fields and the molecular Sys-
tem, The absorption of cne of the laser waves is influenced by the presence
of the other wave. This coupling is caused by several different effects.

The first coupling effect is due to the selective saturation of the level
population by each wave. When, for example, the frequency w) is tuned close
to the molecular transition a -» b with wap = (Ey = Ea)/h, the wave can be
absorbed by molecules with velocity components v, 28V, = (“ab S wy ot 6»)/k1.
This causes a Bennet hole in the population distribution na(vz) (see Fig.
10.17). When the second laser is tuned over the absorption profile of the
transition a -» ¢, the Bennet hole causes a decrease in absorption of this
laser. This can be monitored for instance by the corresponding decrease of

the fluorescence intensity on the transition ¢ »m (Fig.10.31). ’
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N c
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This optical-optical double resonance has been already discussed in
Sect.B8.9 as a method of labelling molecular levels and identifying molecular
transitions in complex spectra. There we had not, however, considered the
line profiles of the double resonance Timits, which will be the subject of
this section.

Since the two transitions are coupled only by those molecules within the
velocity range sy, which have been pumped by one of the lasers, the double-
resonance signals show similarly small homogeneous linewidths as in satur-
ation spectroscopy with a single laser, However, for precise spectroscopy
the commen Bennet hole should be exactly at the center of the population
distribution and not anywhere around v, = 0. This can be achieved for in-
stance by using the Lamb dip, produced in the standing wave of the pump field,
to stabilize the pump laser frequency w to the center frequency o

The general case can be described as follows. ’

The absorption coefficient for the weak probe wave with frequency w
according to (10.21),

b-
2 is,

2

“0ac

alwg) = f Iny(v,) = n (v )] 5 dv, . (10.31)

Huge = up = kpv )o 445 F

The o . . . .
p pu?atlon density na(v) is altered by the saturating pump transition
3 »b. With a pump laser frequency w; we obtain, accerding to (10,20),

0
(ny(v;) = mp(v, )y, 2)%s

(g = g = "1";:)2“(Yab/2)2
(10.32)

Nalvg) - ng(v,) = "g(vz) - ng(vz) -

where the saturation parameter S = Babp(ul)/yab depends on the intensity of

the pump wave and Yab is the homogeneous width of transition a - b.
Inserting {10.32} inte (10.31) yields the absorption coefficient a(wz)

of the probe wave in the presence of the saturating pump wave at freguency

“1

] 2
wlup) = og exp ~L(In 2)(uy - wp)2/asl) (10.33)

i 2 5 al
SO0 7k,
Ny - N 1 A1+5 luge —wg) £ (ko/kq )y - ml),Z,,Y*z

*x
where y* = y T {(ka/k ) vap MT+Sand 0= | n{v,)dv,.
The + or - signs describe the cases where both waves travel in opposite
directions, or in the same direction.

If the pump wave is stabilized to the line center A the second term
in the denominator vanishes, since Wy T waph T 0 and the line contour of the
saturation dip in the absorption profile a(wz} is described by a Lorentzian-
shaped profile

* v*
L{w) = 7 *7
{wge ~wpd” * v

with a linewidth which is the sum of the homogeneous width Yac and the sa-
turated Lamb dip width (kzlkl)Tab/T_I_S'of the pump wave times the ratio of
the two laser frequencies wy and wye

One of many examples for the application of this optical-optical double-
resonance technique is the precise determination of the CH3F dipole moment
values both for the ground and excited vibrational states [10.463. The beams
from two independent CO2 lasers propagate collinearly through the sample in an
electric field, Both lasers oscillate on the same CO2 transitions, and their
frequency difference wy " Wy is set within the range 0-50 MHz by piezoelectric
tuning of the optical cavity lenghts. Measurements of the beat freguency indi-
cate a 20-30 KHz acoustic jitter over a 1 s interval. If the beat frequency
is kept fixed but the voltage for the electric field in the sample is swept,
the Stark splittings can be tuned into resonance with the beat frequency.

The two monochromatic laser waves can also be provided by two simultan-
eously oscillating modes of a multimode laser. If the absorbing sample is
placed inside the laser resonator in a magnetic field, the molecular levels
are split into the {2J + 1) Zepman sublevels with a separation

b, = ugab/H

where Hg is the Bohr magneton, g the Landé factor, and B the magnetic field
strength, If the Zeeman splitting Lt equals the mode separation Av = ¢/2d
of the laser resonator, two laser modes share a common level (see Fig.10.32}.

1] )
AE

K
aifdi| |43 o2
Fig.10.32a,b. Three-level
aser spectroscopy with a
4 1 multimode laser and Zeeman
AE, -100  -50 0  +50 Gauss scanning. (a) Level scheme,
T o magnetic field (b) resonances in the laser

output as a function of the

la) {b) magnetic field [10.47]
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[f both transitions share a common Zower level, the absorption decreases

for the resonance case due to the saturation of the lower level by both
modes. The laser intensity therefore inereases. If the two transitions share
a common upper level, the laser ouiput decreases at resonance, because the
population of the upper level decreases, which diminishes the gain. This
allows one to distinguish between the Zeeman splittings in the upper or the
lower level and the Lande factors of both levels can be accurately measured
[10.47,48].

An experimental advantage of this method is the fact that only the differ-
ence frequency between two modes and not the absolute frequency is essential
for the spectral resolution, Such experiments ean therefore be performed with
unstabilized lasers.

Examples of two coupled transitions which have been thoroughly studied
by several groups [10.493-51] are given by the two neon transitions at
A = 0.63 uym and » = 1,15 pm which share the 2P4 state as a common lower
level, or the 0.63 pm and the 3.39 um lines which share a common upper level
(see Fig.6.7). Both coupled transitions show inversion in a He-Ne discharge
and laser oscillation can be simuitaneously achieved on both lines. The in-
teraction of the two transitions can therefore be studied in a resonator
arrangement which allows one to detect both laser lines separately. Figure
10.33 shows the concept and experimental arrangement. A single mode of the

Laser Perturbation 3s; — Neon

Spectromet

p er (TDS) 25, — 063
115

2p,
' prism

k- =g

I 3 phatomultiplier

115 laser  filler | .- plasma tube <,

Michelsoh interferometer chopper— to phase
reference sensitive
signal detection

resonator control
Zeeman
freq. control

Fig.10.33, Optical-optical double rescnance of two
Fig. . Op _ 0 coupled Ne laser tran-
sitions studied in a tuned differential laser spectrometer [10.50]

s 22

He-Ne laser oscillating at » = 0.63 um is selected by a Fox-Smith cavity
{see Sect.6.5) with a frequency o which can be continuously tuned through
the gain profile of the laser transition. The cutput from a 1.15 pm He-Ne
laser is sent collinear with the 0.63 um beam through the gas discharge and
is separated from the 0.63 um by a prism. The attenuation or amplification
of the 1.15 um beam is detected as a function of the laser frequency Wy and
of the inversion n(3$2) - n(2P4), which can be altered by controlling the
discharge conditions. The authors call this spectroscopic technique “tuned
differential sepctroscopy".

The detailed studies show that the saturation of the common level, as
discussed above, is nrot the only coupiing mechanism. The interaction of the
atom with a Tignt wave generates an induced dipole moment which is at smali
intensities proportional to the field amplitude. At higher intensities the
nonlinear terms in the induced polarization beccme important. 1f two waves
with freguencies Wy and wo simultaneously act in resonance with the atom,
these nonlinear terms produce sum and difference frequencies W E Wy For
two transitions which share a commen level the difference frequency wy - wy
is in resonance with the atomic tramnsition b «<»c (252 - 382) and will there-
fore modulate the atomic polarization at the frequency wy - ws. The pheno-

menon can be regarded as a resonant Haman process where the 0.63 um transition

generates the Stokes line at & = 1.15 um and both waves force the electronic
polarization to oscillate at the difference frequency (see Sect.9.4).

The study of these parametric interactions allows one to gain detailed

information on the nonlinear polarization of the atom, and on the energy

shift of the participating levels under the influence of the two fields for

resonance and off-resonance conditions. The interaction is different for the

two cases where the waves at 1.15 and 0.63 nm propagate in the same or op-
posite directions [10.521, see (10.33).

This section on saturation spectroscopy could only give a brief survey
on this field and tried to illustrate the method by a few examples. A much

more detailed discussion with more examples and extensive references can be

found in [10.53-55].

10,3 Polarization Spectroscopy

While saturation spectroscopy monitors the decrease of absorption of a
probe beam caused by a pump wave which has selectively depleted the absorb-
ing level, the signals in palarization spectroscopy come mainly from the
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change of refraciive indez induced by a polarized pump wave [10,56]. This
very sensitive Doppler-free spectroscopic technique has many advantages

over conventional saturation spectroscopy and will certainly gain increasing
attention [10.56a-c]. We therefore discuss the basic principle and some of
its experimental modifications in more detail.

10.3.1 Basic Principle

The basic idea of polarization spectroscopy can be understood n a simple
way (Fig.10.34).

The output from a monochromatic tunable laser is split into a weak probe
beam with intensity l1 and a stronger pump beam with intensity 12. The probe
beam passes through a linear polarizer Pl' the sample cell, and a second
linear po]arizer P2 which is nearly crossed with Pl. At a crossing angle
{"/2 - ) with B<<1, oanly the component Et = E0 sing = EOB can pass through
P2 and reaches the detector D.

A/q4 PLATE

SPATIAL
FILTER

——

{}_I

; | S:)
CROSSED DETECTOR
POLARIZER

B
POLARIZER SAMPLE

Fig.10.34. Schematic experimental arrangement for polarization spectroscopy
{10.57]

After having passed a /4 plate which produces a circular polarizatfon,
the pump beam travels in the opposite direction through the sample cell. When
the laser frequency w is tuned to a molecular transition (J%, M") > (J',M'),
molecules in the lower level (J", M"} can absorb the pump wave. The quantum
number M, which describes the projection of J onto the direction of Tight
propagation, follows the selection rule aM = +1 for transitions M" - M* in-
duced by left-hand circularly polarized Tight (M" 2 M' = M" + 1). Due to
saturation the degenerate M sublevels of the rotational level J" become par-
tially or completely depieted. The degree of depletion depends on the pump
intensity 12, the absorption cross section ofJ", M* - 3', M'}, and on pos-
sible relaxation processes which may repopulate the level {J", M"). The cross
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fig.10.,35. Selective depopulation of different M" sublevels and selective
population of different M' sublevels by optical pumping with circularly
polarized ot Tight

section ¢ depends on J", M", J', and M'. From Fig.10.35 it can be seen that
in case of P or R transitions (ad = +l or -1), not all of the M sublevels
are pumped. For example from levels with M" = +1,42, no P transitions with
aM = +1 are possihle while for R-transitions the levels M'=-1,-2, are not
populated. This implies that the pumping process produces an unequal satur-
ation and with it a nonuniform population of the M sublevels, which is equi-
valent to an anisotropic distribution for the orientations of the angular
momentum vector J.

Such an anisatropic sample becomes birefringent for the incident linearly
polarized probe beam, and the plane of polarization is slightly rotated.
This effect is quite analogous to the Faraday effect where the nonisotropic
orientiation of J is caused by an external magnetic field, For polarization
spectroscopy no magnetic field is needed. Contrary to the Faraday effect
where all molecules are oriented, here only those molecules which interact
with the monochromatic pump wave show this nonisotropic orientation, As has
already been discussed in Sect.10.1, this is the subgroup of molecules with

velgcity components

v, tav, = vy - w)/k & sw/ko,

where av, is determined by the homogeneous linewidth éuw = y.

For w # gy the probe wave which passes in the opposite direction through
the sample interacts with a different group of molecules in the velocity
interval v, t av, = -(wo ~ w t Sw)/k, and will therefore not be influenced
by the pump wave. If, however, the laser frequency w coincides with the
center frequency ug of the molecular transition within its homegeneous
linewidth sw (i.e., w = wg * bw e v, = 0+ sz), both waves can be absorbed
by the same molecules and the probe wave experiences a birefringence due to
the nonisotropic M distribution of the absorbing molecules.

ra

L)

™
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Onlty in this case will the plane of polarization of the probe wave be
slightly rotated by a¢ and the detector D will receive a Doppler-free signal
every time the laser frequency w is tuned across the center of a molecular
absorption line.

10.3.2 Line Profiles of Polarization Signals

Let us now discuss the generation of this signal in a more quantitative way

following the presentation in [10.57]. The linearly polarized probe wave
i{wt-kz)

E=Ee . By e LE

Eg 0,0}

ox ?

can be always composed of a right and a left circularly polarized component
(Fig.10.36) . While passing through the sample the two components experience
different absorption coefficients o' and o~ and different refractive indices
n* and n” due to the nenisotropic saturation caused by the left circularly
polarized pump wave. After a path length L through the pumped region of the
sample the two compeonents are

S S lotkTL + i(a’/2)L)

. et . .
s 26 = Ep, + kg

- _ o ilwt-kL o+ ife /2] -
E = ED e s 2E0

it
m

- kg, {10.34)

Due to the differences an = n' - n” and Az = o' - o caused by the noniso-
tropic saturation, a phase difference

+

ap = (k' = k)L = (mL/C)(n+ -n’)

has developed between the two components and also a small amplitude differ-
ence

AE = (50/2)[8‘(“+/2)L - e-(a-IZ)L]

If both components are again superimposed at z = L after having passed
through the sample cell, an elliptically polarized wave comes out with a
major axis which is slightly rotated against the x axis. The y component
of this elliptical wave is

TP T .

Ey = ~i(Ey/2) pllk -k +ifa’-a )/2]L+ib e1(wt+@) , (10.35)
where the term ib with b<<1 in the exponent takes into account that the
windows of the sample cell may have a small birefringence which introduces
an additional ellipticity. In all practical cases the differences aa and ak

are small,
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Wo W a saturating counterpropagating pump

(o - o)<l and  (K' - K)Lecl

and we can expand the first exponential factor. If the transmission axis of
the second polarizer P2 is close to the y axis (8 << 1), we obtain for the

transmitted amplitude

- - i (wt
£, = Eglo + ib + (ub2c)(n =)+ ife’ - JL/ate! (wtred (10.36)

L R I
The differences Ao = at - a7 in absorption coefficients and an = n noin

refractive indices are due to the different degrees of M sublevel depopu-
lations experienced by the right or the left circularly polarized probe com-

ponent. Although each coefficient o and o itself shows a Doppler-broadened

spectral profile with a Lamb dip at the center, the difference Aa just ex-
hibits the small difference between these Lamb dips (see Fig.10.37) The spec-
tral profile of aa is therefore Lorentzian

AaD
Au=-——2

1+ x

with X = (mo - w)fy s (10.37)

Since absorption

where LT is the maximum difference at the center w = w,. :
and dispersion are related by the Kramars—Kronig disperelon rclations (see
Sect.2.6), we obtain a dispersion shaped profile for an
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c X
MM TR (10.38)
0 “01 + ;2

The transmitted intensity is lT = ET E;. Taking into account that even per-
fectly crossed potarizers show a residual transmission IOE with £<<1 due to
imperfect extinction, we obtain the spectral line profile of the transmitted

intensity lT from (10.35-38).

. 2 2 1 X b 1
In =110 + 6% +b° - 5 8aanl s 2L
b LTI ALy
. (o L)e 1 2 (10.39)
T %% 1+ x . .

The transmitted intensity contains a constant background term £ + 92 + b2
which is caused: 1} by the finite transmission Iog of the crossed polarizers
at o = 0; 2) by the birefringence of the cell windows, described by the term
lOb2 and 3) by the finite uncrossing angle 8 of P2‘ The birefringence of

the windows can be controlled, for example, by squeezing the windows slightly
to compensate for the birefringence which is mainly caused by the pressure
difference of 1 atm at both sides of the windows. A proper selection of the
uncrossing angle 6 and the window birefringence b allows one to make either
the first Lorentzian term dominant {8 = 0, b large} or the dispersion term
{¢ + 0, b small). If for the Tatter choice s 2=A00°L, the last Lorentzian
term becomes negligible and one obtains nearly pure dispersion profiles,
while for the former choice pure Lorentzian profiles are monitored.

Figure {10.38) shows an example of a section from the polarization spec-
trum of the cesium molecule Csz, recarded with 8 = 0 (lower part) and with
=25 2g = 7x 10_4 rad (upper part). In this experiment the term (¢ + bz)
was smaller than 107°,

Note that the main contribution *  the signal comes from the rotation of
the plane of polarization of the Teicarly polarized probe wave, and only to
a minor extent from the change of absorption aa. In (10.39}) s appears because
an=nt-n” has been replaced by sa using the dispersion relations. It is
the difference in phase shifts for the two probe components E* and E' rather
than the slightly different amplitudes which gives the major part of the sig-
nal. The reason why this method is much more sensitive than the saturation
method, is due to the crossed polarizers which suppress the background.

A linearly, rather than circularly, pelarized pump wave can also be used
with the plane of polarization inclined by 45° against that of the probe.
Assume that the pump wave is polarized in the x direction. The probe wave then

LockIn
Qutput (@l
0 ——
1GHz
(b)
0
Wavelength

{a} 052.;\:t.aanm.ePurnp 8:=3 [biCsz,?«:LSBnm,éPump ,8=0,

i i i ization spectra obtained
ig jdentical sections of Cs, polarizatic y 3
5;tﬁlg%i§3i:; ;ﬁ;p polarization and linear probe polarization, but different

uncrossing angles & of the two polarizers 110.59)

i i E and the sa-
can be composed of two linearly polarized components\Ex and y s
i - -n,.
turation by the pump will cause a difference a, - o and n Ty .
to the derivation above we obtain in this case for the probe intensity,
transmitted through the polarizer Pz,

+ 2+b2+19.r.\.u|.—-~2-1 +%bﬂal.——x—-2-+%—(ﬂal_)2—l—2 ,
IT - IO ‘e 2 1+x 1+ x 1+ x

{10.40)

which shows that the dispersion term and the Lorentzian term are just Tnter-
changed compared to (10.39). For b = 0 {no birefringence of the cell windows)
and 8 + 0 {polarizers not completely crossed} we cbtain pure Lorentzian

profiles.

10.3.3 Magnitude of Polarization Signals

In order to estimate the expected magnitudes of the pelarization signals in
" in the absarption coef-

- +
{10.39) let us consider the difference o = o - a
ficients for the right- and left-hand circularly polarized probe wave com-

ponents. The absorption of a circularly polarized wave tuned to 2 rotational

e

ey

e
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transition J »J; is due to the sum of all allowed transitions M; - My, with
aM = :]1 between the (2J + 1) degenerate sublevels M in the lower leve]ld and
the (2J1 + 1) sublevels in the upper level Jl'

+
@

- + -

-o =J n,o - s
A "aam ™ a0 m) (10.41)
x . .

where T33M 1S the absorption cross section for the transition

(J, M) - Jl, M+1) or (4, M) » (Jl, M- 1).

The M dependence of the cross sections 334 €40 be expressed in terms

of Clebsch- ici

0 .c Goréan coefficients C{J, Jis M, Ml) and a reduced matrix element

%33 which is independent of M and describes the total rotational transition

d=dy [10.58]. The explicit evaluation yields for a circularly polarized
pump wave

GJ,J+1(J s+ M+ 1) (JsM+2) for Jl =J+1
i -
TEE ENNCRI RO R for J; = J
0 3-8 M) (J e M+ for Jy=Jd-1 . (10.42)

For a linearly polarized pump wave the analogous calculation yields

. 2 X
gy, 04109 + 17 - W for R lines
.- 2
C3aM T 199,0 M for Q lines
- 2 2
93,0-1097 - M) for P lines . (10.42a)

The total cross section

1

g = EU
1 20+ 18 Y

Jd M

for the transition J —»Jl is independent of the kind of polarization. Insert-
ing {10.42) and evaluating the sum over M yields

(d+ 1)(2d + 3) ad = +1
1.
93 T3 %y, J(J + 1) for ad =0
J(2d - 1) ad = -1 . {10.43)

The unsaturated level population of a sublevel M is

0.
iy = M/ (20 +1) . (10.44)

513 22&)
where N is the unsaturated total population of the rotational level J.
N1thout the saturating pump wave, we obtain by inserting {10.43) and (10.44)

into {10.41)

nuo sat -a" =0

pue to saturation by the pump wave with intensity l2 the popuiaticn of the
M sublevels decreases according to (2.167) to

N
$ 0 1
éq) TWEITES, (10.44a)
and the absorption of the probe wave by molecules in sublevel M decreases
according to (10,23} to

0

ua = aM(l -5

")

The saturation parameter 5y at the line center wg [see {2.73) and (3.70)1,

Sy = 25/ (1Y) = ﬁigfﬁﬁlﬂ (10.45)
oM - ew T L :

depends on the absorption cross section UJJ M af the pumg wave, on the number
np =1 /nm of pump photons incident on the samp]e per ¢cm” and s, on the sa-
turat10n -broadened homogeneous linewidth Yor and on the collision induced
relaxation rate R [s~ ] which tries to ref111 the depleted level and de-
populate the upper Jevel. In Fig.10.39 the M dependence of GJJIM is plotted
for right-hand and left-hand circular polarization and for linear polariz-
ation {second column). These diagrams illustrate that saturation by a cir-
cularly polarized pump wave results in larger differences (u+ -« ) for P
and R 1ines than for Q lines, while a linearly polarized pump wave favers 0]

lines in the detected probe transmission.
Putt1ng the relations (10.41-45) together, we can express the difference

2t - & at the line center wp by the unsaturated absorption coefficient

ay = NgUJJ , the saturation parameter s (mo) and a numerical factor CJJI
which stanés for the sum over the Clebsch-Gordan coefficients and which is
tabulated in [10.57]. The final result is

(10.46a)

- 0
a -oa =a SOC

This is often written in the form

-0
at -a = CSJI (1,/15} , (10.46b)
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where IS = 12/50 represents that pump intensity which causes a saturation
parameter S0 = 1 at the line center.

10.3.4 Sensitivity of Palarization Spectroscopy

In Fhe following we briefly discuss the sensitivity and the signal-to-noise
rat1? achievable with polarization spectroscopy. The amplitude of the dis-
persion signal in (10.39) is approximately the difference al. = IT(x = +1})

- = e 1 T
IT(x 1} between the maximum and the mimimum of the dispersion curve.

From (10.39} we obtain

_1
Al = 7 esal (16.47)
Under general laboratory conditions the main contribution to the noise comes
from fluctuations of the probe laser intensity, while the principal limit
set by shot noise (see Chap.4) is seldom reached. The noise Tevel is there-

fore essentially Proportional to the transmitted intensity, which is given
by the background term in (10.39).
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Because the crossed polarizers greatly reduce the background level, we
can expect a better signal-to-noise ratio than in saturation spectroscopy,
where the full intensity of the probe beam is detected.

In the absence of window birefringence (i.e., b = 0} the signal-to-noise
ratio (S/N) which is, besides a constant factor a, equal to the signal-to-

background ratio, becomes

SIN = ——F—— {10.48)
afe + 8") JJI
This ratio has a maximum for d{S/N}/do = O which yields
uOL(lp/IS) *
{S/N) = c (10.49)
ma X aE% JJ1
for 8% = £,

According to (10.23} the signal-to-background ratio is for saturation
spectroscopy outside the laser resonator

(S/N) uOILSO/I = moLlp/IS s

sat

while a value of 1 /IS may be reached with the intermodu1atedlf]uorescence
technique [10.33)]. Equation (10.49) shows that a factor of £7% js gained in
polarization spectroscopy. Since good polarizers allow an extinction ratio
of £ = 107 - 10'7, the enhancement of the signal-to-background ratio may
become three orders of magnitude. Only for uOL <10_3 can the intermodulated
fluorescence method compete with polarization spectroscopy. The sensitivity
of polarization spectroscopy is demonstrated by Fig.l10.40 which shows a sec-
tion of the polarization spectrum of NO2 where the three hfs components of
each transition are resolved. The transition probabilities of N02 transitions
are very small. This impedes saturation spectroscopy but still allows po-
larization spectroscopy because of its higher sensitivity.

With a circularly polarized pump wave the P and R lines show dispersion
profiles (Fig.10.40a) while for a linearly polarized pump wave the Q lines
are monitored with Lorentzian profiles. Note that the whole range between
the arrows in Fig.10.40a covers only 0.01 cm‘1 = 0.0024 R, The linewidth of
about 5 MHz is limited mainly by the finite crossing angle between pump
beam and probe beam. It can be further reduced by enlarging the length L of
the sample cell,

For illustration of the achievable signal-to-noise ratio, Fig.10.41 shows
the polarization spectrum of the same R{98) hfs components of I, as obtained

s
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in Fig.10.23 with intermodulated fluorescence saturation spectroscopy. The

polarization spectrum shows a signal-to-noise ratio which is better by two

orders of magnitude.

10.3.5 Polarization Labelling Spectroscopy

A very powerful method for the assignment of complex molecular spectra is the
"polarization labelling technique", which is based on a combination of polar-
ization spectroscopy and optical double resonance. This method employs two
different lasers {see Fig.10.42)}. The output beam from the first laser is

X-Y Recorder 2

tunable — ._.._[.
single-moge b Phose-sensitive
ar” ion loser

]Lgfﬂ“f 2 T
"4..m -

[ tunable J X-Y Recorder 1

single mode }
dye laser

__!)[ Phase-sensitive’
3 ) . Detectar 1

e 4 2 PM I
X ‘

- ‘O» "‘r/)pmz . .
‘4ing}*mw — T L Fig.10.42. Experimental ar-
h - . Prism rangement for polarization

Cs, heat pipe dyzet labelling spectroscopy

again split into a pump beam and a probe beam and the laser frequency is
stabilized onte the center frequency “g of a polarization signal. The probe
beam from the second laser passes collinearly with the prcbe beam from the
first laser through the sample celi. Both beams are separated by a prism and
are separately detected., When the frequency of the "probe laser" is tuned
across the molecular absorption spectrum, a polarization signal is obtained
every time the probe laser hits a transition which shares a common level
with the pump transition (see Fig.8.36).

Evaluation of the cross sections (see [10.57]) shows that the form, sign,
and magnitude of the signals depend on the kind of polarization of the pump
wave and on the value of aJ; and AJZ for pump and probe transition. This gives
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the possibility of distinguishing even P lines from R lines in the double-
resonance spectrum, because the two signals have opposite signs if the pump
laser is stabilized on an R or P transition [10.59). Figure 10.43 illustrates
such a double-resonance spectrum of Na2 where the opposite sign of P and

R lines can be seen,

This techmique is particularly useful if the upper state is perturbed
and the assignment by conventional spectroscopy is impeded [10.61],

The second probe beam may be a broadband laser. If the polarization
signal is detected on a photoplate behind a spectrograph, many transitions
from the labelled level can then be detected simultaneously [10.61a].

The orientation of the molecules due to saturation by a pelarized pump
wave can be partly transferred to neighbouring levels by inelastic colTisions
of the oriented molecules with other atoms or molecules, This produces
"satellite Ijnes” in the double-resonance spectrum which may partly diminish
the unambiguity of line assignment. Some of the weaker lines in Fig.10.43 are
such collision-induced polarization signals.

10.3.6 Advantages of Polarization Spectroscopy

Let us briefly summarize the advantages of polarization spectroscopy, dis-
cussed in the previous sections.

1} With the other sub-Doppier techniques it shares the advantage of high
spectral resolution which is mainly limited by the residual Doppler width
due to the finite angle between pump beam and probe beam. This limitation
corresponds to that imposed to linear spectroscopy in collimated molecular
beams by the divergence angle of the molecular beam. The time-of-flight
broadening can be reduced if pump and probe beam are less tightly focussed.

13 2{}\

2) The semsitivity is 2-3 orders of magnitude larger than that of saturation
spectroscopy. It is surpassed only at very low sample pressures by that of the
intermodulated fluorescence technique (Sect.10.2.3).

3) The possibility of distinguishing between P, R, and Q lines is a particu~
lar advantage for the assignment of complex molecular spectra.

4) The dispersion profile of the polarization signals allows a stabilization
of the laser frequency to the line center without any frequency modulation.
The large achievable signal-to-noise ratio assures an excellent frequency
stability.

5} The combination of optical-optical double resonance technigues and polar-
ization spectroscopy opens the way to detailed studies of perturbed excited

molecular states.

10.3.7 Doppler-Free Laser-Induced Dichroism and Birefringence

A slight modification of the experimental arrangement used for polarization
spectroscopy allows the simultanecus cbservation of saturated absorption
and dispersion [10.62]. While in the setup of Fig.10.34 the probe beam had
linear polarization, here a circularly polarized probe and a lingarly polar-
ized pump beam are used (Fig.10.44). The probe beam can be composed of two
components with linear polarization parallel and perpendicular to the pump
beam polarization. Due to anisotropic saturation by the pump, the absarption
coefficients «, and o, and the refractive indices n, and n_ experienced by
the probe beam are different for the parallel and the perpendicular pelariz-
ations. This causes a change of the probe beam polarization which is manitored
behind a linear analyzer rotated through an angle 8 from the reference di-
rection n. Analogous to the derivation in Sect.10.3.2, one can show that the
transmitted intensity of a circularly polarized probe wave with incident in-
tensity I is for al <<1 and an{L/x} <<1

F(B) = (1 - 2072 | - 5 sacos 26 - 5L an sin 28) (10.50)
with sa = ay - ¢, _ and &0 = n, = 10 .

The difference of the two transmitted intensities

by = 1,08 = 0% - 1.(8 = 90°) = ILae/? {10.51)

gives the pure dichroism signal (anisotropic saturated absorption} while
the difference
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by = It(45 } - It(—45 ) = I{wb/c)an {10.52)

yields the pure birefringence signal (saturated dispersion), A birefringent
Wollaston prism after the interaction region allows the spatial separation
of the two probe beam components with mutual orthogonal polarizations, The
two beams are monitored by two identical photodiodes and after a correct
balance of the output signals a differential amplifier records directly the
desired differences 4, and b, if the axes of the birefringent prism have
suitable orientations.

Figure 10.45 illustrate the advantages of this technique. The upper spec-
trum represents a "Lamb peak™ in the intracavity saturation spectrum of the
neon line (1s- 2p) at » = 583.2 nm (see Sect.10.2). Due to the collisional
redistribution of the atomic velecities a broad and rather intense back-
ground appears in addition te the narrow peak. This broad structure is not
present in the dichroism and birefringent curves {b) and {c). This improves
the signal-to-noise ratio and the spectral resolution. Analogous to the
technique of "polarization labelling", this method can be extended to opti-
cal-optical double-resonance techniques using two different lasers for pump

and probe. Signals appear if both lasers are tuned to transitions which share
a common level.
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10.4 Saturated Interference Spectroscopy

The higher sensitivity of polarizatien spectroscopy compared with conventional
saturation spectroscopy results from the detection of phase dif?brences
rather than amplitude differences. Tnis advantage is also used in a method
which monitors the interference between two probe beams where one of the beams
suffers saturation-induced phase shifts. This saturated 1nt§rference spec-
troscopy was independently developed in different laboratories [10'63'64]6 The
basic principle can be easily understood from Fig.10.46. We follow here the
ion in [10.63].
pre?EZt::obe bea; js split by the plane parallel plate P]l 1nt? tw9 beams .
One beam passes through that regicn of the absorbing sample which TS satur-
ated by the pump beam; the other passes through an unsaturated region of the
same sample cell, The two beams are recombined by a second p]an? péra11il
plate P12. The two carefully aligned paraliel plates form a Jamin interfero
meter [4.12] which can be adjusted by a piezaelement in su;h a wéy.that
without the saturating pump beam the two probe waves with intensities I1 and

I, interfere destructively.

2
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If the saturation by the pump wave introduces a phase shift 4, the resul-
tant intensity at the detector becomes

1 = . T .
Ll 2/71]2 cosy {10.53)
The i s . .
1ntens1t1?s I1 and 12 of the two interfering probe waves can be made
equ?l by placing a polarizer P1 into one of the beams and a second polarizer
P2 in front of the detector. Due to a slight difference ¢ in the absorptions

of the two beams by the sample molecules, their intensities at the detector
are related by

Il=12(1+5) with & <d
For small phase shifts s{s<<1) we can approximate (10,53} by
D-{lg2, 2
3 85 + 8 I2 . (10.54)

The amplitude difference & and the phase shift are both caused by selective
éaturation of the sample through the monochromatic pump wave which travels
in the opposite direction. Analogous to the situation in polarization spec-
troscopy we therefore obtain Lorentzian and dispersion profiles for the fre-
quency dependence of both quantities

a8
() = 0 : 21 X
- x-g 8(w) 7 884 —71 Lz (10.55)

where x = (@ - mo)/y and y is the homogeneous linewidth,
. Inserting {10.55) into (10.54) yields, for the total intensity I at the
minimum of the interference patterns the Lorentzian profile,
(nsg)°

1=} L, 0,
0 (10.56)

pccording to (10.58) the phase differences «(w) depends on the laser fre-
guency w. However, it can be always adjusted to zero while the laser fre-
quency is scanned, This can be accomplished by a sine wave voltage at the

piezoelement which causes a modulation
g{w) = 00(m) +a sin(2nfyt)

When the detector signal is fed to a lock-in amplifier which is tuned to the
modulation freguency fl’ the lock-in output can drive a serve loop to bring
the phase difference 9, back to zero. For 9{w) = O we cbtain from (10.54,55)

L) = 3 2 .1 3 10.57
R R P o

The halfwidth of this signal is reduced from - to (/7 - l)hy 2 0.62y.

Contrary to the situation in polarization spectroscopy, where for slightly
uncrossed polarizers the line shape of the polarization signal 15 a super-
position of Lorentzian and dispersion profiles, here a pure dispersian line
profile can be obtained without distortion by a Lorentzian term. To achieve
this, the cutput of the lock-in amplifier that controls the phase is fed
intn another lock-in, tuned to a frequency f2 (f2<< fl) at which the saturat-
ing pump beam is chopped. The output of the first lock-in is always propor-
tional to a{w) since it drives the servo Toop to bring #{w) back to zero.

The second lock-in filters the desired signal caused by the saturating pump
beam out of all other background which may cause a phase shift,

The method has been applied so far to the spectroscopy of Na2 [10.83]
and I2 [10.64). Figure 10.47a shows saturated absorption signals in I2 ob-
tained with a dye laser at x = 600 nm with 10 mW pump power and 1 mW probe
power. Figure 10.47b displays the first derivative of the spectrum in a)
and Fig.10.47c, the first derivative of the saturated dispersion signal.

The sensitivity of the saturated interference technique is comparable to
that of pelarization spectroscopy. While the latter can be applied only to
transitions from levels with a rotational quantum number J » 1, the former
works also for J = 0. An experimental drawback may be the critical alignment
of the Jamin interferometer and its stability during the measurements.
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