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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 Doppler 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 larger 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-limited spectroscopy-discussed in
Chaps.8 and 9—multimode lasers can be used (e.g., for optical pumping ex-
periments, laser-induced fluorescence of atoms and simple molecules, or for
Doppler-limited 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 marrow-band tunable single-mode Tasers with
a bandwidth which should be smaller than the desired spectral resolution, If
the natural linewidth avn has to be resolved, the laser frequency jitter
should be smaller than §vy,. This demands frequency stabilization techniques
(see Sect.6.5) and there are many examples in this branch of high-resclution
laser spectroscopy where the achieved resolution is indeed 1limited 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 \F: in the
direction of the incident monochromatic wave, which fall into a small inter-
val ¥4 around e 0. This selection can be achieved either by mechanical
apertures which select a collimated molecuiar beam, or by selective satur-
ation within the velocity distribution of absorbing molecules caused by a

strong pump wave, and 2 SuC.essive probing cf this selectiva ‘hole turhing
* by a monochromatic tumable 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 Mclecular 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 Jow to assure a large mean free path of the effusing molecules,
such that collisions can be negiected. The number N(%) of molecules which
travel into the cone & : d9 around the direction $ against the symmetry axis
{which we choose to be the 2z axis) is proportional to coss. A slit B with
width b selects at a distance d from the point source A a small angular in-
terval - g < § < + £ around & = 0 (see Fig.10.1}. The molecules passing
through the-s11: 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)

v /v, = tane=b/(2d) . (10.1}

If the source diameter is small compared with the slit width b and if b<<d
(which means e << 1), the flux density behind the s1it B is approximately
constant across the beam diameter, since coss m 1 for g<< 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
with a most probable velocity vp = (ZhT/m)% into the z direction can be de-

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

2
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Fig.10.1. Schematic illustration of laser excitation spectroscopy with re-
duced Doppler width in a collimated molecular beam (a). Collimation ratic
and density profile n{x) in a collimated beam effusing from a point source
{b)

where the normalization factor C = (4//?)v;3 assures that the total demsity
N of the molecules is N = [ n{v)dv.

10.1.1 PReduction 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 motecule depends on its velocity component
Vg In Sect.3.2 t was shown that the center frequency of a molecular
transition, which is 2 in the rest frame of the moving molecule, is Doppler
shifted to a frequency wé according to

wp = 9 - K¥ = wg - kv k= k] (10.3)

x
Only those molecules with velocity components vy in the interval dvx z dmn/k
around Ve = (w - mo)/k essentially contribute to the absorption of the mono-
chromatic laser wave, because these molecules are shifted into resonance with
the Taser frequency « within the natyral linewidth dmn 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
o) = Ig exp[- fz q{w.x)dx} .
X1

(10.4)

For small absorptions the spectral profile of the absorbed intensity
dl = I(xl) - I(xz) is with I(xl} = I0

e

R

wosine A : v 11v] LI S R -
dl{u) = IO | j2 n{vx,x)c(u,vx)dedvx ; {10.5)
-v sine %) J

The absorption cross section c(w,vx) describes the abéorption of a mono-
chromatic wave of frequency w by a molecule with a velocity component Yy Its
spectral profile is represented by a Lorentzian (see Sect.3.6)

(v/2)°

(10.6)
( = ug - kv, )¢ + (v/2)

G(m.VX) =9 7 T 9y Llw - uo,‘() .
The density n(vx,x)dvx of molecules with velocity components Yy in the inter-
val dv, at a point {x,z} in the molecular beam can be derived from (10.2).

x - r
Using the relations r2 = x2 + 22; UWARER VAdh dvx = (x/r)dv we obtain with
cos® = z/r {note that dvx changes sign with x since dv » Q)

e‘(r“x/*vp)z dv, (10.7)

z 2
n(vx,x)dvx = CN ;T vy
Equation (10.3) gives the relation between the velocity component vy and the
Doppler shift Amo =ug - mé = kvx= vxmolc of the center frequency Wy
Inserting {10,3,6,7) into (10.5) yields the absorption profile

2 2
e Xe 22,22 2
di(u) = a [ jz 0 L{w - mO.Y) exp{-Amoc /wovp(l + ;?) ]dx d(auo)
TP X (10.8)

.with a= Iocho(c3/ g)z. The integration over duy extends from -o t0 +w

since the velocities v in (10.5) range from 0 to =, The integration over x

R . 2 2
can be carried out and gives with X = rosine, r°=x" + 2z

+ oo . 2'.
di(w) = I;b I L - wgsY) exp-l(w - w')¢/ugvp S1ne] dw {10.9)

with

b= a(zc/mo)2 .
This represents a Voigt profile, i.e., a convolution product of alLorentzian
function with halfwidth vy and a Doppler functian. A comparison with (3.33)
shows, however, that the Doppler width is reduced by a factor sine, which
equals the collimation ratio of the beam. The collimation of the molecular
beam therefore reduces the Doppler width Buagy of the absorption Tines to a
width



* . j . . Y
Bup = dwp ST0G with bugy = Zmo(vp/c)(ln 2y,

where Bupy is the corresponding Doppler width in a gas at thermal equilibrium,
Note that for larger diameters of the oven hole A the density profile n(x)
of the melecular beam is no longer rectangular but decreases gradually beyond
the limiting angles & = ¢ -, For Am5‘>y the absorption profile is altersd
compared to that in (10.9), while for AwE <<y the difference is negligible
because the Lorentzian profile is dominant in the latter case {10.1].

The technique of reducing the DoppTer width by the collimztion 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 lines emitted by the excited
atoms show a reduced Doppler width if abserved 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
tasers has allowed ane to take full advantage of this method of Doppler-free
spectroscapy.

Figure 10.2 shows a typical experimental arrangement for sub-Doppler
spectroscopy in molecular beams. The photomultiplier PM 1 monitors the tota)
fluorescence IF](AL) as a fun?tion of the laser wavelength AL (excitation
spectrum, see Sect.8.2), whereas PM 2 records the dispersed fluorescence
spectrum excited at a fixed laser wavelength, where the laser is stabilized
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Fig.10.2. Typical experimental arrangement for sub-Dappler laser spectro-
scopy in collimated molecular beams
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Fig.10.3a,b. Section of the excitation spectrum of the Cs; malecule in the
spectral range around )\ = 476.5 nm. (a) Excited in a cesium vapor cell,
(b) excited in a collimated cesium beam
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onto a molecular absorption line. A Fabry-Perot can be inserted to increase
the spectral resolution of the fluorescence spectrum. A thorium hcollow
cathode spectral lamp serves as the wavelength calibration standard.

Figure 10.3 illustrates the achievable spectral resolution by comparing
a section of the Cs2 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 couid be continuousty tuned
around x = 476.,5 nm. The absorption was monitored through the total fluores-
cence intensity EFI(AL) as a function of laser wavelength AL {excitation
spectroscopy, see Sect,8.2.1). The different lines correspond to rotational-
vibrational transitions (v",Jd"}) = {v',J') between two different electronic
states of the Cs, molecule [10.3].

Particularly for polyatomic molecules with their complex visible absorp-
tion spectra, the reduction of the Doppler width is essential for the re-
solution of single lines [10.41. This is illustrated by a section from the
excitation spectrum of the NOZ molecdle, 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 Taser spectroscepy in an
N02 ceil is shown in the upper trace {10.5].

Limiting the collimation angle of the malecular beam to 2 x10-3 rad, the
residual Doppler width can be reduced to 500 KHz. High-resoiution iodine
spectra with linewidths of less than 150 KHz could be achieved in a molecu-
lar iodine beam [10.6]. At such small Tinewidths the time of flight broaden-
ing due to the finite interaction time of the molecuies with a focussed
laser beam is no longer negligible, since the spentaneous lifetime already
exceeds the transit time.
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Fig.10.4a-c. Section of the excitation spectrum of NO; obtained with a
(p = 0.01 torr), (b) in a collimated N0z beam with a collimation ratio of
1:80, (c) filtered excitation spectrum. Instead of the total flyorescence
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single-mode argon laser, tunable around i = 488 nm. (a) In an NOo cell
as in (b) only the {0,1,0) fluorescence band was monitored

Besides these three examples a Targe number of atoms and molecules have
been studied in molecular beams with high spectral resplution. Mainly hyper-
fine structure splittings, isotope shifts, and Zeeman splittings have been
investigated by this technigue because these splittings are generally so
small that they may be completeiy 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 [10.7-117. Even spurious
concentrations of short-lived radioactive isotopes could be measured in
combination with an on-line mass separator,

More examples of sub-Dappler spectroscopy in atomic or molecular bheams

can be found in reviews on this field by JACQUINOT [10.11] and LANGE et al.
[10.12].

10.1.2 tLaser Spectroscopy in Supersonic Beams

An interesting development in the high-reseluticn 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

a
)
/
&

high-pressure region inte the vacuum, adiabatic ctoiing of the internal

- energy occurs. This means that the thermal energy of the molecules in the
: source, which is composed of translational, rotatienal, and vibrational

energy, is 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 proportional to the product nd of density and
orifice diameter [10.14].

Since the cross sections for elastic collisions are larger than those
for collisien-induced rotational transitions which are still Targer than
those for vibrational transitions, the translational cooling [which means a
narrowing of the velocity distribution n(vz)] will be more effective than
the rotational or vibrational cooling. While at thermodynamic equilibrium
in the oven all degrees of freedom have the same mean energy (1/2)kT, which
implies that the translational temperature Tt equals the rotati?nal Fempera-
ture Tr as well as the vibraticnal temperature Tv’ after the adiabatic ex-
pansion the translationat energy Tt has decreased more than Tr and Tv’ and
we obtain at the intersection region with the laser beam

Tt < Tr < Tv

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

Tt s 0.5-20 K, Tr = 2-50 K, Tv = 10-100 K

This internal cooling has two definite advantages for high-resolution
laser spectroscopy.

a) Because of the low values of Tr and Tv, anly the lowest rotationa]~.

vibrational levels in the electronic ground state are populated. Assuming
thermodynamic equilibrium within each degree of freedom, the population in
a level (v,J) with vibrational quantum number v and rotational number J is

given by
n(v‘J) = Mﬁﬂ e_(‘H'!i)hwe/kTV E"BEJ(J+1)/kTr . (10‘11)

where N = ] n{v,J) is the total number of molecules, vhu, the vibrational
energy in level v, and BeJ(J + 1) the rotational energy.

Since the intensities of absorption lines are proportional to the popu-
lation densities n{v,J) of the absorbing levels, this reduction of n(v,J)
to a few populated levels implies a considerable reduction of the number of

@
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Fig.10,5a-c. Reduction of the complexity of the NOz excitation spectrum by
Internal cooling in a supersonic beam. (a) Conventional roam temperature
samp]ebof pu;esgﬂﬁoat 0.24 torr, (b) supersonic beam of pure NO?, (c) super-
sonic beam o 2 in Ar. The excitation source was a cw d as i

0.5 A bandwidth [10.13] ve °r i

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 NO2 excitation spectrum, obtained in a conventional absorption cell at
reom temperature, in a pure NO2 supersonic beam with medium cooling (rota-
tional temperature 30 K) and in a beam of argon, seeded with 5% of NO,. Due
to mary collisions between the argen atoms at high density and the Nos mole-
cules, the rotational temperature drops to 3 K.

b} Because of these low temperatures, loosely bound molecules with smal)
d1s?oc1ation enargies De can be formed in supersonic beams, which would im-
mediately dissociate at room temperature if kY>> De. The spectroscopy of
these "van der Waals molecules” opens a new area for the investigation of

interaction potentials which before. could ohiv pe <tudied threugn sgatier-

;. ing experiments. The much higher accuracy of spectroscopic measurements

will impreve the exact knowledge of long-range interactions, as for 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 molecules
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-resolutien spectroscopy the absorption spec-

trum in a molecular beam, generated by a tunable monochrematic 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.l0.6a). The first beam 1 crosses
the molecular beam perpendicularly while beam 2 intersects the common cros-
sing point at an angle 8 with the z axis. When the laser wavelength 1 is
continuousty tuned across a molecular absorption line, an absorption pro-
file around the unshifted center frequency wp with a reduced Doppler width
is obtained from beam 1 while beam 2 produces a Doppler-shifted and DoppTer-
broadened absorption profile. Since each molecule which travels at a velo-
city v = vy absorbs at the Doppler-shifted frequency wé = ug - kv cosg, the
absorption profile a{w) = n(v cosglo{w - wo) of beam 2 reflects the velo-
¢ity distribution n{v).

From the maximum of the shifted absorption profile the most probabie
velocity vp can be deduced [10.17}. Fiqure 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 probabte velocity
vp characterize 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
n(v)dv = ¢ S258 w2 o (VDY gy (10.12)
r
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whese v = {ZRT /D)0 S5 pucn smallor secause of the dpailer iransiityined
temperature Tt. The parameter u characterizes the deviation of the super-

sonic distribution from a thermal distribution,
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Compared with conventionai methods of measuring velocity distributions

with mechanical selectors or with conventional time-of-flight tubes, this
spectroscopic detection method has the fgllowing advantages:

a) The accuracy of spectroscopic techniques is generally higher than that
obtained with mechanical velocity selectors.
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b} The velocity distribution of molecules in selected vibrarional-rotational
levels can be measured. This is of particular importance in crossed beam
experiments where inelastic collision processes are studied and the transfer

V.= C %

AV_ AV,
votanf xas --—Aﬂﬁ-AVDOP

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

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

jn the beam which allows one to detect local variations of n(v,Ei) along and
across the beam, This gives information about the formation of molecules

" during the expansion and in the region where collisions still occur.

(a)

A}

°r

frequency marks

Note, that at Tow Taser intensities the densities n{v)dv are measured.

r‘—-———‘ 1927 MH1 ——-l

1808 MHz

However, at higher laser intensities, where complete satyration cccurs, the
fluz densities vn(v)dv are detected.

The relative populations n(vi,-.li )/(n(vk,Jk} in the supersonic 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. Khen the laser
frequency is tuned through the Na2 absorption lines, the laser-induced
fluorescence both from the cel? and from the crossing point of laser beam 1
with the molecular beam is monitored simultanecusly, 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)/nB("k'Jk) in the molecular beam can be gbtained from the ratic
of the fluorescence intensities

Towe = 1015°

1761 MKz Taven 2 503°

relative intensity

Toven +853°

(b av [GHz) L 0vidi W1 (vad) melvyadiding{vyady)

| ' Lp(visd;)/1g(v 3} nglveadi)/ng(v,.d))
Fig.10.6a,b. Doppler shift laser spectroscopy of the velocity distributions
of Nap moiecu]ee:. and their dependence on the vapor pressure p(T) in the

oven. {a) Experimental arrangement, (b) velocity distributicns n{v,v"=0,J"=28)
of molecules in the vibrational Tevel v"=0 and rotational level J'=28 at
three different oven temperatures [10.17]

The population ratio in the cell at thermal equilibrium
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Fig.10.7. ReTative population distribution of Naz molecules in two levels
(v'=0, J"=28, vt=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
beppler-broadered line profiles from the cell and the corresponding lines
with reduced Doppier width in the supersonic beam. One clearly sees that
the vibrational level at v" = 3 is much Tless populated in the supersonic
beam than in the cell, which had a temperature of about 500 K. This indi-
cates the vibrational ceecling in the beam [10.17a].

10.1.3 Laser Spectroscopy in Fast lon Beams

In the examples considered so far, the lasar beam was crossed perpendicu—
larly with the molecular beam, and the redyction 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 distribution n(vz) is achieved by an ac-
celaration voltage ("acceleration cooling").

Assume that two ions start from the ion source (Fig.10.8) with different
thermal velocities vl(O) = 0 and v2(0) > 0. After being accelerated by the
voltage U their kinetic energies are

- _m 2
El =e U= = vy

Fig,i0.8. Laser spectroscopy
in fast ion beams. The laser
beam is collinear with the
ion beam

m .2 .m. 2
=% VZ(O) +el =V,
Subtracting the first from the second equation yields

2 2

2 : _
Vp - V] = VE(O) Sav = vy -V = VZ(O)IZV with v = (v1 + vz)/Z .

This means that the initial velocity spread VZ(O) has decreased to

v%(O)m)liz 2 (AEth);ﬁ (10.13)

T e (g N e,

Exarple

BE,, = 0.1 eV; el = 10 KeV = Av = 1,5% 1073 v,(0).
This reduction of the velocity spread results from the fact that energres

rather than velocities are added. If the energy eU>> Eth the vel?city change
is mainly determined by U but hardly by the fluctuations of the initial

&% thermal velocity. 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 Tonger interac-
tion zone between the two beams because the laser-induced fiucrescence can
be collected by a Tens from a path length aZ, of several cm, compared tc a
few mm in the perpendicular arrangement. A further advantage is the possi-
bility of Deppier tuning. The absorption spectrum of the ions can be scanned
across a fixed laser frequency w simply by tuning the acceleration voltage

W U, An abscrption line at g is Doppler tuned intc resonance with the laser

field, at frequency w, if

w, kv, = w (1 ZEU)
w = - = -
0 2z 0 \/;:2

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-

(10,14)

tion zone inside the laser cavity.

&



instead of tuming the ucceleration voltage U (which influences the beam Ei?gj) :

cotlimation}, the velocity of the ions in the interaction zone with the
laser beam is tuned by retarding or accelerating potentials Ul and U2 {see
Fig.10.8).

This superimposed ion-laser beam geometry is quite suitable for high-sen-
sitivity spectroscopy with high resclution, as has been demonstrated by
MEIER et al. [10.19] who resolved the hfs pattern of odd xenon isotopes and
by OTTEN et al. [10.20] for Hg isotopes. Such a iaser-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 becayse the interaction time of
the melecular fons with the laser field can be made several orders of magni-
tude longer.

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

+ % +
OzAbhv - 02 -0 +0

The laser wavelength was kept at A = 5815 f and the velocity of the 0; ions
was continuously tuned by controlling the acceleration voltage. More examples,
including saturation spectroscopy in fast ion beams, can be found in the
review by DUFAY and GAILLARD [10.22].

The fast fons can be converted tc neutral atoms by charge exchange col-
tisions while passing through a target gas chamber. Since charge exchange
occurs preferentially at large impact parameters the valocity change during
the collisions 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 therefare 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 accumu-
lates in metastable states with Tong lifetimes. This opens the possibility
of performing laser spectroscopy on transitions between exelted states.
While the resonance lines, corresponding to transitions from the ground
state, are for most atoms in the ultravielet region, the transitions between
excited states are generally in the visible to infrared range and are there-
fore more readily accessible to the tuning range of dye lasers,
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10.1.4 Optical Pumping in Molecular Beams

i

* 4 - ’ 3 3 L] " 1 )
; ..~ If the laser frequency w is tuned to a molecular transiticn (Vi’di - vk,dk),
e the molecules are excited intoc the upper level (vi,dk) where they can
undergo spontaneous transitions (vi,JL) - (V%,J;) to many rotat1on§l-
vibrational levels in the electronic ground state. Contrary to optical pump-
ing in atome, only the small fraction n = (Aki/zm R,) of all excited mole-
cules, determined by the spontaneous transition probabiiities Akm' returns
into the initial state WLJD.

In the intersection region of laser beam and molecular beam the pressure
is already sufficiently low to exctude collisiomal transitions from (v;,J;)
= {vi,Jdp). The radiative transition (v&,dé) + (v{.Jd3) is therefore the only
relaxation process in diatomic homonuclear molecules which can repopulate
the level (v:,d?) depleted by optical pumping. The mean recycling time for

i

l this repopulation process depends on the absorption rate Bikoik and on the
P spontanecus lifetime T of the excited level. For Bik°ik“> Ak = llrk one

E §%. pump cycle (i » k - i) takes a time of about T, The number of pump cycles
i§.

is determined by the ratio Tf/«:k of time-of-flight Tf through the laser beam

to spontanecus lifetime T Assuming a diameter of the :ocussed laser beam
of about 0.1 mm and a mean molecular velocity v = 5x10° cm/s, we obtain
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about 20 pump cycles are possibie. With a value of 7= 0.1 the population
of the pumped level (v;,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 illustrates that optical pumping in molecular beams is a very ef-
ficient way to completely deplete a specified molecular level (v?.d;). This
can be used to gain detailed information on velocity distributions in super-
sonic beams of molecules in defined quantum states and on reiaxation pro-
cesses, molecular formation, and collision processes in crossed molecular
beams .

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

The monochromatic Taser beam s split into twe beams 1 and 2, both of which
cross the molecular beam perpendicularly but at different locations 2 = A
and 2, = B (see Fig.10.10). When the laser frequency is tuned to a molecular
transition (v?,d; - V&’Jﬁ)’ the molecules passing through the pump beam 1
are optically pumped and there are nearly no molecules Teft in the depleted
Tevel (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.g., 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 = Zy - 24, 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].

10.1.5 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
moiecular 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,dJ) by optical
pumping and successive probing (optical-optical double resonance}

lasers. If the pump laser 1 which is stabilized onto the motecular tran-
sition (v;,d?) - (vé,dé) is chopped at the frequency fl’ the population
densities n; and n are also chopped, where the phase of "i(fl) is opposite
to that of nk(fl)' If the wavelength » of the unchopped probe jaser 2 is
tuned across the absorption spectrum of the molecules, the laser-induced
fluorescence intensity IF} which is proportignal to niI2 or "kIZ' respec-
tively, will always be modulated at fl if the probe laser hits a transition
which starts from one of the optically pumped levels E,i or Ek' The medulation
phase is opposite for the two cases. When the fluorescence is detected through
a 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’ thera
are two relaxation mechanisms in gas cells which may transfer the population
modulation to other levels. These are collision processes and laser-induced
fluarescence (see Fig.8.39). The netghboring 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 severa] 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 coTlisions can be neglected. Since the fluorescence from the
excited level Ek terminates on mowy lower leyels (v;,d%}, only a small frac-
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Fig,10.13. Experimental arrangement for optical-optical double resonance in
molecular beams
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.10.14. Section of linear N0, spectrum around A rac
g;d double-resonance spectrum (upper trace). The pump Taser was stabilized
on line No. 4 while the probe laser was tuned [10.26)



tion of the popuiation n; from the depleted level Ei is pumped into each of (::::>-T

the Tevels Em which are populated by fluorescence decay from Ek. This means
that the modulation amplitude is much smaller if the probe laser is tuned
to levels Em 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 medulated
fluorescence from that excited by the probe laser, both lasers are chopped
at two different frequencies fl and fz. The fluorescence intensity excited
by the probe laser tuned to the transition {VE,J?) - (vm,Jm) is then

I (Ip) = NIy = (N, - aly)l,

[NiO - 3101(1 - CoS walt}]IOZ(l - ¢os anzt)

and therefore contains terms with the sum frequency (f1 + fz). Tuning the
detection system to (f1 + f2) therefare 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 linear excitatign spectrum of NO2 with the
double-resonance spectrum detected at {fl + fz) where the pump laser 1 had
been stabilized to line No. 4. The doubie resonance spectrum shows that
lines No. 1 and 4 share the same lower level [10.26]1, informatian which
could not have been deduced easily from the linear spectrum.

16.1.6 Radio-Frequency Spectroscopy in Melecuiar Beams

The "Rabi technique” of radic-frequency or microwave spectroscopy im 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 molecules, etc. Figure
10.15 depicts schematically a conventional Rabi beam apparatus. Molecutes
with a permanent dipole moment v effuse from the orifice of the oven and

are collimated by the slit Sl' In an inhomogenecus magnetic field {A field)
they experience a force F = -ugrad B and are therefore deflected. In a
second reversed inhomogeneous 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 C between the A and the B field induces tran-
sitions to other molecular levels the dipole moment u changes and the B field

oven 51| A | c | B I

' ! molegular beam
o |- e
r

1
/* Laser beam

Fig.10.15. Comparison between conventional Rabi method (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 léng‘sponFaneous
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 Rahi method, which is illustrated in Figs.10.15b anrd
10.16. The two inhomogeneous magnetic fields 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 IF1 in-
duced by the probe laser. When the rf field induces transitions k =+ i
between other levels k and the depleted level i, the papulation 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 levels due to optical pumping. The conventional technique is re-
stricted to atoms or moiecules with magnetic or electric dipole moments and
the sensitivity depends on the difference between the dipole moments in the
two levels conmected by the rf transition. The laser version can be applied

to ali 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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Some examples illustrate the achievable sensitivity and accuracy: ERTMER
and HOFER [10.27c) 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 Taser 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 12 ground state of the
Na2 molecule. This splitting is much smaller than the natural linewidth of
the optical transitions. The quadrupcle coupling constant was determined to
€ q0Q =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 fluorescence [10.27e]. The pump laser beam crosses the
atomic beam several times to assure high pumping efficiency. The rf tran-

gitions induce popuiation changes, whicn are cetected by the taser-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 optical pumping with a mono-
chromatic tunable laser. As has been cutiined in Sect.3.6 the population
density ni(vz)dvz of molecules in the absorbing state Ei is selectively de-

" pleted of molecules with velocity comporents

v, £dv, = {ug ~ w s Sw)/k

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 - Ei = hwo).

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

(Fig.10.17).
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Fig.10.17. {a) "Hole burning”
E?%VEF_ETFan absorbing transiticn and generation of a corresponding population

peak in the upper level. (b) Increase of Bennet hole width with increasing
saturating intensity



Because of this population cepletion the absorption ccefficient
alu) = An(vz)cik(”o - w - v, k) decreases from its unsaturated value ao(u)
to the saturated value '

as(m) = aa(w}/\‘i + 50 (10.15)

as has been shown in (3.8la).
an=n, - (gi/gk)"k gives the population difference between the two levels
Ei and Ek'
S0 = S(wo) is the saturation parameter at the line center (3.70) and
S = Bikpik(w)/ﬁ is the ratio of the depleting absorption rate Bikp(m) to
the sum R of all reiaxation processes which refill the depleted level Ei'
Because the intensity absorbed over a path length dz

dl{w) = as(w)Io(w)dz = uOIO/vl + aIO dz  with a = ZBik/(CﬂyR) (10.18)

is no longer linearly dependent on the incident intensity IO’ spectroscopic
methods based on saturation effects are often called nonlingar spectroseopy.

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

10.2.1 Basic Concepts

Assume that a monochromatic laser wave [ = E0 cos(wt - kz) is travelling

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

Uik(“’vz) = (ﬁm/c)Bikg(uo -0 - kvz) . (10.17)
where the functign
ys/Zw
g(mo -w e kvz) = (10.18)

(g = w - kv, )2 + (v s2)?

represents the normalized homogeneous 1ine prefile of the molecular tran-
sition with Hmo = (Ek - Ei) [see (3.10)].
The homogeneous tinewidth

Y

s < yvl + 50 with vy = Yot Ye (10.19)

is determined by the natural Tinewidth o the collisional broadening Ter and

by saturation broadening (see Chap.3). At sufficiently low pressures and

small iagser intensities, pressure broadening and Seturat:.n Srcadening Hay

be neglected and the homogeneous linewidth g approaches the natural Txn?-
width Yo provided the interacticon time of the molecules with the radiation
field is longer than the spontaneous lifetime, so that time-cf-flight broaden-
ing can be neglected (see Sect.3.4}, In the visible region Y 5 several
orders of magnitude smaller than the Doppler width Bup-

Since g(mo -w - kvz) has its maximum for ag =W E kv, those Tolecu?es
with velocity components v, ® (mo - w)/k have the largest absorption prob-
ability, This implies that a hole centered at v, * (mG - w)/k appears in the
population distribution n(vz) (Fig.10.17) with a width g and a depth de-
pending on the saturation parameter S0 at w = wg. According to (3.77b) the
difference Ano(vz) =ni(vz) - (gi/gk)nk(vz) decreasas to its saturated value

(v/2)%s,

3 (10.20})
(mo -w - kvz) + (YS/E)

=
E]
—
<
™~
-—
o
<
]

= Anﬂ(vz) l - 5 de

(v/2)%sg
(g = w = kv )l + (v/2)

[

2
(v, /v
CaNg |2 - e”(V2/Vp) dv,

with v « (26T/m) and oK) = | ang (v, )dv,.

The spectral width Yg of this "Bennett hole" [10.28] represents the homa-
geneous linewidth of the melecular transition and is, as mentfoned above,
in the visibie region for Yg ™ Y, Very much smaller than the Doppler width
{see the examples in Chap.3),

—1
~K

an(v,)

{a}

dw ——%—— A

dw = 4V, wie w

Fig.10.18, (a) Bennet hole
burned symmetrically into the
velocity distribution n{vz)
by two counterpropagating
waves of frequency w * up.
(b) Lamb dip at the center

w = wg of a Doppler-broadened
absorption Tine a{w)
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In urder Lo detect thvh, sennet sove, which nes oL oo sAtn the poou-
lation distribution ni(vz) by the so-cali=n .up wave, a second iignt 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 laser which provides the pump wave, ar it may also come from another
laser,

In a simpie arrangement the pump wave may be reflected by a mirror back

“into the sample (Fig.10.18a). Since the reflected wave £ = E0 cos{wt + k2)
has the opposite wave vector -k, it interacts with another group of mole-
cules centered arcund - As long as w = Wy therefore two different holes
at v, = t(wo - w)/k are burned into the population distribution ni(vz)
(Fig.10.18}, which merge together at the line center v_ = 0 for u = o
(dotted curve). The superposition of the two counterpr;pagating wWaves
E = E0 cos{wt - kz) + E0 cos{wt + kz) = ZEO coswt cos kz represents a stand-
ing wave field. The crucial point is now that the absorption in this field
{which means thé total absorption of both counterrunning waves) has a mini-
man for w = wg. 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) therefere is larger for v, = 0 than for v, ¥ 0 [see (10.20) and
Fig.10.18b}.

To be more quantitative let us calculate the absorption coefficient a(w)
in the standing wave field. According to (2.68) we can use the relation
a{w) = ANo{w) and obtain

]

aglu) = [ an (v )oluy = w = kv,} + oloy - w + kv, )1dv, (10.21)

where the population difference an(vz), saturated in the standing wave, is
according to (10.20) given by

2 2
an (v,) = ang(v )1 - (v/2)°8, i (v/2)"s,

(og == = kv )P 4 (g2 (g - o+ kv )R (vl

. (10.22}
Equation (10.21} can be solved in the weak field approximation for S0 *«1.

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

s | (v./2)°
a o) = artu)|1 - °(1+ s )] ) 10.23
s 0 TN o) e (12 (10-23)

This is a Uoppier protile qo(m) = CNO exp-L (1 2j{w —HO)E,SJE} mod1fieq by (Eiéi)
the expression in brackets, which represents a small d¢ip at the center

{Fig.10.18b) which is called Lamb dip, after W.E. Lamb, who first described

this effect in the approximation of weak saturation {10.297.

S(FwHM). At the

line center us(mo) decreases to :O{wo)(l - SO), far off resonance to

mo(w)(l - SD/Z). This is because for w = wy the molecules are saturated

by twice the intensity, while for o - wy > ¥ both fields interact with dif-

The Lamb dip profile is Lorentzian with a halfwidth v

ferent molecules.

The Lamb dip in the distribution An(vz} of the population difference
an =y - (gllgz}n2 appears not only in the inhomogeneously broadened ab-
sorption profile a(v) but in case of inversion {an < 0) alsc 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
g {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 Speciroscopy

The narrow Lamb dips in the Doppler-broadened absorption coefficient a(w),
as seen by a monachromatic 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 Doppler-broadened line profiles com-
pletely overlap, their Lamb dips can be clearly resolved. The detection of
these narrow resonances can be realized with different experimental arrange-
ments, which witl be discussed in the following.

ocla)

Fig.10.19, Resclution of the
{amb dips of two clogsely
spaced transitions with over-
lapping Doppler profiles

3
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Fi9.10.20. Possible experimen-
tal arrangement for saturation (a) T %
spectroscopy outside the laser
detector resonator Ls!
A typical example for a possible experimental setup is shown in Fig.10.20,
The output beam from a tunadle laser is split by the beam splitter BS into 25,
a strong pump beam and a weak probe beam, which pass through the absorbing ’f
sample in opposite directions. The attenuation of the probe beam is measyred % | ] Lot
as a function of the laser frequency .. To enhance the sensitivity, the probe | L 1 : : :
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 cell t ; [ ¢
at an unsaturated region (see Fig.10.46). The difference of the two prabe : : T [ : / |
beam outputs yields the saturation signal. Figure 10.21 illustrates a satur- gggﬁgﬂﬁgn i | : f 1]
ation spectrum of the H, line in atomic hydrogen [10.31] obtained in a hydro- PROFILE : : | N :
gen discharge with a puised narrow-band dye laser with a linewidth of about ! | 1 I
7 MHz (see Sect.7.3). While the fine structure of the Hq Tine (25 -3P) is I ! [ I
masked in Doppler-Timited spectroscopy, a spectral resolution of 30 MHz { I T l |
could be achieved with saturation spectroscopy. Absolute wavelength measure- {b) | | i
ments of the strong 293/2 - 305/2 component provided a new tenfold improved | : — r——LAMBSHWT
value of the Rydberg constant [10.31]. I 25, ap,
The two transitions 25, , = 3Pyg at e and 25, » 3Py, at u, share P HE \ ;%0
2 common Tower level. In such cases a "crossover resonance’ is observed at SATURATION gggg:ﬁﬁé?-\ \ .
a laser frequency w, = (ml + uz)kz, if the Doppler width fwp f5 larger than SPECTRUM Y
(wl - wz). 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 l | | | 1
crossover signals, which appear exactly at the mean frequency of two coupled -5 5 10 18
transitions, can help to assign transitions with a common level and to sep- LASEHTUNH«;ENGAHERT{
arate the upper level splittings from the lower ones. Fig.10.2la,5. Measurement of the‘Rydberg constant by saturation]spectrg??zzy
Figure 10.22 shows an example of the saturation spectrum of a mixture of E?sfﬁﬁ_ﬁyaFﬁﬁen Balmer a transit1?n. (a)!%ﬁ;?}nsghﬁgg;oézg g?ggn::gzr?lo.3la]
different cesium isotopes contained in a glass cell heated to about 100°¢ and saturation spectrum of the Balmer o
(10.32). The hyperfine structure and the isotope shifts of the different

isotopes can be derived from these measurements with high accuracy.
Instead of measuring the attermuatrion of the probe beam, the absorption

can also be monitored by the laser-induced flusrescence intenstty, which is




——
200mHz

Fig.10,22. Survey scan of the saturation spectrum of all hfs components of
the 625, = 72P - transition at A = 459.3 nm in a vapor mixture of s 133,
135, an§ 137 [10.32]

proportional to the absorbed laser intensity. In cases where the saturation
is very small, the change in the attenvation of the probe beam is difficult
to detect and the small Lamb dips may be nearly buried under the noise of
the Dappier-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 fl and fz. Assume
the intensities of the two beams to be I1 = Io(l + cos anlt) and
I = 10(1 + C0S 2nf2 ). The intensity of the laser-induced fluorescence is
then

IFI = CnS(I1 + {2) s (10.24)

where e 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 Tine is n = no(l - SO}
= ngll - a(Il + ).
Inserting this into {10.24) gives
= 2
Iy = C[nO(I1 + 1) - ang{I; + L), (10.25)

which shows that the fluorescence intensity contains linear terms, modulated
at the chopping frequencies fl and f2, respectively, and quadratic terms
with medulation frequencies (fl + Fz) and (f1 - fz), respectively. While

the Tinear terms represent the normal laser-induced flucrascence with a
Doppler-broadened 1ine profile, the quadratic terms describe the saturation
effect, because they depend on the decrease of the population density

ni(v2 = 0) due to the simultaneous interaction of the molecules with both
fields. When the flucrescence is monitored through a lock-in ampiifier,

Fig.10.23a,b, Saturation spectro- :gé)
scopy using intermodulated fluor-
escence technique. {a) Experimental
arrangement, {b) hyperfine spec-
trum of the (v"=1, J"=98) -
({'= 58, J' =99) line in the

x17 o 3nyo system of I at

4 = 514.5 nm, monitored at the
chopping frequency £y of the pump
beam (upper trace) and at the sum
frequency {lower spectrum) [10.34]

TFivorescence

Laser Flequency

R IR A R

: Bus (b)
MHZ

tuned to the sum frequency fl + fZ’ the Tinear background is suppressed

and only the saturation signals are detected. This is demonstra?ed by .
Fig.10.23, which shows the 15 hyperfine compoqezts 0; the rota?1?na] L1ZE
(v" =1, J" = 98} {v' =58, J' = 99) in the X Zg + B o transition o ; e
jodine molecule !2 [10.34]. The two laser beams were cho?ped by a rotating
disc with two rows of a different number of holes which 1nterrupteé the
beams at fl = 600 5'1 and fz = 900 s'l. The upper spec?rum was monitored a:
the fregquency f1 at which the pump beam was chopped while the probe was.no
modulated. The Doppler-broadened background caused by the linear terms in
(10.25) and the Lamb-dips both show a moduiatjon at the frequency f1 and
are therefore recorded simultaneously. The center frequencies ?f the hfs
components, however, can be obtained more accurately from the intermodulated
fluorescence spectrum (lower spectrum) which was monitored at the sum fre-
quency (f1 + fz) where the linear background is suppressed.
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This transitian 1¢

not very figh,

VEry weak and the signal to noise ratio is therefore

Although the iodine molecule has aiways served as a standard exampie to

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

5 {10,351, neanwhile the intermodulated
] been applied to a2 number of other atoms and mole-
cules. One e <
o i xample is the 802 molecule [10.36] where the hfs components of
ran iti i i ] i i

(XZ " ; tréns1t1o;5 Tnvelving several vibronic bands in the ground

k4 ter i

gl an excited (A nu) electronic states have bean resolved. For many

molecules the hfs splittings are caused by two effects:
action with

about saturation spectroscopy of I
fluorescence version has

" . an electric inter-
e electric quadrupole af a nucleus and a magnetic interactign
between tha nuclear spin moment and

the magnetic field produced by t -
tation of the molecule ( VA

. spin-rotation interaction). Measuring the hfs split-
tings for different rotational levels allows one in

f Mmany cases to separate
the two contributions [1G.37a,b].

Another very sensitive method of monitoring saturation signals is based

on intracavity absorption, [f the sample is placed inside the laser resonator

the Lamb dips in the absorption profiles represent minima of the intracavity
losses, Because the laser output depends sensitively on the internal losses

1t will show sharp peaks when the 1aser frequency is tuned across the Lamb
dips of the absorption 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

signal-to-noise ratic than the Lamb dips cbtained with saturation spectro-

M, Laser absorplion cell  Etalon M,
BN e ——
N2 z o .
<>
o y
flucrescence * / device
b detector n o
C

—g .

. L @, W,
Fig.10. 24a-¢. Intracavity saturated absorption spectroscopy. {a) Experimen-

tal setup, (b) "Lamb peak" in the la
, ser output, i i
peak cbtained by modulation of the laser Frgquenéj) ferivative of a'Lamb

Fig.10.25. Saturation
EEgE—Tﬁ_EEe output of a
He-Ne laser at « =
3.39 rm caused by the
Lamb dip ¢f a CH, ab-
sorption line [10.431.
The laser frequency

was swept twice over
the gain profile

scopy outside the laser resonator. Furthermore, because of the nonlingar
deperndence of the laser output on the lesses, the halfwidth of the peaks
may be smaller than Yy particularly when the laser is pperated close above
threshold. Figure 10.25 iltustrates such a "Lamb peak", mgnitored in the
output of a He-He laser at A =3.39 um with an internal methane cell [10.43].
By fortuitous coincidence an absorption line of the CHy molecule falls into
the tuning range of the 3.3% um laser transition. This Tine corresponds

to a rotational line in a vibrational transition of CH4. Because of the
long lifetime of the excited vibrational level in the electronic ground
state (v =~ 20 ms) the natural width Th of the transition is very small

and the width of the Lamb dip is mainly determined by time-of-fiight
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 Tine 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 absorption
cells at low pressures, Fig.10.26 shows the modulated saturation spectrum
of the CHy°°CT molecule at v = 2947.821 cn™! (2 A = 3.39 um) (10.40].

Because of the chlorine nuclear spin I = 3/2, each rotational level with
J » 2 splits inte 4 hfs components with total angular mementum F = J + .
The four lines in Fig.10.26 correspond to the four hfs tramsitions.



if the center frequency sy af the molecular Srorntiep Vine is different :E
from the center frequency 0y of the gain profiie G{w - wl) of the amplifying
taser medium, the absorbing sample inside the laser resonator causes a Lamb
p?ak at wy in the laser output [L' which lies at the siope of the gain pro-
file (see Fiq,10.27). This not only causes a slight shift of the Lamb peak

]L(W)
|
I
!
Yo
I
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I[L”(W) w
z
AE !
;o ‘zﬂ‘ﬂ\ & 24
g [1Pw—" w
: I
2 !
11 (w)
Fig.10.27. Lamb peak and its first,
o second, and third derivatives in the
o output I) (u) of a gas laser with in-
tracavity absorber, when the absarp-
tion frequency wg is placed at the
slope of the laser gain profile

center frequency, due to the sloped background, but alsoc makes it unsafe to
stabilize the laser frequency 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 te drive the frequency further
away to the center frequency 9] of the gain profile because here it also finds
a zZero point of the derivative dIL/dw.

In such cases it is often advantageous to use the "thind derivative tech-
nique" which is based on the following considerations. The frequency depen-
dence IL(m) of the laser intensity is determined by the superposition of the

s
CcE, 21 .
3 . Cabs ™ fres * fycale
2947.821 em} 2
. - 27324 Mz
Ie 32

Q
P3(22)

0 100 200 300 400

KiloHertz Detuning

Fig.10.26. Saturated absorption spectrum of CH335C1 at A = 2947.821 cm'l.

he 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 linewidths, achieved with saturation spectroscopy of
vibrational transitions, are not only essential for sub-Doppler resoiuticn
of closely 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 tasers, which may serve as frequency standards
in the visib]g 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. Transitions with a small homo-
geneous 1inewidth in molecules without permanent dipole moments are therefore
preferable candidates for laser stabilization. Locking the He-Ne laser at

A = 0.63 ym to a hyperfine component of a rotational Tine in an electronic
transition of I2 allows 2 frequency stability of a few kHz [10.411. The
He-Ne laser transition at A = 3.39 um can be Tocked to the vibrational tran-
sition of the CH, molecule even with a stability of av/v ¢ 10713 [10.42].



gain profile af. - ;,-1). and the Doppier-broadened absorption profile of the @ e

abserbing probe inside the cavity with the Lamb dip at w.

(w - wg)® + (v/2)7

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

IL(m) cr[G(m - uul) - ao(m)(l - (10.26)

Glw - wl) and ao(m) by a quadratic function and obtain for (10.26) the ap-
proximation
= a2 D
IL(w) = A" + Bu+ C + , (l0.27}

(o - ) + (v/2)?

where the constants A, B, C, D depend on “ys Wis Ys and 5. The derivatives

™) = (e ) ()/da] are
20(s - uy)
[{o = 2)% + (v/2)2)2

M) = 20 + 8 -

60( - wy)? - Dy%/2

I(z) = +
L T ag)? + (v/2)21° (-2 E:
3) 40v%(w - wy)
I7e) =+ z 73
(- o) + (+/2)] a
These derivatives are shown in Fi9.10.27 which demonstrates that the Doppler- %;7
broadened background disappears for the higher derivatives. It is therefore %%5
advantageous to stabilize the laser frequency o to the zero peint 9 of the i
third derivative. This can be performed as follows, ,'gi

If the laser frequency W is modulated at a frequency 2, the laser inten-

sity ﬁ}
I

IL(m) = IL(m0 +a singt) g;
nﬁi

can be expanded into a Tayler series argund ug §$1
.’

oy

I (e) = 1, {ap) Y

: 1
+a 51n9tIE )(wu)

2
+ 5 sinfar 1)

ol

{10.28) @

Rearrangement of (10.29) yields, after applying some trigonometric relations,

i
a3 3
+-g- 51n7it II(_ )(LHOJ"‘ e

2 4
Tofw) = Ilag) + 3 188 0ag) + S 1Py + o

3
+ [a IEI)(“’O) s 1{3)@,0) + ...]sinﬂt

4

2

+ [' %r 162)(w0) - %g !£4)(m0) + ...]cos 2at
3 5

¥ {‘ %I 153)(“0) - ;%I IES)(MO) + ...}sin ot

(10.30)

+ ...

The expressions in brackets yield the Taser intensity at the nth harmonic
of the modulation frequency 2. The signal at 3g is therefore essentially
determined by the third derivative Iﬁs)(mu) since at a sufficiently small
medulation amplitude a, the second terms in the brackets are small compared
to the first cnes.

Figure 10.28 shows the experimental performance. The modulation frequency
f is tripTed by forming rectangular pulses, where the third harmonic is
filtered and is fed into the reference input of a lock-in amplifier, which
is tuned to 3g. 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 £ig.10.23 with the intermodulated fluor-

escence technigue.

810 14
-] 7 91112 12 135

ii bsortie _
generator iock-1n
[}
Fig.10.28. Schematic arrangement for
third derivative frequency stabilization
«719.10.29. Third derivative intracavity

absorption spectrum of [» around
A=514.5 nm, showing the same hfs com-
ponents as Fig,10.23 {10.37a}



He - Ne CH;,

offset freguency. Furthermore optical decoupling elements have to be 1nser-
ted to avoid optical feedback between the three lasers. A detailed descrip-
tion of the whole system can be found in {10.38].

reference laser
Wo

frequency offset locked

10.2.4 Saturation Spectroscopy of Coupled Transitions
power laser, w3

frequency
offset lock
wg - W

retro

Assume that two laser fields are interacting simultaneously with a molecu-
reflector

lar system. If the two Taser frequencies g and wy are tuned to two molecu-
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 one 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 exampie, the frequency g is tuned cleose
to the molecular transition a » b with wap (E, - E;)/¥, the wave can be
absorbed by molecules with velocity components v, t 4V, = (“ab TR 5w)/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}.

detector

Fig.10.30. Schematic diagram of a frequency offset-locked spectrometer

Lamb dip stabilization onto very narrow saturation peaks allows cne 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-Perct interfercmeter and a slow loop
to stabilize the F.P.1. onto the first derivative of a forbidden rarrow
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 Tocking” technique [10.43] (see also Sect.6.9).
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 ocutput
from a second, more powerful laser at freguency w is mixed in detector D 2
with the output from the reference laser at frequency g An electronic T
device compares the difference frequency wy oW with the frequency »' of a
stable but tumable rf oscillator, and controls the piezo P2 such that al-
Ways wy - 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 u'.

{3
tluorescen®

probe

The output beam of the power laser is expanded before it is sent through
the sampie cell in order to minimize transit time broadening (see Sect.3.4).

pump

A retroreflector provides the counter propagating probe wave for Lamb dip
Spectroscopy.

Fig.10.31. Coupiing of two transitions
X a a-b and a-» ¢ by saturation of the
0 v, common level (a)

The spectrum in Fig.10.26 has been obtained with such a freguency offset
locked laser spectrometer. The real experimental setup is somewhat mare com-

plicated., A third Taser is used to eliminate the troublesome region near zero

@



‘his optical-optical doubie rescnance has been already Jiscussed in <::zz>

Sect.8.9 as a method of labelling molecular leveis ang identifying molecuiar
transitions in complex spectra. There we had not, nowever, considered the
line profiles of the deuble resonance limits, which will be the subject of
this section,

Since the two tramsitions are coupled only by those molecules within the
velocity range av, 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 common Bennet hole should be sxactly 2t the center of the population
distribution and not anywherz around v, s 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 @y

The gereral 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
Y0%ac

5 dv, {10.31)

u(wz) = [na(vz) - nc(vz)] . .
Tac

wag ~ Wy < Kavy)
The population density na(v) is altered by the saturating pump transition
a +b, With a pump Taser freguency wy wWe obtain, according to {10.20),
0 0 2
Ir(vy) - mgtvy) gy /2%

2
lugp = ug - kyv,) +(Yablz)z

na(vz) = me(v,) = nd(v,) - (v, -
(10.32)

where the saturation parameter § = Babp(ml)/vab depends on the intensity of

the pump wave and fab is the homogeneous width of transition a - b.
Inserting (10.32) into (10.31) yields the absorption coefficient u(mz)

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

w1

G(wz) = oy exp -{{In 2)(mac - mz)zfﬁwg]

(10.33)
N0« x

P r w = : 2
Ny - No U TFS [y ~0y) 2 (kyfky Mgy - wp) 2ty

where y* = Yae * (ka/kdy,y T+ S and o = n(v,)dv,.
The + or - signs describe the cases where both waves travel in opposite
directions, or in the same direction.

T

i
-

|
i

rz

If the pump wave 1s stabilized to the line center the second Zerm

fUaD [l
in the denominator vanishes, since wp Wy = 0 and the iine contour of the
saturation dip in the absorption profile a(wz) is described by a Lorentzian-
shaped profile

* *

= Y
L (w) = - N
(g = wp)” * v

with a linewidth which is the sum of the homcgeneous width Yac and the sa-
turated Lamb dip width (kefkl)yabJT_?'E of the pump wave times the ratio of
the two laser frequencies wy and g

One of many examples for the appiication of this opticat-optical double-
resonance technique is the precise determination of the CH3F dipole moment
values both for the ground and excited vibrational states [10.46]. 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 W - oug 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 spiittings 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 Taser. If the absorbing sample is
placed inside the laser resonator in a magnetic field, the molecular levels
are split into the (2J + 1) Zeeman sublevels with a separation

ANZ = HBQB/h »
where Hg is the Bohr magneton, g the Landg factor, and B8 the magnetic field

strength. If the Zeeman splitting B, equals the mode separation Av = ¢/2d
of the laser resonator, two laser modes share a common level {see Fig.10.32).

-—
4 1,
AE,
T
L L I P
fig.10.32a,b. Three-leve!l
Taser 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
{a} (b magnetic field [10.47]

@
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[f botn transitions share & common cuwer level, the DR plon decreases (:;::)

for the resonance case due to the saturation of the lower level by both
modes. The laser intensity therefore ineregses. If the twa transitions share
a common upper level, the laser output decregses at resonance, because the
population of the wpper 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
[1D.47,48].

An experimental azdvantage 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 [10.49-51] are given by the two neon transitions at
X = 0.63 um and x = 1.15 um which share the 2P4 state as a common lower
Tevel, or the 0.63 um 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 simultaneously achieved on both lines. The in-
teraction of the two transitions cam 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 s,

Neon
Spectro
p meter (TDS) 2s; 063
115
2p,
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- A =<g
!\ [ MT/ T photomuitiplier
115-u laser  filter plasma tube ‘\{:\
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Michel i * ¥
ichelson interferometer ::fi;::;/ ’?' to phase
. .
fetere e, sensnl,ve
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Fig.10.33. Optical-optical double resonance
g, : . of two coupled Ne las -
sitions studied in a tuned differential laser spectromgter [10.50?r eran

i

=
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He-Ne laser o5cillating ot & - U.B3 uwm IS Seiecied Iy & Fok=Linil . 2.i%y
(see Sect.6.5) with a frequency 9y which can be continuously tuned through
the gain profile of the laser transition. The output from a 1.15 um He-Ne
laser is sent collinear with the 0,63 um beam through the gas discharge and
js 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 = and
of the inversion n(352) - 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 not the only coupling mechanism. The interaction of the
atom with a light wave generates an induced dipole moment which is at small
intensities proportional to the field amplitude. At higher intensities the
nonlinear terms in the induced polarization become important. If two waves
with frequencies wy and dn simultaneously act in resonance with the atom,
these nonlinear terms produce sum and difference frequencies Wy % wye For

&

two transitions which share a common level the difference frequency Wy T owp

is in resonance with the atomic transition b +>c (252 - 352} and will there-
fore modulate the atomic polarization at the freguency Wy o= Wy The pheno=
menon can be regarded as a resonamt Raman 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 atem, 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 [10.52}, see (10.33).

This section cn 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 é;n be
found in [10.53-55].

10.3 Polarization Spectroscopy

While saturation spectroscopy monitors the decrease of abgorption of a
probe beam caused by a pump wave which has selectively depleted the absorb-
ing level, the signals in polarization spectroscopy come mainly from the



change of rerractive index induced by a polarized pump wave [10.56]. This (QEE)

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 detai].

10.3.1 Basic Principie

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

The output from a mencchromatic tunable Jaser is split into a weak probe

beam with i i
eam with intensity I1 and a stronger pump beam with intensity Iz. The probe

beam passes th i i
p rough a linear polarizer Pl’ the sample cell, and a second

1i . . . .
inear polarizer P2 which is nearly crossed with Pl‘ At a crossing angle

(/2 - 8) with 8<<1, only the component Et = E0 sing ~ £

8 can pass throygh
P2 and reaches the detector D. ° S

A/4 PLATE

SPATIAL

LASER M, FILTER
——
(A4
: I_le_l
POLARIZER SAMPLE CRJESED DETECTOR

POLARIZER

tl§.10.34. Schematic experimental arrangement for polarization spectroscopy
.571

After having passed a /4 plate which produces a circular polarization,
the pump beam travels in the oppostte direction through the sample cell. When

the laser frequency w is tuned to a molecular transition (J", M") 4 (J',M")

molecules in the lower level (4", M") can absorb the pump wave. The Qquantum

number M, which describes the projection of J onto the direction of Tight
propagation, follows the selection rule aM = +1 for transitions M" - M*
duced by left-hand circularly polarized Tight (MW" = M' = M + 1),
saturation the degenerate M sublevels of the rotational level J" become par-
Fia]]y or completely depleted. The degree of depletion depends on the pump

intensity 12, the absorption cross section a(Jd", M* 4 '

in-
Due to

s M'), and on pos-

sible relaxation processes which may repopulate the level (J*, M"). The cross

-1 M) .1
i'=1 -
 Adeet —F R—
G transition
J s
-2 -1 o .1

-2 -1 o]

+2 +1 0

Fig.10.35. Selective depopulation of different M* sublevels and selective

popuiation of different M' sublevels by optical pumping with circularly
polarized ot light

section ¢ depends on J*, M", J', and M'. From Fig.10.35 it cap be seen that
in case of P or R transitions (ad = +1 or -1}, not all of the M sublevels
are pumped. For example from levels with M" = +1,+2, no P transitions with

AM =+l are possible while for R-transitions the levels M'= -1,-2, are not
populated. This implies that the pumping process produces an unequal satur-
gtion 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 anisotropic 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

velocity companents

vz & sz = (NU -~ w)/k 2 Swik

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

For w 4 gy the probe wave which passes in the opposite directien through
the sample interacts with a different group of molecules in the velocity
interval v, E AV, = -(wo - w * su)/k, and will therefore not be influenced
by the pump wave, If, however, the laser frequency v coincides with the
center frequency ©g of the molecular transition within its homogeneous
linewidth su (i.e., w = wy t dw = v,
by the same molecules and the probe wave experiences a birefringence due to
the nonisotropic M distribution of the absarbing molecules.

=0z avz), both waves can be absorbed



Only in this case will the plane of polarization of the probe wave be
slightly rotated by as 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 Tine.

10.3.2 Lipe Profiles of Polarizaticn Signals

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

following the presentation in [10.57]. The linearly polarized probe wave

U (€, » 0, 0}

can be always composed of a right and a left circularly polarized compenent
(Fig.10.36). Whiie passing through the sampie the two components experience
different absorption coefficients o' and a” and different refractive indicas
n* and n” due to the nonisotropic saturation caused by the left circularly
polarized pump wave. After a path Tength { through the pumped region of the
sample the two compcnents are

e JletkTL ¢ a0 + X

E = E0 e 2E0 = EOx + 1E0y

T eilwtk L+ i(aT L] L - -

E=fge o2y = By iEqy (10.34)

Due to the differences an = n* - 0™ and as = a -a
tropic saturation, a phase difference

(&

caused by the noniso-

by = - K7L = (ul/e)(n® - n7)

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

5E = (Eo/z)[e'(“+/z)L - ety

If both components are again superimposed at z
through the sample cell

= L after having passed

» an eilipticaily polarized wave comes out with a
major axis which is slightly rotated against the x axis.
of this elliptical wave is

The y component

€, = -1(£,/2) K-k T+i{a" aT)/21Lib RIS

v , (16.35)

where the term ib with b<cl in the exponent takes into account that the
windows of the sample cell may have a small birefringence which introduces

an additional eilipticity. In all practical cases the differences aa and ak
are smail,

S

probe wave

e

pump wave

molecular probe

i ic i i i lignment of angular momenta by
.10.36, Schematic illustration of partial a : ) . 5
i;e }gft-hand circularly polarized (o%) pump wave, which results in differ

ent absorption coefficients for ot and o probe light

ol

Fig.l0.37. Spectral profiles of the
absorption coefficients o* and a

for a weak probe, in the presence of
a saturating counterpropagating pump

VI W

(af -a )b<cl and (K" - KL<l ,

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

transmitied amplitude

- - i (wt
E, = Egle + ib + (wl/2c)(n’ - n7) + (e - a JLyagel (ete) (10.36)

The differences sa = at - o in absorption coefficients and an = n* -0 in
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 ot and o itself shows a Dopp]erfbroadened
spectral profile with a Lamb dip at the center, the dif?br?nce Ao just ex-
hibits the small difference between these Lamb dips (see Fig.l0.37) The spec-

tral profile of ag is therefore Lorentzian

Auﬂ
Aa = 7

1+ x

ith (10.37)

X = (mo - wly
where fag js the maximum difference at the center w = ug- Since a?sorptlon
and dispersion are related by the Kramers-kronig disperaion relations {see

Sect.2,6), we obtain a dispersion shaped profile for an

@
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Yo7+ x

The transmitted intensity is IT = ET E;. Taking into account that even per-
fectly crossed polarizers show a residual tramsmission Iog Wwith £ << 1 due to
imperfect extinction, we obtain the spectral line profile of the transmitted
intensity IT from {10.35-38),

- 2 2__1 X b 1
IT = 10[5 + 8% + b ?‘BAuoL E_:_;Z +y Sag L —

+%~(Au0L)2T—+1—x2 (10.39)
The transmitted intensity contains a constant background term ¢ + 92 + b2
which is caused: 1) by the finite transmission IOE of the crossed polarizers
at 8 = 0; 2) by the birefringence of the cell windows, described by the term
Iob and 3) by the finite uncrossing angle e of P2. The birefringence of

the windows can be controlled, for example, by squeezing the windows slightly
to compensate for the birefringence which is mainty caused by the pressyre
difference of 1 atm at both sides of the windows. A proper selection of the
uncrossing angle o and the window birefringence b allows one to make either
the first Lorentzian term dominant (¢ = 0, b targe} or the dispersion term

(6 + 0, b smaTl). If for the latter choice 9 » dagel, 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 exampTe of a section from the polarization spec-
trum of the cesium moTecule Csz, recorded with 8 = 0 (lower part) and with
=25 %5x7.107" rad {upper part). In this experiment the term (g + bz)
was smaller than 1070,

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

A Tinearly, rather than circularly, potarized 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

P LRI R e

l.ock-in @

| sl

1GHz

(b)

0 U -
Wavelength .
(bl Cs,. A=488nm, &pPump , 820,

{o) Cs,, A= 488 nm, & Pump ,B=3;

9 s i i i jzation spectra obtained
i dentical sections of Cs, polarization sp i
i}tﬁ12{32315; ;:;p1po1arization and linearzprobe polarization, but different

uncrossing angles & of the two polarizers [10.59]

i i d E_ and the sa-
can be composed of two linearly polarized components Exdan yn —
turation by the pump will cause a difference a - 3y and a, y: "
to the derivation above we obtain in this case for the probe intensity,

transmitted through the polarizer P,,

1 + X 1 + X 1+ x

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 6 + 0 (polarizers not completely crossed) we obtain pure Lorentzian

profiles,

10.3.3 Magnitude of Polarization Signals

In order to estimate the expected magnitudes gf thf ?olarization signa]s ;n
(10.39) let us consider the difference sa = o« - a in the absorption coef-
ficients for the right- and left-hand circularly polarized probe wave c?m-

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



transition 4 » Jl 15 due o the sum of all :!  ad transitions M Mg, with
AM: J * L
+] between the (2J + l} degenerate sublevels M in the iower 1eve?1d and

the (ZJl + 1) sublevels in the upper level Jl.

at a Z n,{ * N
- = 7 )
b M ) (10.41)
E .
where S33uM 18 the absorption cross section for the transition
{d, M) - Jl’ M+1) or (J, M) = (Jl, M- 1)
The M dependence of the cross sections g
of Clebsch-Gordan coefficients C(J, Jl’ M, M

24 Can be expressed in terms

0 >ch-Gord 1) and a reduced matrix element
g which is i i
3 ndependent of M and describes the total rotational transition

1 ]
J - J [10-5 v P uatior Y EIdS or a circular 0 e
8 e ax cit eval Y polariz d

“J,J+1(J M+ 1) (JzM+2) far J, = J +1

1
+ -
GJJIM = GJ’J(J t M) (J M+ 1) for Jl =
5
GJ,J-I( M) (M for Jl =J -1, (10.42)

For a linearly polarized pump wave the analogous calculation yields

2

- 2
ULJH(J+1) - M for R lines

I 2
UJJIM R KA M for @ lines

- 2 2
g JT - M i
3,0-1( ) for P lines . {10.42a)

The total cross section

1

g =TT
W1 2041 ; d,diM

for the t iti ~ is i i
ransition J Jl 1s independent of the kind of pelarization.

ing (10.42) and evaluating the sum over M yields e
(J+1)(20 + 3) &d = 41
"3, " % aJJI JJ + 1) for ad =0
J2J - 1) al = -1 (10.43)
The unsaturated level population of a sublevel M is
ng = Ng/(20 + 1) . (10.44)

&)

where NO is the unsaturated total popuiation of tre otationai igve. ..
Without the saturating pump wave, we obtain by inserting (10.43) and {10.44)

into (10.41)

0 + -0

A =g -a =
Due to saturation by the pump wave with intensity I2 the population of the
M sublevels decreases according to {2.167) to

N

{s) _ 0 1

W WA TES, (10.44a)
and the absorption of the probe wave by molecules in sublevel M decreases

according to (10.23) to
]
ay = ay(l = Sy)
The saturation parameter SM at the Tine center wy [see (2.73} and (3.70}],

81,0
~ L 2TdnM
Som ZSM/(“YS) = _E?ZFB&— ' {10.45)

depends on the absorption cross section OJJIM of the pumg wave, on the number
n_= Izlnm of pump photons incident on the sample per cm™ and s, on the sa-
turation-broadened homogeneous linewidth g and on the collision induced
relaxation rate R [5'1] which tries to refill the depleted level and de-
populate the upper level. 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 saturaticn by & cir-
culariy polarized pump wave resuits in larger differences (a+ -2 ) for P
and R lines than for Q lines, while a linearly polarized pump wave favors {

lines in the detected probe transmission.
Putting the relations (10.4i-45) together, we can express the difference

at - a” at the Tine center wp by the unsaturated abscrption coefficient
oy = "3°JJ , the saturation parameter So(mo), and a numerical factor CSJI
which stanés for the sum over the Clebsch-Gordan coefficients and which is
tabulated in [10.57]., The fimal result is

+ -
x

= 0 o*
e SOCJJI i (10.46a)

This is often written in the form

+ -

_ 0.s
a -a = a CJJ1 (IZIIS) , (10.46b)

¢
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where I, = i
g 12/50 represents that pump intensity which causes a saturation
parameter S0 =1 at the Tine center,

1G.3.4 Sensitivity of Polarization Spectroscopy

In Fhe foT]owing we briefly discuss the sensitivity and the signal-to-noise

rat1? achTevab]e with polarization spectroscopy. The amplitude of the dis-

persion signal in (10.39} is approximately the difference AIT = Io{x = +1)
p{x =

I( -
= ) U It p

I X 1 betweel’ the 1ax1 and the itmimum o the d'lS ersion curve

IIU! (10.39) we obtair

aly = 7 osal | (10.47}
Under general laboratory conditions the main contribution to the noi

from fluctuations of the prebe laser intensity, while the princi 31115"E ?Omes
set by shot noise (see Chap.4) is seldom reached. The noise 1eve? is ::;: -
fore essentially propoertional to the transmitted intensity, which is gi ;
by the background term in {10.39) , e

A LA

Because the crossed poiarizers 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 = Q) the signal-to-noise
ratio {S/N)} which is, besides a constant factor a, equal to the signal-to-

background ratio, becomes

—E—z—au[’m 1) (10.48)
S/N = .
afe + 8%) 99
This ratio has a maximum for d($/N)/de = 0 which yields
asl(1 /1)
S0 ps
(S/N)max i CJJ {10.49)
ag 1

for ez = E.

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

(5/N) agltSy/T = agkl /T¢

sat
while a value of | /IS may be reached with the intermodulated fluorescence
technique [10.33). Equation {10.49) shows that a factor of E';E is gained in
polarization spectroscopy. Since good polarizers allow an extinction ratio

of £ = 10% - 107, the enhancement of the signal-to-background ratio may
become three orders of magnitude. Only for a0L< 1077 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 NGZ where the three hfs components of
each transition are resolved. The transition probabilities of NO2 transitions
are very small, This impedes saturation spectroscopy but still allows po-
larization spectroscopy because of its higher sensitivity.

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

Far iYlustration of the achievable signal-to-noise ratic, Fig.10.41 shaws
the potarization spectrum of the same R(98) hfs components of I2 as obtained
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¥e
in Fig.10.23 with intermodulated fluorescence saturation spectroscopy. ihe 5
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 compliex molecular spectra is the
“polarization labelling technigue", which is based on a combination of palar-
jzation spectrascopy and optical double resonance, This method employs two
different lasers (see Fig.10.42). The output beam from the first laser is

]
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Ar® 1on laser
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Ir
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¥ Recorder 1.

1
LY / Phase-sensitive

L' Datector 1

tunabie
aingle mode
dye jaser

Polarizer Cs, heat proe

OPM‘\
2 TPMIFig.10.42. Experimental ar-
Prism rangement for polarizaticn

Anciyzer

labelling spectroscopy

&gain split into a pump beam and a probe beam and the laser frequency is
stabilized onto the center freguency wg of a polarization signal. The probe
beam from the second laser passes collinearly with the probe beam from the
first laser through the sample cell. 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 transiticn which shares a common level
with the pump transition (see Fig.8.36).

Evaluation of the cross sections {see [i0.571) 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 AJl and AJZ for pump and probe transition. This gives
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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 Na, where the opposite sign of P and

R 1ines can be seen.

This technique is particularly useful! if the upper state is perturbed
and the assignment by conventional spectroscopy is impeded [10.617.

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 tabelled tevel can then be detected simultanecusly [10.61a].

The orientation of the molecules due to saturation by a polarized pump
wave can be partly transferred to neighbouring levels by inelastic collisions
of the oriented molecules with other atoms or molecules, This produces
“satellite 1ines" in the double-resonance spectrum which may partly diminish

the unambiguity of Jine 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-Doppler 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 spectroscepy in collimated molecular
beams by the divergence angle of the molecular beam. The time-of-flight
broadeﬁing can be reduced if pump and probe beam are less tightly focussed,

L4 ' (3;;2)
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2) The sensitivity s -3 orders of magritude jarger Than Thal 3

el spectroscopy. It is surpassed only at very Jow sample pressures by that of the

jntermodulated fluorescence technique {Sect.10.2.3).

3) The possibitity of distinguishing between P, R, and Q lines is a particu-
Jar advantage for the assignment of complex molecular spectra.

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

5) The combination of optical-optical double resonance techniques and pelar-
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 po]ari?ation
spectroscapy allows the simultaneous observation of saturated absorption

and dispersion [10.62]. While in the setup of Fig.10.34 the probe beam had
1inear polarization, here a circularly polarized probe and a linearly polar-
jzed pump beam are used (Fig.10.44). The probe beam can be composed of two
components with linear polarization parallel and perpendicular to the pum?
beam polarization. Due to anisotropic saturation by the pump, the absorption
coefficients a, and a_ and the refractive indices n, and n, experienced by
the probe beam are different for the parallel and the perpendicular polariz-
ations. This causes a change of the probe beam polarization which is moni tored
behind a linear analyzer rotated through an angie B from the reference di-
rection w. Analogous to the derivation in Sect.10.3.2, one can show that the
transmitted intensity of a circularly pelarized probe wave with incident in-
tensity 1 is for ab <<l and aAn{L/x) <<l

wl

I ow * ey L - 8L an sin 28 10.50)
It(a)=z(1-—-—-z—L 7 bacos 28 - == an sin ) {
with aa = @y - ¢_ and an =n. - n_.
The difference of the two transmitted intensities
=0%) - = 90°) = 2 {10.51)
8 = It(s =07) !t(s 90%) = IlLaae/

gives the pure dichroism signal (anisotropic saturated absorption) while
the difference

&
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prism

8y = 1,(85%) - 1,(-45%) = 1(ul/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 cutput signals a differential ampTifier records directiy the
desired differences 4 and a

2 if the axes of the birefringent prism have
suitable orientaticns.

Figure 10.45 iilustrate 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 » = 588.2 mm (see Sect.10.2). Due to the cellisional
redistribution of the atomic velocities a broad and rather intense back-
ground appears in addition to 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 tasers for pump

and probe. Signais appear if both lasers are tuned to transitions which share
a common level,

D),

L1000 MHz
A
o Fig.10.45. Comparison of sa-
Turated absorption (&), laser-
induced dichroism (b}, and

laser-induced pirefringence
spectrum (c) of the lsz-2pp
neon transition atx = 588.2 nm
[10.82]

10.4 Saturated Interference Spectroscopy

The higher sensitivity of polarization spectwescopy compared with conventional
saturation spectroscopy results from the detectiom of phase différences
rather than amplitude differences. This 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 int?rference spec-
troscopy was independently developed in different laboratories [10.63,64]. The
basic principle can be easily understood from Fig.10.46. We follow here the

ion in (10.63].
pre;:zt::;E: ;Za; is S;Iit by the plane parallel plate P]l int? tw? beams.
One heam passes through that region of the absorbing sampie 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 plan? péra]]&]
plate P12. The two carefully aligned parallel plates fonn a Jamin interfero-
meter [4.12] which can be adjusted by a piezoelement in such a w?y-that
without the saturating pump beam the two probe waves with intensities I1 and
I2 interfere destructively.
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troscopy {10.63]

]f.the saturation by the pump wave introduces a phase shift g, the resul-
tant intensity at the detector becomes

1= I1 + 12 - 2/1112 cos%

(10.53)

The int iti i i
ensities I1 and 12 of the twe interfering probe waves can be made

:QU?1 by placing a pelarizer P1 into one of the beams and a second polarizer
o in front of the detector. Due to a sTight difference § in the absorptions

of the two beams by the sam ir i
ple molecules, their intensities at th
are related by " setester

1= L(1+6) with 4

For small phase shifts 8{9<< 1) we can approximate (10.53) by

_ /1 .2 2
1={zefes )12 (10.54)
The amplitude difference & and the phase shift are both caused by selective
%aturation of the sample through the monochromatic pump wave which travels
in the opposite direction. Analogous to the situatiom in polarization spec-
troscopy we therefore obtain Lorentzian and dispersion profiles for the fre-
quency dependence of both quantities

§{w) = 0 i 8w} = ! a6 X
[P A brer -5
where x ='(w - wg)/y and v is the homogeneous Tinewidth.

. ¥n5ert1ng {10.55) into (10.54) yields, for the tota) intensity I at the
minimum of the interference patterns the Lorentzian profile
1 (360)2

t=g1, 0o
2 (10.56)

i
% . According to (10.55) the pnase ditferences 4(o) depends on the .aser ire- (éi;fi

quency 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

3(w) = %) + a sin(2nfit) .

when the detector signal is fed to a lock-in amplifier which is tuned to the
modulation frequency fl, the lock-in output can drive a servo loop to bring
the phase difference $, back to zero. For 8{w) = O we obtain from (10.54,55)

2
Ag
Ha) = 71; 6(w}2I2 = -};-(-1-—:%2? {10.57)

The halfwidth of this signal is reduced from y to (¥Z - 1)% = 0.62v.

Contrary to the situation in polarizaticn spectroscopy, where for slightly
uncrossed polarizers the line shape of the polarization signal is a super-
position of Lorentzian and dispersion profiles, here a pure dispersicn line
profile can be obtained without distortion by a Lorentzian term. To achieve
this, the output of the lock-in amplifier that controls the phase is fed
into another lock-in, tuned to a frequency fz (f2<< fl) at which the saturat-
ing pump beam is chopped., The cutput of the first lock-in is always propor-
tional to $(w) since it drives the serve loop to bring #({w) back to zero.
The second Tock-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 spectroscapy of Naz [10.63]
and 12 {10.64]. Figure 10.47a shows saturated absorption signals in !2 ob-
tained with a dye laser at i = 600 nm with 10 m{ pump power and t mW probe
power. Figure 10.47b displays the first derivative of the spectrum in a)
and Fig.10.47¢, the first derivative of the saturated dispersion signal,

The sensitivity of the saturated interference technique is comparable to
that of polarization spectrascopy. While the latter can be applied only to
transitions from levels with a rotational quantum number J 3 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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Fig.10.47a-c. Saturated interference
spectra of I at A = 600 nm.
(a) Sgturates absorptien signal,
b > (b) first derivative spectrum of (a),
() e GEL (e) first derivative of saturated

L [6Hz] dispersion signal [10.64]

10.5 Heterodyne Spectrascopy

In most of the methods discussed so far in high-resolution laser spectro-
scopy, the laser frequency was tuned across the molecular absorption spec-
truT and the frequency separation of different lines was determined either
by interpolation between frequency marks provided from a long F.P.1., or by
absolute wavelength measurements, using one of the methods explained in
Sect.4.4, For many problems in speciroscopy, however, it is important to know
accurately the apliisings of closely separated lines rather than their ab-
solute wavelengths. Examples are the hfs, Zeeman, or Stark splittings.

U? to now the heterodyne technique is the most accurate method to de-
termine such line splittings. Its accuracy is comparable with the optical-
Tf doubie-resonance method but its application range is more general. Two
independent lasers are stabilized onto the line centers of two different
molecular transitions (Fig.10.48}. The output of the two lasers is superim-
posed on a nonlinear detector, such as a photomultiplier in the visible range
or a semiconductor diode in the infrared.

The electrical output signal

S = |E; el®1t | Ey ei‘”ztl2

L3
i

§f3{¥??ﬁﬂ%;ﬁ'iﬂﬁ”

AR

=N
-
% vz

(2]

W=
éﬁ}ﬁ:ﬁ Fig.10,48. Schematic diagram of heterodyne
— M,ﬁ,&1"n;g spectroscopy using two stabilized lasers

of this nenlinear detector is proportional to the sguare of the sum of the
two amplitudes and therefore contains terms with the difference frequency
(ml - wz) and the sum frequency (ml + mz). The difference frequency is
filtered through the amplifier and is absolutely counted. The accuracy de-
pends on the frequency stability of both lasers and on the attainable signal-
to-noise ratio. It is therefore essential to have small lTirewidths for the
laser stabilization. Either the narrow Lamb dips of Ooppler-broadened
transitions can be used (see Sect.10.2.5) or the reduction of the Doppler
width in coilimated molecular beams can be utilized {(see Sect.10.1.1).
Figures of Aw/w £ 1[1_10 have been achieved already.

If both transitions share a common level, the difference frequency im-
mediately gives the separation of the two other levels. We illustrate this

technique by several examples.

a) BRIDGES and CHAN [10.65] stabilized two C02 lasers onto different ro-
tational 1ines in the vibrational bands (0001) - (1000) at 10.4 um and
{0001) - (0200) at 9.4 um of the CO, molecule (see Sect.6.3). A GaAs crystal
served as nonlinear mixer to generate the difference frequencies {ul -wz) of
37 line pair with a common level for each pair. These frequencies fail into
the 50-80 GHz range and could be measured with an accuracy of better than

1 MHz. The molecular constants deduced from these measurements are 25-200
times more accurate than those previously determined from infrared spectro-
scopy.

The range of difference frequencies which is experimentally accessible
can be enlarged by mixing these freguencies further with harmonics of a
microwave generator. The difference frequency of this second mixing is then
directly counted [10.66].

b) In the visible region the heterodyne technigue has been used to measure
the hfs splittings of rcotational lines in an electronic transition of the 12



molecuie [10.67j, The LUTPUL beams of two singie-mede dargon lasers were @

crossed perpendicularly with a highiy collimated 12 beam and the laser
frequencies were stabilized onts two different 12 hfs components. The dif-
ference frequency could be measured with an aceuracy of about 5 kHz. The
direct measurement of the optical Tines with frequencies of 6 « 1014 s'1
would demand a relative accuracy of 10'11 to achieve the same result, In-
Stead of using & molecular beam, the argon lasers can also be stabilized
onto the Lamb dips obtained with intracavity I2 cells (10.68). Because of
the higher molecutar density in cells, this method allows one to measure
very weak transitions between levels with high rotational quantum numbers
[10.37al. These levels are not populated in supersonic molecular beams be-
cause of internal cooling (see Sect.10.1).

c) A particularly interesting ang promising field is the application of
taser heterodyne techniques to astronomical spectroscopy [10.69]. The ra-
diation from the extraterrestrical source is collected by a telescope and is
mixed with the coherent cutput of a cw infrared laser which serves as a
Tocal oscillator. The mixing element is a high-speed infrared photodiode
which produces a difference spectrum at radio to microwave frequencies. The
spectral analysis is performed electronically in a muitichannel filter sys-
tem with the multiplex advantage of simultanecus detection of many spectrai
intervals.

This technique has been applied for example to study infrared line
profiles in planetary atmospheres. For further applications and more details
see [10.69,70].

10.6 Doppler-Free Multiphoton Spectroscopy

In all methods discussed in the previous sections the Doppler width had been
reduced or even completely eliminated by proper selection of a subgroup of
molecules with velocity components v, = 0z sz, either through geometrical
apertures or by selective saturation. The recently developed technique of
Doppler-free multiphoton spectroscopy dees not need such a velocity selecticn
because ali molecules in the absarbing state, regardless of their velocities,
can contribute to the Doppler-free transition.

While the general concepts and the tramsition probability of multiphoton
transitions have been already discussed in Sect.8.10, we concentrate in this
section on the aspect of Jorrier—rree multiphoton spectroscopy 110.71-75a].

10.6.1 Basic Principle

i - Huwlt-kir)
When a molecule at rest is exposed to two light waves E1 = A1 e

and E, = A2 ei(mzt-ggc) it may simuitaneously absorb two photons, one out
2

of each wave, if the rescnance condition

10.58
Ep = By = Aluy +up) (10.58)

iti i filled.
for a molecular transition Ei - Ef between two levels Ei‘ Ef is fulfi

" Assume the molecule moves with a velocity v in the laboratory frame. In the

reference frame of the moving molecule the freguency » of an E.M. wave with
wave vector k is Doppler shifted to (see Sect.3.2)

tew ke (10.59)
w' =w-kev
The resonance condition {10.58) changes now to
! ' - e 10.60)
(Eg - E)H = (u] *+up) = wy +wy = ¥ (k) + k) {

For two light waves with equal frequencies wy Ty tw which travel in
opposite directions we obtain 51 = -52 and {10.60) shows that the D?ppler
shift of the two-phaton transition becomes zero., This means that zII mole-
cules, independent of their velocities, absorb at the same sum frequency

E ;izfre 53:49 shows a possible experimental arrangement for thelobservation
of Doppler-free two-photon absorption. The two oppositely travelling waves
are formed by reflection of the output beam from a single-mode tunable dye
laser., The Faraday rotator prevents feedback into the laser. The two-photon
absorption is monitored by the fluorescence emitted from th? final state Ef
into the initial state Ei or into aother states Em? We show 1n.the next sec-
tion that the probability of two-photon absorption is proport10nal-to the
square of the power density. Therefore the two beams are focussed into the
sample cell by the lens L and a spherical mirror M,

Although the probability of a two-photon transition is generally much
lower than that of a single-photon transition, the fact that all molecules
in the absorbing state can contribute to the signal may outweight the lower
transition probability and the signal amplitude may even become in favorable
cases larger than that of saturation signals.

The considerations above can be generalized to many photons. When the_
moving molecule is simeltaneously interacting with several plane waves-w1th
wave vectors k., the total Doppler shift is v- L; k; and becomes zero if the

condition

Pampe Y
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Fig.10.49, Experimental a i
twg-photon At rrangement for the observation of Doppler-free

k. =0
e

is fulfilled.

Another way of interpreting this result is based on momentum conservation.

If the t
. otal momen?um ) fik; of all photons absorbed by the molecule is equal
o.zero, the velocity of the molecule does npt change during the absorption
This me?ns that its kinetic energy remains constant and all of the photon
energy i1s transferred into interna! energy. The corresponding equation
E. - £ =¥ chik,| = R
£ - § Kyl § Mo (10.61)
is equivalent to the elimination of Doppler broadening
STnce the total photon momentum is zero, there s no recoil of the ab-
sorb1ng‘atom. It should be noted, however, that anly the first-order Doppler
effect is eliminated, not the second-order shift, Since the magnitude of
this second-ord i - 2r2:8y, 4
order effect is (Ef Ei)(v /2c®}, it can be neglected in most
cases,
X Figure 10.50 shows a possible optical arrangement for Doppler-free three-
photon spectroscopy. The three beams, which are generated from the dye laser

beam by a beam splitter and
reflectors, form in the crossing poi
» nt a
120° between each other, ' raies of

: .
Fig.10.50. Possible arrangement for
oppler-free thres-photon spectro-
scopy

10.6.2 Line Protiies ot Iwo-Fhoton Transiticns

“  As has been discussed in Sect.8.10, the line profile g(mif - w} ot a two-
' photon transition with w = wp +owy is mainly determined by the first factor

in {8.43),

Yif
g(“’if -u) = 5 7 - (1C.62)
[m_if Swy tuwy !(51 + 52)] + (Y.iffz)
The linewidth depends on the relative orientation of the two wave vectors ky
and 52. In the experimental arrangement of Fig.10,49 the two vectors are
either parallel (51 = 52 if the two photons come from the same wave} or anti-
parallel (51 = -52) if one photon comes from the incident wave, the other
from the reflected wave)., While in the second case the Doppler shift becomes
u(ky + kp)} = 0, it is maximum in the first case. Integrating over all mole-
cular velocities leads to a Doppler~broadened line prafile for the two-pho-
ton transition with parallel wave vectors which equals that of a single-pho-

ton transition at the frequency 2u.
If the reflected beam (I, w, - k, e} has the same intensity I and the

same polarization e as the incident beam {I, w, + k, e}, the two numeraters
of the second factor in (8.43) become identical and (8.43) reduces to

o B¢ . Yif
5 o, - 20)Z + (1ee/2)e (uie - 20 = 26 ¥)2 + (1i0/2)°
wgg - 200+ {vge wip " - 2Ky Yif

. Tif ],
(g - 20 + 2k 0+ (vy/2)

R., eR . el
E “ik = TkE 22 (10.63)
W= w

Here the first term describes the cases where the two photons come from dif-
ferent waves, in the second they both come from the incident wave, and in
the third term, from the reflected wave. Integration over all velocities
yields the Lorentzian Doppler-free profile from the first term and the
Doppler-broadened background from the second and third terms.

When both waves have the same polarization, the probability that the two
photons come from different waves, is just twice as large as the probability
that both come from the same wave. This can be understood as fellows: In the
Jatter case the two photons can come either from the incident (a a) or from
the reflected wave (b b} and the total probability is the sum (a a)z-+(b b}
of two independent events. The total intensity of the Doppler-broadened
background is therefore twice the intensity of a two-photon absorption in a

ix
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travelling wave. ior the uopuier-rree 51gnal, however, the iwo possible @ . can oniy be induced by two photons from different peams =ince twoe pnuto @

processes (ab) or (ba) are indistinguishable and the total probability i’ from the same beam always induce transitions with aM = +2. |
Let us briefly consider how focussing of the two laser beams into the

; sample affects the magnitude of the two-photon absorption signal. Assume

", that the beams are travelling into the #z direction. The two-photon absorp-
tion is monitored through the fluorescence emitted from the excited level Ef,
which can be collected from a total length a4z = 2L. The two-photon absorp-

tion signal S, is then (Fig.10.52)

{ab + ba)2 is the square over the sum of prebability amplitudes.

The totai intensity of the Doppler-free signal is therefore four times
as large as a two-photon absorption in a travelling wave. This means that
the area under the Doppler-broadened background is one half of that under
the Doppler-free two-photon signal (see Fig.10.51), When the homogeneous
width of the Doppler-free Lorentzian profile is y, its magnitude therefore
exceeds that of the background by a factor ZGwD/Y. With v = 10 MHz and

Swy = 1000 MHz this factor. becomes 200! The background can be often com- Si¢ = }L f A n{E.)2mr dr dz {10.65)
pletely eliminated by choosing the right kind of polarization (see below). z=-L r=0

In most cases we can therefore regard the first term in (10.63) to be the : R. eR.e 2 H = )

dominant cne and can neglect the two other contributions. For the resonance | = |] Zik = Tkf n(E;) ) I*O ri=(z)dr dz >

case w.r = 2w the first term is equal to 1 and we obtain for the total : koo oegy ze-L v

two-photon transition probability. where "(Ei) is the density of molecules in the absorbing leve! Ei’ w(z) is

the radius of the Gaussian beam in the vicinity of the focus, and I(z) is

2 :
A ) Bi e Byr e 12 (10.63) the intensity [N/cmz] which of course depends on the beam waist. The beam
" kow oy waist of a Gaussian beam (see Sect.5.1l)

W(z) = wyll + (rz/maf) 21

2 . I -
Nb[ [ [ is approximately constant over the Rayleigh length sz = mwy/). With the

i radial intensity distribution
* | J : r) = o (2P (5.14)
& =
J&(?::+v&p¥1 —}-_ : we see that an optimum signal is achieved, when the integral
| =
N l l & =
2 | doppler +
“ background f dz
! =L 1+ (Aszwo)
|
L 12wy wlaoser :

Fig.10.51. Schematic illustration of Doppler-free two-photon sigral with
DoppTer-broadened background. The background amplitude is greatly exaggerated

Fig.10.52. Optimum focussing qith
Az =2L gives maximum signals in two-

photon spectroscopy

For two-photon transitions with aM = 0 the Doppler-broadened background
can be eliminated by a preper choice of the laser polarization. If the inci-

dent laser wave has a of circular polarization, the wave reflected at M2 in
Fig.10.49 has o~ polarization. Transitions with aM =0 {e.g., s+ s transitions)




becomes maximum. Although Wy and w decreases with decreasing facal length @
f of the focussing lens, it is not worthwhile to decrease L below the

value which gives a Rayleigh length Az equal to the observation region L.

For tighter focussing the value of the integral increases only stightly but
time-of-flight broadening, power broadening, and light shifts may deteriorate
the line shape of the two-photon absorption signal. We may therefore regard

a focal length f which gives a Rayleigh length az = L as an optimum choice.

10.6.3 Examples

The first experiments on Doppler-free two-photon absorption have been per-
formed on the 35 -+ 55 and 35 -+ 4D transiticns in sodium atoms {10.74-76a].
The energy defect R{w - mik) to the intermediate 3P Tevel is small and
therefore the transition probability fairly large. Figure 10.53 illustrates
the hyperfine components of the 35-55 transition and Fig.10.54 the Zeeman

splitting of the hfs lines in the 35-4D transition, measured by BIRABEN et
al. [10.741,

4Dy, i
4 D5/ 1028 MHz
£ 351 Eff%ﬂwz / ki
) T Na
35+55
45uz .
3F'3',2 F:2~Fz2
JP;J,2
Fzl-=Fz
bt -
¢ C0MH2 laser frequency
F=2 T
1772MHz
Fa L

freguency marks
(b)

Fig.10.53. (a) Level scheme of the Na atom. The hfs splitting is not to

scale. Two-photan transitions 3s — 55 with frequency markers from an
F.P.I. with d = 25 cm [10,74)

(a)

The S +$ and § + D transitions of the different alkali atoms have been
most thoroughly investigated. Fine structure splittings of high-lying D
states, hfs splittings of S states, isotope shifts, and Stark splittings
have been measured to a high precision. Of particular interest are the
hign-lying Rydberg levels which can be excited by two- or three-photon

|
—

(o)
H=10G

!

O —— e ————
=
= —

Fig.10.54a-c. Zeemann ef-
fect of the 35-4D tran-
sition in Na. {a) hfs with
zero magnetic field, (b)
Zeeman pattern at 17@ Gauss,
{(¢) calculated positions

{3

..l\h |

iz Dye laser frequency and intensities of the Zee-
- man components for aM = 2
0 26Hz Atomic frequency transitions [10.74]

transitions. For example the rubidium levels were measured up to n f 50 with
better than 1 x10-7 absolute accuracy [10.77]. Because of the relat1ve!¥tl
long lifetimes of the high levels the linewidth of ;he two-phot?n tr:?ZT ;on
ig very small. One obtains, for exampie, for the 30 51/2 IeveT in rubidiu
a lifetime of ~25 us and a linewidth of 6 kHz. Such narrow lines may be-
ise reference wavelengths for dye lasers.
com: SZi; interesting application of Doppler-free two-photon spec?roscopy
was demonstrated by HANSCH et al. [10.78]. The frequency o gf a nitzﬁgen
laser pumped dye laser at i = 486 nm was frequency doubled in a lithium
formiate monohydrate crystal. The fundamental dye laser output was u§ed to
perform saturation spectroscopy of the Balmer g line in a hydrogen d1schérge
cell (see Fig.10.85), while the frequency-doubled out?ut at x = 243 nm 5:1
mul taneousty excited a two-photon transition 15 » 25 in a second fléwlce
where H atoms are produced in a gas discharge. The two-photon transition
was observed through the collision-induced 2P-15 f]uoresc?nce at » = 121.5 nm.
Without the Lamb shift the frequency of the 15-25 transition should be four
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Fig.10.55. Experimental setup for the determination of hydrogen 1S Lamb shift
by combnation of saturaticn and two-photon spectroscopy [10.78]

times that of the Balmer 3 line. From the frequency difference

o=z w(18),52 25y 5) ~u(2S, 5~ 4P} ;)| the Lamb shift of the IS state could
be determined (Fig.10.56a). Figure 10.56b shows the resolution of the
hyperfine splitting of the 15-25 transition in hydrogen while the hfs com-
ponents of the deuterium line D{15-25) could not be resolved. The frequency
markers from a Fabry-Perct allow one to measure the isotope shift of the
D(15-25) transitions against the H({15-25) line, This yields a very precise
determination of the Rydberg constant [10.78a].

Two-photon spectroscopy has already been applied to a number of molecules,
such as CGHE‘ NO, NH3, CH3F, and Naz. For the larger molecules the selective
excitation of excited states with definite symmetry determined by the selec-
tion of the polarization of the two laser beams is heipful for the assign-
ment of these states [10.80].

With three-photon spectroscopy, states with the same parity are reached
as in single-photon transitions. The advantage is, however, that transitions
in the vacuum-ultraviolet region can be excited with visible light [10.791.
Since single-photon laser spectroscopy in this region is impeded by the lack
of suitable and easy to handle laser systems, the application of nitrogen
laser-pumped dye lasers o Doppler-free three-photon spectroscopy will cer-

. ; 1 I ) ! | ey b | £ L ] L L
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LASER TuniING [BicamenTz]

{a)
J 1
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l‘.l3 2 1 ' ¢ 672 €73
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Fi?.lo.ss. (a) Simultaneous measurement of the 1S - 25 transition and the
almer 8 line (25 - 4Py,p) of the H atom. (b) Hfs of the 153/, + 2512
transition in hydrogen and deuterium, resolved with two-photon spectroscopy
[10.31a]

tainly open a whole new area of fnvestigations in the far uTtraviolet range.
More examples can be found in the recent excellent review by GRYNBERG and
CAGNAC {10.74,75a] or in [10.70,80].
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