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With the advent of lasers, a lot of new spectroscopic methods have been

developped, taking advantage of the monochromaticity of the source, of its power
and of the possibility of very short pulses. Among these techniques, the satu-
rated absorption spectroscopy (ShS) has been improved for now 15 years and is

now giving

outstanding new information about molecules. Although the idea and

the first demonstration of SAS took place around 1970, it took several years to
uild saturation spectrameters and to improve them by reducing all the factors
still limiting the resolution ; during these years, the equations describing the

inter

action between light and matter during such a non-linear process were better

understood and solved and the causes of line-hroadening could be identified and
better controlled in the experimental set-up. Because of sas, the resclution has
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now gained 6 orders of magnitude sinoce 1969 ( Fig. T-1) and in the first part

of these lectures, I shall describe the 10 um saturation spectrometer built and
cperated by the team led by C. Bordé at the University of Paris-North., Then I
shall turn to the applications of SAS to small molecules and explain what new
features are seen in the spectra ; to fully master a new technique such as SAS,
it is necessary to check which rew features come from the intramolecular dynamics
and bring information and which features are due to the technique itself and to
the particular way the molecule interacts with the electromagnetic field. The
molecule chosen here is SF¢ for there has been extensive 5AS studies as well as
studies with other new techniques such as Doppler free two-photon spectroscopy,
Infrared Infrared double resonance, stimulated Raman spectroscopy, photon echoes.
Actually it has been a " pet molecule " because it absorbs (0, laser light and
because of the interest for the laser isotope separation of UFG‘ However it is
only recently that the vy band SFG' which is the first step of multiphoton absorp-

tion, in known in details. In the second part of my lectures, I shall describe
what we learn about the molecule when we look at it with ultra-high resolution

{ Fig I-1 }.

PART 1 : Experimental specifications.

I-A Description of the spectrometer.

The principle of SAS is given in Pr. Demtroder's lectures. What we need
to start with are two counterpropagating laser beams to select a class of mole—
cules with given velocity and get rid of the Doppler-broadening. Then, to do
spectroscopy, one must have some tunability and some frequency calibration toge-
ther with a frequency stability of the beams as high as possible ; afterwards all
remaining broadening mechanisms must be minimized.

The idea of a frequency off-set locked spectrometer ( Fig. I-2 ) was
introduced by J. Hall : one reference laser is stabilized to a saturation peak
and that stability is transfered to a second laser locked with a tunable frequency
offset from the reference laser. Then the saturated absorption is recorded with
the second laser beam which is sent into the absorption cell,
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The (I)z laser sources are mounted on a massive { 16 T ) vibration iso- o /~H:‘ G }
lated slab ( Fig 1-3 )} on which three lasers are represented : two conventional L
low pressure lasers and a wavegquide laser but, for current work, only two lasers 3
are used simultanecusly.

PHASE
FREQUENLCY
OFFSET-
tOCKED
LASER

The conventional lasers are seen on Fig I-4 and were built ten years ago
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with a highly stable mechanical design with invar rings ; the frequency is sta-
bilized by locking the laser on a saturation peak using a third derivative servo-

wmer | L -
SRILEN
- -
"

loop which drives two piezo electric ceramics, a slow one which corrects slow

-

fluctuations up to 300 Hz and a fast one. This servo system is very efficient
and its only limit is the signal to noise ratio of the error signal. The spec-
tral purity of such a laser is better than 10 Hz with slow drifts less than
25 Hz for seweral tens of minutes. This can be seen on the beat note of two

FIGI - 2

lasers servoed independently on two saturation peaks [ Fig I-5 ). e am e

LINE CENTER I

C: CORNER CUSBE e |HyGd LOCK
With these lasers and the frequency off set lock, very narrow ( 5 kHz ) ¢ rBOLA
P: PAR

[ LASER 7 f
linewidths were obtained as early as 1976 ; however the disadvantage of low SPATIAL FILIER

. 1 1
.8
pressure lasers is their lack of tunability : they can be tuned onty over the I CELLE e Ge Ge [

==  cd
Dopplerwidth of the CO, lines { * 60 Miz ) and very few lines of few nolecules S e —— TP TOLATIIER

(7Y =3
l

10 MiM DIODE

SCOPE X3
oould ke studied. To extend the tuning range, high pressure waveguide lasers ﬁl‘zz‘:bzvils °
were designed and are represented on Fig I-6 . When they were first used, they 7 oy . T
were actually not locked to a conventional laser and were used as free-running WAVEGU1DE ‘ 1, =
lasers ; as a consequence the resolution dropped to about 40 kHz, but they were
tunable over 500 MHz arcund each 0, laser line. An example of spectra recorded

with the free-running waveguide laser is shown on Fig I-1 { c}.
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now stabilized on a saturation peak with two ceramics, as a conventional laser, TeLEscoPE K7 P Al cas
LS
and, in the spectrometer, they can be locked to a conventional laser : the beat
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note of the two lasers is mixed to the radiofrequency of the synthetizer in a
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phase-lock servo-loop and, by driving the radiofrequency synthetizer,the laser Ry N ” Y
is tuned over 500 MHz. Finally in the set-up we have a reference frequency given Q s,‘ - IS
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by a highly stable conventional low pressure laser which is locked to a narrow
saturation peak using a third derivative servo loop ; then the beat note used
in the phase lock servo loop transfers completely the stability of the conven-
tional laser to the wavequide laser.

Once we have such a nice source, we can think of the interaction between
the light it emits and some system, atoms or molecules. At Villetaneuse, there
are two possibilities : we can either send the beam into a cell or send it
next room to interact with a supersonic molecular beam. The next step is to have
a good optical quality of the laser beam whenever it interacts with the molecu-
les. In the cell, the path of the beam is shown on Fig I-3 and to keep the opti-
cal quality of the imput beam, we use high quality corner cubes { faces polished
at A/20 and angles precise at 1" ) ; the radius of curvature of the wave front
is about 1 kilometer with a beam waist of 4 om. Thus the linewidth is essential-
ly due to transit time across the wave : the finite time of interaction between
the molecute and the electromagnetic field which gives a 1.2 kHz broadening.
Since it is not possible to increase the transit time indefinitely { the cell
is already very large : 18 meters long, 70 cm diameter ), we are trying pre-
sently an other method, the Ramsey fringes technique, in which we separate the
interaction into three zones, which explain the geometry shown on Fig. I-3.

I-B - Absolute frequency measurements.

We have now a good grid of frequency markers based on 00, lasers locked
to Os 0, saturation peaks. Os 9, is a good candidate for that kind of metro—

logical work for several reasons.

- as shown on Fig I-7, there are many Os 04 lines in coincidence with each
0, laser line.

- Secondly, there exists an absolute frequency measurement of an Os 0y line
with an accuracy better than the khz.
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- Finally, the lines of Os 0, are strong and narrow because it is a
heavy molecule for which the recoil splitting, the second order Doppler
effect and transit effects are very small. In addition, the hyperfine
structures are either completely resolved or absent.

A sketch of the method is shown in Fig I-8. Basically, a point contact
MIM diocde receives beams from the two stabilized (07 lasers and power from a
Klystron.If the two laser lines are not adjacent lines, a millimeter wave Klys-
tron is used and compared to the X band Klystron : in that case we have two
phaselock servo loops. If we have adjacent lines, only the X band Klystron is
used. The recent improvement enabling one to measure non-adjacent lines allowed
to reduce uncertainties, to avoid error propagation and to detect systematic
errors.

5o there exists now, shown on Fig I-9, a grid of frequency markers which
extends over 1.12 THz and is known to 1 kHz accuracy. It is calibrated with res-
pect to the Cesium clock and can be used for all spectroscopic work in this re-
gion and also in regions which can be reached by addition or differences of these
frequencies.

PART II - Ultra high resolution spectra of SE‘6

II-A - Ultimate splitings of vibraticon-rotation eigenvalues,

We start from the pattern of the vibration-rotation (VR} levels involved
in the fundamental band of a triply degenerate vibration mode such as V3. In
the pattern shown by Pr. Amat, each level is still highly degenerate since K and
M can take 2 J + 1 values ; this degeneracy is associated with the high symmetry
of the VR hamiltonian when its expansion is truncated after the first order

Coriolis term : all rotations of the molecular axes and of the laboratory axes

B

vy ® T
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oo e ——
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leave the truncated hamiltonian invariant. However the true symmetry of the
total VR hamiltonian Hvr is lower than that and the only rotations that leave
Hvr invariant are those which leave the equilibrium configuration of SF, unchan-
ged { Fig 1I-1 ). These rotations are the element of the point group 0. The
table of caracters of the irreducible representations ( I.R. } of O is given
in Table II-1. The decomposition of the representations of O spanned by the

3 J + 1 rotational functions { with different K ) into I.R. of 0 gives the
maximum possibility of splitting to expect for the 2 J + 1 eigenvalues of H -
The formula which tells how many times each I.R. of O appears for a given
value of J is given in Table II-2 ; since the same type appears several times,
an additional counting index n is necessary to distinguish identical I.R. The
cigenvalues of H _will then be labeled Jc"in the ground state ( C = Ay, Ay,
E, F1' F2 }. In the vy = 1 state, we have similar considerations but J must
be replaced by R and an eigenvalue of HVr will finally be labeled by J R o
(withR=Jj.nv3=0andR=J,Jt1 1'_nv3=1}.

The next question is "do we reach this maximum decomposition of JR levels?".
The answer is yes : there are indeed operators in the expansion of H,. which
produce this splitting ( Table II-3 }. In a carefully chosen basis of wavefimc-
tions labeled by the I.R. ( JRC™), we find operators which are diagonal in this
basis but which have different matrix elements for different C or n, The main
operators to do that are called Toaq and Tyoy and represent contributions to
the centrifugal distortion and to the vihbrational dependence of B. The split-
tings, according to the values of ¢ are described by a factor F ( R, nC } in
the matrix elements ( see Table II-4 } and these factors have been tabulated
{ see eramples in Table IT-5 for R = 39 and 88 ). What can be seen from Table
II-5 is that these splittings are far from being equal but, on the contrary,
the split eigenvalues are gathered into clusters. This clustering has been des-
cribed at length in the literature and its physical reasons are related to the
fact that, at one end of the R manifold, the molecule is rotating around a three-
fold axis while, at the other end, it is rotating around of fourfold axis .There
are six equivalent fourfold axes leading to a near degeneracy of six states and
eight equivalent threefold axes leading to near degeneracy of eight states. The

- Molécule XY, , axes de symétrie d'un cube et systéme d'axes Oxyz lié i la molécule.

1.3

FIG I1- 1
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Splittings within a cluster are called superfine splittings and can be
extremely small, especially for high R values and towards the ends of the R—
3=Oa.r:dinv3=1butthere
is an important scaling factor because thqqS< b 454 | See Table II-4 } and
because the matrix elements of T224 are zero in vy = 0. Actually the tensor
centrifugal distortion oconstant t04 4 has been determined by us from hyper-
fine structures and could not be determined before from the fit of VR lines ;
the splittings of lines in the VR spectra reflect almost exactly the split-
tings of the vy = 1 levels. The superfine splittings of lines have been
resclved with S5AS ( see Fig, I-1 ).

manifolds. The clustering is quite similar in v

IT-B - Byperfine interactions.

If we look mow at still higher resolution we see that even a line
with a given ¢” such as the R 28 A2° lire of Fig I-1 is further split. To
understand these splittings, it is necessary to imoke terms which are not
in the expansion of H, and which irvolve the nuclear spins. In the point
group O, we can find nuclear spin functioms which are symmetry-adapted and
have definite symmetry species C and this help finding the nuwlear statis-
tical weights which are important for the intensities of VR lines as men-
tioned by Pr. Amat. We can associate several nuclear spin wavefunctions with
the same VR wavefunction provided the Pauli principle is satisfied; then the
different total wavefunctions have the same energy since no term involwves
the muclear spin in Hvr

If now we add, to H,,.» operators which act on the nuclear spin wave -
functions, VR lewels will be split. A simple example of such an operator
is the dot product 1.J, where I is the total nuclear spin of the six fluorine,
which will split VR levels into 2T + 1 sublevels labeled by the quantum
namber F ( F = T + J ) . This interaction called the scalar spin-rotation
interaction is what we see in Fig I-1 (d) since, for and AVR level the

total nuclear spin I can take the values 1 and 3. The correspondence between
the symmetry species of the VR level and the possible values of I is given in
the Table II-6. Let us see now more closely the cperators involving the nu-

clear spins.

I1-B-1 - Spin~rotation interaction ( Table II-7 }

The magnetic field created by the rotation of the molecular charges
{ electrons and mxlei ) at the site of a nucleus interacts with the spin
of that nucleus. Tt is related to the angular momentum J through the tensor
Ci which is diagonal and involves only two constants Ciand C g /( for symme-
try reasons) which are related to the usual coupling constants C4 and C,.
There is a very similar interaction due to the vikbrational angular momentum
13 { which has no effect if l3 = 0 ) and which has the same expression
{ 1, replaces J ) but two different coupling constants.

II-B~2 - Spim-spin interaction ( Table II-8 ).

If we start from the classical expression of the interaction between
two magnetic dipoles, we obtain the direct spin-spin hamiltonian by expres-
sing the nuclear magnetic dipole as a function of the nuclear spin. In a
first approximation, we can take for the internuclear distances Iij’ the
values at the equilibrium configuration ; there are two distances in SFG'
between adjacent nuclei and between opposite nuclei, which give two cons-—
tants ; up to now I have not introduced any variation of these two parame-—
ters with the molecular state.

II-B-3 - Symmetry-adapted expression ( Table IT-9 )

In order to calculate easily the matrix elements of these operators
and, in particular, to see more comveniently which matrix elements may

s
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%eo

not vanish, we transform the expressions to symwetry-adapted expressions
in the symmetry group of the Hamiltonian. We extend samewhat the point
group and choose to use U0 (3 xohwherelb (3) is the orthogonal group
of the lahoratory-fixed axes and where x denctes the direct product of two

-

groups. This group is appropriate because it is easier to deal with the

vibration-rotation in the molecule~fixed axes while the nuclear spin are ) rm e mmm T
better handled in the laboratory-fixed axes ; so we want to keep track s
of the behaviour of the operators and wavefimctions in both groups. The

-3

FIG O

V.R. operators and wavefunction and nuclear spin operators and functions
are separately symmetry-adapted and are then coupled with the requirements
that the total wawvefunction satisfies the Pauli principle and that the
hamiltonian is totally symmetric. what we have gained is that we can use )
the full power of Racah algebra to calculate the matrix elements, both (1) o
the ustal Raczh algebra in "0 (3), bt also its equivalent in the point
gmupohwithG—Cwnbols analogous to the 6-j symbols. 'mekeypointhrhen

we look at these operators is to realize that they involve VR operators

HYPEREINE - FULOKVED CROITOIEAS

-

which are not A,' so that, now, VR states with different species C in Ch
can mix.

I1-B-4 Wyperfine induced crossovers,

Among the ooupling constants, only d1, d2 and c, were known in
1977 arﬂinparticularc and t.,, which are so inportant for the ground
state pattern of levels were unknown ; ; fortunately, SAS provided us with
same spectral features which are specific to SAS and which gave access to
the ground state ; in addition to the usual lines that. one expects from
linear absorption spectroscopy, the technique of saturation spectroscopy
provides us with an extra line each time two transitions share a comon
level, either upper or lower level ( Fig IT-2 ). These lines are called
crossovers and are located halfway between the two parent lines ; their
intensities are the gecwetrical means of the two parent intensities. What
happens then is illustrated on Fig II-3 in the case of a doublet : the
hyperfine interactions break the selection rule AC = O since C and C' VR

+

SPECTROSCOrY

- FIG*1 -2

CROSSOVERS IN SATURATION
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- 24 - va=1: Fe=pt e ’;1-,;1 J=53
>~ F-F
VR SPLITTING
-13 MHz

states are mixed and crossovers with lower common levels appear between
the main lines. The real situation in the coupled basis is drawn on

Fig II-4 with the hyperfine sublevels. The structure of these crossovers
enables one to determine the constants responsible for this pattern of
sublevels in the ground state namely thyq and | €q! - The triplet Q(38)

F o SpPLITTING
180 kHz

E% Fig.u J=53
I=1
= VR
F1° E®° F; is an other example of the same phencmenon ( Fig II-5 ) in which,
the necessity to indroduce the overal parity,g or u, is clearly seen.

II-B-5 -~ Hyperfine structures of lines.

These spectral structures can look very different from one another
because the pattern of levels can be very different both in vy = 0 and
in vy = 1 states ; we can distinquish three cases :

a) in both vibrational states, the VR splittings of neighbour
states are large enough compared to off-diagonal hyperfine

. \ ;
matrix elements. 500 kHz -36.006 MHZ KHz
1
~42608 MHz  -35.742MHz  -20151 MHz

b} the VR splittings are large enocugh only in the vy = 1 state .
' FIG D - 4
¢) the VR splittings are small is both states.

- 25 -

L
In case a) the hyperfine structures are pretty regular and it F' Eu
is easy to recognize the hyperfine components according to the possible 1-5. F‘; -
values of the total angular momentun and the total nuclear spin. Such !

an example is R28 A2° shown in Fig I-1 ( d). Other example for other sym- w
metry species of O have been observed.

In cases (b) which are the nost frequent cases, given the small Q(i 8)
value of th4q+ VR states are strongly mixed in vy = 0 and, thouch the
VR lines look isclated, because VR splittings are large in vy = 1, the
hyperfine structure of these lines are fairly perturbed. The triplet

052 AZ Ff E4 is such an example ( Fig II-6).

FiG 1I

-5
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85.227 85.257 MHz
T
Finally, in an extreme case (c}, the VR splittings can be zero in ¥
both vibrational states and this is called a superhyperfine structure. Tetra-
4

gonal superhyperfine structures are suprisingly very regular, exhibiting Qg7E _\‘/

4
equidistant quadruplets of hyperfine components and these patterns can be 052 E a 052 A12
explained physically with a simple model. A superhyperfine F‘.I F2 cases is 46 I
shown on Fig II-7 : however as soon as the VR splitting is not exactly zero, R . B h" [ o Vo
this nice regularity is lost and the hyperfine structures become more compli- Ay

cated. Many hyperfine structures have been observed in the PO arnd R branches

8
Qqq FO e Q4sFy A
of the vy band, belonging to cases a, b and ¢ or being intermediate between — i
cases ( sec R29 F‘? . F; on Fig. 1I-1 ), Despite the variety of patterns they
have all been fitted with synthetic spectra using the theoretical model des- . f\M\fM

cribed in IT Bl and II B2 and, from this fit we have been able, to determine

A4 Aq 102.403
accurate values of the coupling constants. 102334 u g
76.277 76.342
Most of the material and Figqures of these lectures was taken from the follo— MEGAHERTZ OETUNING FROM Qg F1a
« wing references : FIG T - 5
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3) A. van Lerberghe, 5. Avrillier , C. Bordé T.E.E.E. J. Quantum Flectr. d{ ’\ 0 \L{‘N""
OF14, 481 (1978 ). ’M}MJV \ Tl \. }lf/,/v\ WWf

4) Ch. Salomon, Ch. Bréant, A.Van Terberghe, G. Camy, C. Bordé \‘\\(f *

Applied Physics. B, 29, 153 (1982).

2)J. Bordé and C. Bordé Chemical Physics 73, 417 (1982), B4, 159 (1984)

5) A. Clairon, A. Van lerberghe, Ch Bréant, Ch. Salomon, G. Camy, C. Bordé

J. Phys ( Paris ), 42, Supplement to n® 12, p CB-127 (1981). /L
T

cre T

rs

-



