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Laser Double~Resonance Spectroscopy in Mole.lar Physics

W. Demtrider

Fachbereich Physik, Universitdt Kaiserslautern

I. Introduction

Detailed experimental investigations of electronic transitions in diatomic or
polyatomic molecules and closer examinations of excited molecular states are
often impeded by fundémental difficulties: The visible and uttraviolet spectra
of many molecules show an exceedingly high spectral line density where many
lines overlap within their Doppler-width. The application of “classical",
Doppler-limited spectroscopic techniques to such cases often yields quasicon-
tinuous spectra concealing many finer details such as rotational structure or
fine- and hyperfine splittings. Furthermore, the excited states of molecules
often have a perturbed level structure which resylts in congested and irrequ-

lar spectra and makes their assignment a tedious task.

On the other hand a more thorough knowledge of excited molecular states is
highly desirable since they play an important role in chemical reactions. All
1ight-induced reactions, as for example photobiological processes, proceed

via electronically excited states. Although studies of laser induced chemical
reactions have gained increasing interest, our knowledge of the detailed struc-

ture of excited states is still insufficient,

There are several ways to overcome the experimental difficulties. Either the

spectral resolution can be increased beyond the limit of the Doppler-width,
or the number of Tines has to be reduced. The first solution is based on
Doppler-free spectroscopic technigues such as saturation spectroscopy 1),
polarization spectroscopy 2) or linear laser spectroscopy in collimated mole-
cular beams 3). The reduction of the number of thermally populated absorbing
levels and thus of the density of lines may be achieved by a drastic decrease
of the temperature, down to a few Kelvin. Molecular spectroscopy at such Tow
temperatures can be realized for instance in supersonic molecular beams where
adiabatic cooling during the expansion from a high pressure region into the

vacuum results in rotational temperatures down to below 1 K 4).

Laser double resonance spectroscopy is capable of combining both advantages
for the investigation of complex molecular spectra: They allow Doppler-free
resolution and they reduce the number of detected molecular transitions to
those few which start from a single setected level. Many different double re-
sonance schemes have been applied so far to molecular spectroscopy, using

either two lasers or one laser and a micrewave or radiofrequency field.

Figure 1 illustrates schematically three possible schemes of optical-optical
double resonance {OODR) where two independent lasers are utilized: a pump
laser which is stabilized on a selected transition between two levels i and
k and a tunable probe laser which is scanned through the spectral range of
interest and monitors all those transitions connected either with level i or
with level k. The beams from the two lasers may travel collinear or anti-

paraltel through the sample.

The pump laser "iabels" both levels i and k either by changing their popula-



tions Ni' Nk due to optical pumping or by altering the orientation of mole-
cules in these levels. Both effects will change the absorption or induced
emission of the probe laser or its state of polarization which can be moni-

tored with appropriate detection techniques.

Pulsed Tasers as well as cw lasers can be used. Both types have their advan-
tages and disadvantages as will be discussed below. In case of cw lasers it
is convenient to chop the pump intensity at a frequency f with a pericd 1/f
long compared to the relaxation time of the pumped level. This guarantees
quasi-stationary conditions during the pump cycle. The poputations Ni and

Nk are then switched at the frequency f between the thermal populations
Ni(o), Nk(o) with the pump laser off and the values Ni(L), NR(L) with the
pump laser on. When the probe laser absorption is monitored at the frequency
f with phase sensitive detection techniques, only those transitions are de-

tected which are connected either with level i or with level k.

We will now discuss the three schemes of Fig. 1 in more detail and illustrate

them by several examples.

IT. Optical-optical double resonance with a common lower level

The double resonance scheme of Fig. 1a may be regarded as an inversion of
laser induced fluorescence (see Fig. 2}, The LIF method is based on the se-
lective popui;tion of a vibrational rotational level (v'k J'k) in an excited
electronic state. The fluorescence spectrum, emitted from this level is
simple and readily assigned. It gives information about the lTevels m=(v",J")

of the lower state on which the fluorescence terminates. The double resonance

signals, on the cther hand, consist of all allowed transitions from the lower
level (v;, J;), labelled by the pump laser,to all accessible Tevels (vﬁ, Jﬁ)
of upper electronic states, The upper levels k and m of pump and probe tran-

sitions may belong to the same electronic state or to different states.

The method is of particular advantage when the upper state reached by the
probe laser is perturbed. In this case many lines will be shifted from their
regular position and it is by no means trivial to assign such lines in a nor-
mal absorption spectrum, even if all lines are resolved. The double resonance
signals, however, are much easier to identify since the lower level (vg, J?)
of each probe transition is already known from the pump transition. The se-
lection rules for optically allowed transitions leave only a few choices for

upper levels (vﬁ, Jﬁ).

In diatomic molecules, for example, the selection rule Ad = 21,0 for the ro-
tational quantum number J allows only rotational levels with J& = J? 1 or

Jﬁ = J? to be reached by the probe Tase:? If the lower electronic state i and
the upper state m both are I-states, only transitions with AJ = 1 are allowed
and the spacings of the two double resonance signals to levels (v', J? + 1)

and (v', J7 - 1} immediately yield the rotational spacings in the upper state.

khen pulsed lasers with larger bandwidth than that of single mode cw lasers are
applied to double resonance spectroscopy of complex spectra, several molecular
transitions may fall within the bandwidth of the pump laser, which therefore
simultanecusly labels several levels ii’ 12 +++ « The probe laser then monitors
a1l accessible transitions from these levels and the double resonance spectrum

may loose some of its simplicity. Even when single mode cw lasers are used in



gas or vapor cells with Deppler-broadened absorption lines, all transitions
which overlap with the pump laser wavelength within the Doppler-width can be
pumped and give rise to double resonance signals. The intensities of the double
resonance signals depend on the change AN = Ni(o) - Ni(L) induced by the pump
laser, Those transitions which overlap only on the far wings of their Doppler
profiles with the pump Taserwavelength will be therefore less intense than the

selected transition which coincides exactly with the pump laser.

There are two further effects which increase the number of possible double-re-
sonance signals. These are due to fluorescence from the pumped upper level k
and to collisional energy transfer between the pumped lower level i and neigh-
bouring levels {v", J") {Fig. 3), The fluorescence from level (v&, JQ) popuy-
lates many lower levels {v", J") (see Fig, 2b), according to the Franck~Condon
factors of the fluorescence transitions (v; + v")}. Because the spontaneous
lifetime of the upper level is generally much shorter than the chopping period
1/f, the phase of the population modulation, caused by the chopped pump laser,
is for these levels (v", J") the same as for level k, but opposite to that of

level i.

Since the pump laser depletes the population Ni of Tevel i below the thermal
equilibrium value Ni(O}, collision induced transitions from neighbouring le-
vels to 1 will occur more frequently than collisions which depopulate Tevel i.
This means-that the populations N(v",J") of these adjacent levels will also
decrease during the period where the pump laser is on. The poputation decrease
ANj of a level (VS, JS) depends on the population change AN{ = Ni(ﬂ) - Nis,

on the collision cross section Uij and the density of colliding molecules.
Measurements of the ratios ANj/ANi can be used to determine these cross sec-

tions (see below).

For high resclution spectroscopy of dense spectra all these effects may im-
pede the assignment of the double resonance signals. They can be eliminated
by combining the 0ODR-method with Deppler-free techniques under collision free

conditions. Two examples shall illustrate this.

The first example demonstrates the application of OO0DR spectroscopy to the
assignment of lines in the extremely complex visible spectrum of NO,, The ex-
perimental arrangement is shown in Fig, 4. The beams from two single mode
lasers cross the collimated molecular beams perpendicularly. Both beams pass
through a chopper wheel with twe different rows of holes. The pump beam in-
tensity I1 is chopped at a frequency f1, the probe beam intensity 12 at a
frequency f2' The fluorescence induced by both lasers is used to monitor the
absorption. The population density Ni of molecules, having passed through the

pump beam, is
AR TN N _ (1)

The fluorescence intensity induced by the probe laser, which crosses the mole-

cylar beam a few mm downstreams from the pump laser is given by

I

{L) - h.1 .N O hen 9
£1 = beNy 1, = b1, Ni - ab N, I1

2 (2}

b w0 Ly (1-cosznf,t) - abNiOI1GIZG(1-c052ﬂf1t)(1-c052wf2t)

The first term represents the fluorescence induced by the probe laser in the
absence of the pump laser. The second term describes the decrease in fluores-
cence due to the saturation of the population Ni caused by the pump laser.

Evaluation of the product yields:



_ 0
If1 = b(1—aI20)I10(1—c052 fth+abNi cos? fit

21 0 ‘
) abNi 110129 [cos?n(f1+f2)t + cosZn(f1-f2)t:]

If the fluorescence is monitored through a lock-in amplifier, tuned to the sum
frequency(f1 + fzjonly the double resonance signals are detected, while the
fluorescence, induced by the pump laser or the probe laser alone can be moni-

tored at the frequencies f1 and f2 respectively,

Figure 5, which shows a section of the excitation spectrum of NO, around

é)
A = 488 nm, illustrates the complexity of the spectrum. There is no regular

pattern to be recognized. The 00DR-method is helpful in assigning the spectrum.

The lower trace of Fig. 6 reproduces a small part of the spectrum of Fig. 5,
If the pump laser is stabilized on line No. 4 and the probe laser is tuned,gu
the CCDR-spectrum, shown in the upper trace is obtained at the sum frequency,
which proves that lines No. 1 and Mo. 4 share a common lower level. The sepa-
ration of these two 0ODR-signals represents the energy separation of two upper
levels m, and Toys which are both optically connected with the common ground
state level. Further studies showed that also the line pairs 2 and 5 and 3

and 6 were coupled by a common lower level, and that the lines 1, 2, 3 and 4,
5, 6 represent the three hyperfine structure components of two rotational

trans1t1ops (J{, K;) - (Jﬁ, Kﬁ) withm =1, 2,

Since the Doppler-width is reduced by a factor = = 100, which equals the
collimation ratio of the molecular beam, simultaneous excitation of several
pump transitions can be eliminated. At the low pressures in the molecular

beam collisions can be neglected. Therefore the combination of Doppler-free

excitation with double-resonance techniques simplifies the OODR-spectrum and

makes its assignment straight forward, provided the pump transition is known,

IIT, Stepwise Excitation

The second 00BR-scheme of Fig. 1bhas proved to be very successful for the study
of highly excited molecular states. The first laser popufates a selected level
in an excited state and the second laser induces transitions from this level
into higher states, The final levels m reached by absorption of two photons,
have the same parity as the initial ground state level i. This OODR excitation,
which may be regarded as a resonant two photon transition, therefore gives
complementary informztion compared with wltraviolet absorption spectroscopy
where states with comparable energy but opposite parity may be reached by ab-
sorption of one ultraviolet photon.
The second transition K + m of the OODR can be monitored in different ways:
when the flucrescence induced by the second laser is detected as a function
of the wavelength ), of the second laser, one pbtains the excitation spectrum
of the transitions K » m. If the states m are high lying molecular Rydberg
states, they may autoionize and the number of ions detected as a function of
ky is a measure for the transition K -~ m. Another method, called "polarization
labelling" is based on the orientation of the optically pumped molecules in
Tevel X, If the sample is placed between two crossed polarizers, linearly po-
larized 1ight will only pass the second polarizer if its plane of polarization
is being turned through the interaction with these oriented molecules {see ref.
2 on polarization spectroscopy). Cnly those wavelengths are therefore
transmitted to the detector which coincide with transitions K+ mor i + m.

if the probe Tight is broadband radiation, generated for example by a broad-



band nitrogen laser pumped dyelaser, all ramiitisns £ - m within the band-
width of the probe can be detected simultaneously with a photoplate or an

optical multichannel analyzer (see below).

The intermediate levels K have radiative lifetimes ranging from a few ns to
several ps. When pulsed lasers with pulse durations of 1 - 10 ns are used,
typical for nitrogen laser pumped dyelaser, even the shorter lifetimes of

some ns rise no problems. The double resonance signal S is given by
S = a'Ni'BiK'[i'BKm'IZIdV {(4)

as long as saturation is avoided. Since the molecules do not travel far
during the short pump pulse duration, the signal is proportional to the den-

sity Ni times the pumped volume dv.

The peak powers of pulsed dye lasers readily reach several KW and are there-
fore sufficiently high to saturate the transition i + K. This implies that
nearly 50% of the unsaturated initial population Ni can be transferred to
level k. The probability Pkm for further excitation to higher levels m by

the second laser with energy density §, at the Tocation of the sample is

p - Bkm 82 (5)
km
Ben$ 2 * L A

where BIkrn is the Einstein coefficient for absorption on the transition k + m

and 1 Akn represents the transition probability fer spontaneous decay of lavel

k into Tower levels n.

Although the transition probability for transitions k-+m to higher Rydberg

levels m decreases with increasing principal quantum number ¢of these levels,
pulsed lasers have sufficiently high energy densities § to make Bkmg o”> L Akm'
The probability Pkm then approaches unity. Under such favorable conditions the

detection of OODR-signals imposes no serious problems.

The situation is different when cw lasers are used. Since their output powers
are much smailer than the peak powers of pulsed lasers, the probability Pkm
may be much smaller than unity, which means that only a small fraction of all

molecuies in level k can be further excited.

The application of cw lasers to stepwise excitation of molecules faces another
problem, related to the short spontaneous lifetime v of many molecular levels
k. Let the two collinear laser beams have a common diameter d. When a molecule
in level i diffuses into the pump beam, it may be excited into level k at a
position x. During its spontaneous lifetime t it travels a mean distance § =
1¥, where v is the mean thermal velocity. Only that small part of the spatfally
distributed probe laser power between x and x + §, that is “seen" by the ex-
cited molecule before it decays, is useful for further excitation k + m.

After the molecule has spontaneously decayed, it is lost for the pumping pro-
cesses because only the small fraction n = Aki/ ﬁ Akn of all spontaneous de-
cays terminates on the initial leve) i and can be pumped again. Most of the

molecules decay into other levels n which are not optically connected with Je-

~vel i and could only return to it by collisional transfer.

In order to illustrate this problem, let us consider a typical example:with

V=500 m/s and 1 = 1078 5 we obtain 5 = 0.5 ym. When the two focussed laser



beams have beam waists of w = 0.1 mm, the excited molecule travels on the
average less than 0.5% of the probe beam diameter, This means that only a
small fraction of the spatially distributed probe power is useful to induce

the double resonance transition k = m.

For OODR-spectroscopy in molecular beams with cw lasers the geometrical
arrangement of the two laser beams is of crucia)l importance for the optimi-

zation of the 00DR-signals. The intensity of the first laser should be suf-

ficiently high to insure that all molecules which pass through the laser beam,

can be excited. On the other hand, however, it should not exceed an upper ti-
mit, to prevent that the molecules are already excited before the maximum of
the Gaussian beam profile where the second laser has not sufficient power to

compete with the spontaneous decay. In any case the second Taser should have

more power than the first and both diameters should be not much larger than the

mean path S. Since the molecular beam width is of the order of 1 mm, the fo-
cussing by spherical lasers would make the laser beam diameter much smaller
than the molecular beam diameter and most of the molecules would pass out-
side the laser beam without being pumped. The most efficient geometrical
arrangement for two step excitation with cw lasers in molecular beams uses a
combination of spherical and cylindrical lenses 8} to focus the two collinear
laser beams into a thin sheet of light with an elliptical cross section at

the intersection with the molecular beam (see Fig. 7).

IV. Two Step Resonance Ionization Spectroscopy

The optimization of stepwise excitation is of particular relevance for the de-
velopment of a very sensitive detection method, called two photon resonance
jonization spectroscopy (see the paper by G.S. Hurst)., This method is based
on the OODR—scheﬁe of Fig, 1b where the upper states m are either continuous
states above the ionization 1imit or high lying molecular Rydbergstates which
can autoionize. The molecular ions generated by the second laser on the tran-
sition k + m = k ~ [ are used to monitor the absorption of the first laser
since they are only produced from excited states k, populated by the first
laser,

In this scheme the wavelength of the second laser is kept fixed and that of
the first laser is tuned. Any time the first laser wavelength coincides with
a transition i + k, the second laser produces ions, provided huz > (IP = Ek).

The number of ions n._ _ produced per second, is

ion
]
kI
n, = N, +P = h, —
ion k " KI a
Prr * L Ayn
B (%
- kI=22 (6)

a
BeiS2 * I Ay

B.1§
Nioay, +(Py/hvy b ki22
BerSat A

where Ny is the number of pump laser photons hv, absorbed per second at a
pathlength ax on the transition i ~ & at an incident power P1,and BkI is the
Einstein coefficient for the transitfon from level k into the ionization state

and AK =5 Akn is the total relaxation rate of level k. Equation (6) shows,



the guadrupol moment of the motecular core ai) .o (v cability determines
the actual quantum defects which depend on the electrons’ angular momentum,
tts principal quantum number n and also slightly on the internuclear separa-

tion R 14,

The necessary condition for autoionization of a Rydberg level E;(v*,d*) into
an fonic level E*(v*,J%) can be expressed by the energy relation
+ + + +
Eintve) » Exgy > BE ¢ EL (VD) + 5 (09) (8)

where AE = E+(Re) - E;(Re) is the energy separation of the minima of the two

potential curves at the equilibrium internuclear distance Re.

The probability for auto-ionization depends on the coupling between nuclear
motions and electronic energy since part of the rotational-vibrational energy
must be converted to the Rydberg electron in order to give it sufficient
energy to leave the core. The auto-ionization process for Rydberg states of
molecules is therefore certainly much slower than that of doubly excited ato-
mic states, In order to estimate its efficiency one has to take into account
all other possible decay channels of the excited Rydberg-state £;(v*,d*). The
auto-ionization process competes with the radiative decay of the Rydberg le-
vels and often also with possible predissociation. However, the spontaneous
transition probability decreases approximately with n"3. For large principal
quantum numbers n,the radiative decay therefore becomes very slow and in ab-
sence of predissociation even small auto-ionization probabilities may already
result in complete ionization of the Rydberg Tevel. Since the ion can be de-

tected with high efficiency, this makes auto-ionization by two-step excitation

a very sensitive variation of resonant two photon ionization, because the
transition probability for the seconrd step k - n{v*,J*) is much higher than
that of direct transitions k » [ into the jonization continuum.

15-18) pove

Several groups started experimental work on two step autoioniza-

tion of diatomic molecules. Qur group in Kaiserslautern 19) has chosen the
Liz-mo1ecu1e because there exist very accurate calculations of ab initio

20) which can be compared with the experimental results. The

potential curves
experimental procedure is illustrated in Fig. 10. The L1'2 molecules are pre-
pared in a supersonic beam which is crossed perpendicularly by two collinear
Taser beams from two pulsed dye lasers L1 and L2, pumped by the same nitrogen

laser. The first laser L1 pumps the Li2 molecules from a level (v?. J;) in

.
g 1
the molecular constants of both states are known

the X'E ground state into a selected level (vﬁ, Jé) of the B1Hu-state. Since

%) the pump transition
(v?,d;) + (vé,Ji) can be assigned by observing the laser induced fluorescence,
When the pump laser L1 is stabilized onto this transition, the second laser L2
is switched on and induces transitions from the intermediate level (vﬁ,dé) in-
to higher Rydberg levels (v*,J*}, which can auto-ionize. The number of ijons

is monitored as a function of the wavelength AZ of L2, at first with L1 off
and then with L1 on, The difference between the two readings gives those ions
which are produced by L2 on a transition (vﬁ, JQ) + {v*,J*) or by direct

photoionization
Liz(vé, Je) + hvy + Li; ve {9)

In our experiment 2hu2 was larger than the ionization limit of Liz(x1£g). The

second laser alone can therefore also produce ions by two photon ionization.



The probability for this process is, however, sufficiently large only for reso-
nant two photon ionization when the photon energy hv2 fits to a molecular tran-

sition
3 1 " " 5 1 1 1
Li,{X zg(v 2J")) + huy > Li, B Mylvssd3) (10)

The middle trace (a) in Fig. 11 shows the number of ions Nion(sz) produced
with L1 off. The peaks correspend to resonant transitions{10}, as could be
proved by observation of the corresponding fluorescence {lowest trace in Fig.
11B}.khen the pump laser L1 is switched on, the upper trace (b) in Fig. 11 is
recorded, The difference between the two curves (note that the upper curve is
vertically shifted by an amount indicated by the arrow in order to separate
the two recordings) gives the number of ions produced by one photon hv2 on a
transition frem a labelled level (VE,JE) in the intermediate state, The auto-
fonization lines can be seen superimposed on a continuum which increases with
decreasing wavelength Ay. The continuum is attributed to the direct photoioni-
zation process (B) and from its onset at Az = 474.9 nm, measured at different

electric field strengths, the adiabatic ionization potential
1P = E(xzz; vi =0, 0" =0) - E(szg, v =0, 3" = 0) (1)

is determined to be IP(Li,) = 41475 + 8 em !, A comparison between Figs, 11A
and 116 shows that with increased strength of the electric field used to ex-
tract the ions, some new auto-ionization 1ines appear close above the ioniza-
tion threshold. They can be attributed to very high Rydberq levels with

n = 50 and v* = 0 which auto-icnize by rotational coupling inte v* = 0. The

molecules in these levels have a large polarizability and the induced dipole

moment may enhance the coupling efficiency.

The linewidth of the auto-ionization Tines is very narrow and mainly deter-
mined by the Taser bandwidth of about 3 GHz. In order to investigate the line-
width in more detail, the bandwidth of L2 was reduced to 1.5 GHz by inserting
an extra etalon into the laser cavity. The laser linewidth could be determined
from the width of the 1lines 1F1(A2) induced by L2, Figure 12, which shows two
auto-ionization lines excited at two different field strengths, illustrates
that the linewidth increases with increasing electric field. The steps in the
Tine profiles are due to the stepwise scanning of the laser wavelength. From

a comparison of these line profiles with the fluorescence line profiles excited
by the same laser, an upper limit Av £ 300 MHz for the auto-ionization line-
width at low fields can be obtained. This implies that the lifetime of the

auto-ionizing state is at least 0.5 ns, probably longer 20).

Compared to atomic auto-ionizing states, where lifetimes below 10'12 s are
common, the motecular levels exhibit a much weaker coupling to the ionization
continuum, The reason is that the molecular ionization process takes place
through a coupling between nuclear motion and electronic configurations,
whereas in atoms a direct electronic coupling of the excited electron to the

continuum makes the auto-ionization probability by far larger.

Similar experiments on auto-ionization of molecular Rydberg levels have been
performed on Na2 and K2 by Martin et al. 17) and by Leutwyler et al. 18’21).
A complete analysis of the auto-icnization spectra of all these alkali mole-
cules is, however, still pending since a full understanding of all perturba-

tions requires very detailed studies of the many molecular states closely



below the ionization Timit. These may be not anly Rydberg states but alse
doubly excited states which dissociate into A* + B*, These states can perturb

the Rydberg states and congest the spectra.

Several groups have attacked these problems. Bernheim et al. 21) have perfor-
med OOBR spectroscopy of Rydberg states of L12 below the ionization limit.
The probe transitions were monitored through the fluorescence excited by the
probe laser. For a given intermediate level {v', J') of a I-state, there are
not orly P- and R-lines with AJ = +1 possible for transitions to L~ Rydberg
states but also simultaneously P, R and Q-lines to r Rydberg states. Because

22}

of perturbations, including 1-uncoupling phenomena the assignments of the

different lines is not obvious. The authors succeeded, however, to assign se-

veral Rydberg series 23)-

Here double-resonance polarization spectroscopy is very helpful because it

allows one to distinguish between P, Q or R—transitionsz). Schawlow et al. 24,28)

have investigated many Rydberg states of Na2 by this technique. They used a
narrow band pulsed pump laser to label selected intermediate Tevels (v',J') )
and recorded with a broadband probe Taser many GODR transitions simultaneousty
on a photographic plate {polarization labelling technique 26)). The technique
is also applicable with cw lasers and photoelectric recording with the advan-

tages of sub-Doppler resolution and higher accuracy of wavelength measure-

ments.

Detailed sub-Doppler OODR spectroscopy of Bad has heen performed by W. Field
27}

and coworkers + who used the stepwise excitation scheme of Fig. 1b, The

resonance transitions k + m of the probe laser were monitored by the decrease

of the fluorescence intensity, emitted from level k, as well as by the appear-
ance of a new, ultraviolet fluorescence, emitted from the level m into the
electronic groundstate, This method not only allowed a precise characteriza-
tion of excited electronic states of Bal in the 4 eV region, but also of low

lying metastable states.

VII. 0ODR-Spectroscopy of Dissociéting States

Most spectroscopic efforts are directed towards bound states since they give
rise to line spectra which allow one to determine molecular constants and poten-
tial curves. Much less is known about repulsive states, which are resporsible
for continuous spectra. They sometimes make themselves conspicuous in discrete
spectra by predissociation of bound states which results in broadening of spec-
tral Yines. If sufficient predissociating levels can be found, the potential
curve of the repulsive states can be sometimes deduced, at least for a certain
range of internuclear distances R. However, in many cases it is not clear into
which atomic state the repulsive potential curves dissaciate.

28) used a very elegant variation of O0DR-spectroscopy to scan

Collins et al.
repulsive potential curves of excited states (AB)* and detect the excited atomic
states A* into which they dissociate. The method is illustrated in Fig. 13. A
pulsed tunable dye laser is scanned through the molecular spectrum of interest.
The pulse from the second dye laser is sent through the sample cell with a

short delay. Its wavelength is tuned to the atomic transition between the ex-
cited state A* and a higher atomic Rydberg state A**, When the first laser

excites a repulsive molecular state (AB)* that dissociates into A* + B, the

second laser can further excite the atoms A* produced by photodissociation



into the state A** closely below the fonization 1imit. The sample cell is
built as thermonic detector where the excited atoms A** are jonized by col-
lisions with electrons and are detected with the space charge amplification

technigue (see chapter V).

The signal, measured at a selected atomic transition (Az = const) as a fune-
tion of A yields the probability for transitions from the molecular ground-
state to the repulsive state. This allows one to determine the wave function

of the repulsive state and its potential curve.

The power of this "photolytic spectroscopy” was demonstrated by applying it

to the spectroscepy of repulsive states of C52 29)

. Fig. 13 shows the corres-
ponding potential diagram. The authors found different repulsive states which
dissociate into the atomic Cs states 6P1/2, 6P3/2, 533/2 and 505/2 and which

averlap in their spectral excitation ranges.

VITI. Accurate Determinaticn of Dissociation Energies by OCDR

In the A-type 0ODR scheme of fig. 7c¢c pump and probe transitions share a common
upper level. Of particular interest are those probe transitions k + m that ter-
minate on high vibrational levels m = (v*, J") of a lower electronic state or
on the continuum above the dissociation Timit., Since levels with sufficient
energy above the lowest level v" = 0 have negligible populations at thermal
equilibrium, the probe wave may even experience gain rather than absorption,
provided the upper level k is appreciably populated by the pump transitions.

In a proper rescnator configuration even laser oscillation can be achieved an

these transitions if the total gain overcomes the losses 30? in this section

we briefly discuss applications of the A-type O00DR schemg to the accurate

determination of dissociation energies.

Assume the pump laser excites a high vibrational level v' in an upper electro-
nic state k, less tightly bound than the groundstate. The potential minimum

of this state will then be found at a larger internuclear separation Re than
that of the groundstate., When the pump transition starts from a Tow, thermally
populated vibrational level in the groundstate i, the maximum Franck-Condon
factors occur for those vertical transitions which reach the upper state at
the inner limb of the potential curve (see Fig. 14). The excited molecule
undergoes many vibrations during its spontaneous lifetime and the fluorescence
can be in principle emitted at any value of R within the inner and outer tur-
nirg points Ri and RO. However, if vertial transitions from the outer turning
point can reach the cuter part of the groundstate potential, these transitions
will have the largest Franck-Cenden factors because the vibratihg molecule spends

a longer time near the outer turning points.

Under such conditions where the upper potential curve is shifted against the
Tower towards larger internuclear separations, the fluorescence spectrum
shows, besides intense transitions between the inner repulsive parts of the po-
tentials around the excitation wavelength, even stronger transitions termina-
ting on very high vibrational levels of the Tower state i. Also bound-free
centinuous fluorescence spectra are found which represent transitions from the
upper level (v',J') in state k into continuous states above the dissociation

Timit 317,

The long wavelength section of such a flucrescence spectrum of Csz, as excited



by a single mode dye laser on the transition X:Lgiv =, L 049) - D1n:(v'=50,
J'=48) is shown 32) in Fig. 15. From the rotatio;aI spacings w(v",J"=J'=1) -
w{v",J"=0"'+1) of P and R lines, and from the vibrational spacings v(v"+1,J"} -
v{v*,3"} of Tines, terminating on high vibrational Tevels v" closely below the
dissociation Timit, the accurate determination of the dissociation energy De

33)

is possible . For the Cs2 molecule we obtained from the Fluorescence spec-

trum a value De(1£;) = 3648 + 8 cm". From the structure of the continuous

fluorescence spectrum the difference potential Vk{R) - Vi(R) can be deduced31).

The spectral resolution of the fluorescence lines which is determined by the
monochromator, used to disperse the spectrum, is not high enough to separate
the rotational lines for high values of v* since their spacings 4Bv"(d'+1/2)
decrease rapidly with increasing v*. Here the QODR spectroscopy offers much
higher resolution and allows one to resolve rotational spacings very close to

the dissociation 1imit, even when they become narrower than the Doppler-width.

Figure 16 demonstrates the signal to noise ratio of OODR signals obtained with
polarization spectroscopy of the Cs2 molecule. The signal P(72) represents

an 00DR transition according to the V-scheme of Fig. 1a, where pump and probe
transitions share a common lower level. The Tine P{74) represents a A-type
00DR signal according to Fig. 1c where the upper level 3' = 73 is shared and
the probe transitfon is due to stimulated emission rather than absorption,

Pump-~ and probe-waves were travelling antiparallel through the sample.

The smail signals P(70) and P(76) in Fig. 16 are secondary OODR signals, caused
by collisional population transfer within the lower state from levels J"=70

and 76 to the depleted level J"=72, Note, that in homonuclear diatomic mole-

cules collisions can only induce rotational transitions with even aJ values

because of symmetry selection rules,

High vibrational levels in excited electronic states can be probed by triple
resonance spectroscopy first applied to the Na2 molecule by R, Field and his

coworkers 34)

- The technique which is also calted "modulated gain spectroscopy®
is illustrated by Fig. 17. A single mode dye laser excites the molecules into
higher vibrational levels v' in the A- or B-state. With sufficient pump power,
inversion can be reached between v' and high lying levels v" of the ground
state. The resulting optically pumped "dimer-laser" populates these levels

by stimulated emission. A second dye laser is now tuned to a transition between
these high v"-levels and very high v' levels in the A- or B-state. When the
first dye laser is chopped, so will be the dimer laser intensity and with it

the population N(v%) of the terminating level, commom to dimer laser and

second dye laser.

These experiments can give information on the exact form of the potentials
V{R} in 2 range of internuclear distances R where the pure van der Waals po-
tential V(R) = C RS already fails but quantum-mechanical calculations, which
give optimum results around the potential minimum, are not sufficiently accu-
rate. In particular they can investigate the influence of spin-orbit coupling
in the intermediate range between Hunds coupling cases (a) and (¢} by accura-
tely measuring for example the potential curves of molecular singulet and

triplet states dissociating into the same atomic doublet states.



IX. DODR Spectroscopy Below the Natural Linewidth

When the two beams of pump laser and probe laser in the QODR scheme of Fig.

1c travel collinearly instead of antiparallel, a particular situation arises.
The molecule interacts simultaneously with twe copropagating waves which are
both in resonance with two coupled molecular transitions. This may be regarded
as a resonant stimulated Raman scattering process, where the characteristic
features of the intermediate level k, such as its 1ifetime and levelwidth, do
not enter into the linewidth of the Raman signal. It can be shown 35) that for

this case the linewidth YR of the double resonance signal is given by

k
- probe) v

Kpump

Yor =Y-i "'Ym"' (1 k (12)

where k denotes the wavevector of the probe wave and pump wave, If both waves
travel collinearly, kpump I kprobe and the Tast term in (12) becomes very

small. For X it becomes zero.

pump - *probe
When the levels i and m are rotational-vibrational levels of the electronic

groundstate, they have long radiative lifetimes t {for homonuclear molecules
T even becomes infinite), The level widths Y and Yo are therefore small com-
pared to Yi- For homonuclear melecules the width YDR of the double resonance

signal becomes a small fraction of the width Y of the upper Tevel

vpg = (1 - Apump/Aprobe) Yk

The A-type Q0DR spectroscopy with copropagating beams therefore allows a

(4

spectral resolution which goes beyond the natural 1linewidth Yk of the optical

transitions i = k or k » m.

The technigue has been applied by Ezekiel et al. 36) to the I2 molecule, The
optical transitions, chaosed in this case, have , however, a very small natural
linewidth of approximately 100 KHz. Because of laser frequency jitter, time

of flight broadening and other broadening effects,it is therefore very Hard to
obtain Jinewidths below 100 KHz. The authors could, however, show that the
width YoR of the double resonance signal was much smaller for copropagating

pump- and probe waves than for counter propagating waves.

M. Raab 37) has performed O0DR-polarization spectroscopy of the C52 molecule,
Here the spontaneous lifetimes are a few ns and the natural Tinewidth is about
20 MHz, which makes it easier to cbserve subnatural 1inewidths. Figure 18 shows
two double resonance signals in the polarization spectrum of Csz, which are
generated with a fixed pump laser, stabilized on a transition

X'53(v'=4, 4"104) > ¢'n(v'=5, J'=105), and a tunable probe laser. Both laser
beams propagate nearly collinearly, The left OCDR signal corresponds to the
V-type scheme of Fig. la, the right signal to the A-type scheme of Fig. 1c.
Both signals have residual Doppler-widths of about 6 MHz due to the finite
crossing angle of 0.01 rad between the two beams. Together with the natural
linewidths of 20 MHz which is slightly power broadened to about 25 MHz, this
results in a total Tinewidth of 28 MHz for the OOCR signal of the V-type .

The A-type signal, however, is only 18 MHz.

This subnatural 0ODR spectroscopy may be useful to resolve narrow level spa-

cings of rotational Tevels of loosely bound molecules close to the dissociation



38) that such molecules have potential minima at

limit. There are predictions
very large internuclear distances. The spacings of rotational levels will then
be exceedingly narrow. The problem of ratational predissociation or the occu-
rence of doubte minima potentials in diztomic molecules can be attacked with

this technigue.

This lecture intends to give a survey about the basic principles, experimental
problems and some applications of OODR spectroscopy. Most of the examples,

used to illustrate the techniques, have been taken from the work of the gra-
duate students in my group, in particular D. Eisel, H.J. Foth, M, Raab, H.J,
Vedder and H. Weickenmeier. There has been much more work performed, of course,
in many other laboratories. Only a small! selection of many papers has been

mentioned here.
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1:

Three possible OODR-schemes.

Comparison of OODR-spectroscopy (left) with laser induced

fluorescence {LIF)-spectroscopy {right).

Generation of "secondary" double resonance signals by pump-laser

induced fluorescence and by collisional population transfer.

Experimental arrangement for sub-Doppler OODR-spectroscopy in
a molecular beam under collision-free conditions. The two lasers

are chopped at different frequencies f1 and f, and the 00DR-sig-

2
nats are monitored through a lock-in amplifier, tuned to the

sum frequency.
Sub-Doppler excitation spectrum of N0, around A = 488 nm.

OODR spectroscopy of NO,. Lower spectrum: section of the sub-
Doppler spectrum of Fig. 5, obtained when laser L1 is tuned.
Upper spectrum: OODR-signals obtained with the pump laser L1

stabilized on line No. 4, and L2 being tuned.

Optimum focussing of laser beams for stepwise excitation with

cw lasers in molecular beams.

00DR-signals in a Na, heatpipe, monitored with the space charge
amplification technique. The left signal is cbtained with 50 mW
from a single mode Ar-laser, tunable around A = 488 nm, and re-

presents a resonant two-photon excitation with the Lamb-dip,



Fig.

Fig.

Fig.
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Fig.

Fig.

9:

10:

11:

12:

13:

14:

The right signal is obtained with the ergon laser stabilized on
the Lamb-dip and a single mode dye laser (a few mW) is scanned
over a transition from the pumped level (v' = 6, J' = 46) in the

B-state to a level (v*, J*) in a higher Rydherg-state.

Potential curves of molecular Rydberg-states. Rotational-vibra-

tional levels {v*, J*} of Rydberg states may autoionize if they are

above levels {v*, J*) of the ionic ground state,

Experimental arrangement for resonant two-photon ionization in
a molecular beam. The fluorescence is monitored with a photomu?-
tiplier, the ions are collected by a small electric field and

focussed en an open multiplier.

Section of the two-step photoionization spectrum of Li, around
the jonization threshald. Superimposed on a continuous background
due to direct photoionization from the intermediate level B1Hu
(v' =0, d = 6) the autoionization lines can be seen.

A: E = 50 Y/em, B: E = 20 V/cm.

Linewidth of autoionizing lines at different electric fields

used to extract the ions.
a) E =20 V/em, b) E = 100 V/cm. The lower curves in a) and b)

are recorded with the pump laser off.

Potential diagram of Cs, for illustration of photolytic double

resonance spectroscopy.

Schematic potential diagram for the excitation of high vibra-

tional levels with subsequent fluorescence to levels close to the

dissociation limit. The dashed curve represents the difference

potential,

Laser induced fluorescence spectrum of Cs,, excited on a transi-
tion X1E;(v" =0, 3" = 49) > D'z (v' = 50, J' = 48) and termi-

nating on high vibrational levels of the X ground state. The mo-
dulated continuum is due to fluorescence terminating in the con-

tinuum above the dissociation limit.

OODR signals obtained with double resonance potarization spec-
troscopy of Cs,. The level scheme illustrates the two signals
P(72) (scheme of Fig. 1a) and P(74) (scheme of Fig. fc). Pump
and probe beams are antiparallel. The small signals P{70) and

P(76) are collision induced "secondary" double resonance signals.

Excitation schemes for the investigation of high vibrational

levels in excited states of Na, by modulated gain spectroscopy.

Two OOCR signals with collinear pump and probe beam, Left sig-
nal: scheme of Fig. la, right signal: scheme of Fig. 1c, Note
the smaller linewidth of the left signal which is below the

natural linewidth of the optical transition.
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