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Lectures on Molecular Spectroscopy

W. Demtroder, Fachbereich Physik,

Universitit Kaiserslautern

|. Introduction:

There are three main experimental techniques, which can give information on molecular structure

and dynamics and on the interaction between different atoms and molecules:

These are:

a) Spectroscopy

b} Scattering experiments

¢) Macroscopic measurements, such as the study of transport phenomena (viscosity, diffusion.

heat conduction) and of macroscopic properties, such as the relation between pressure, vol-

ume and temperature of a medium.

From all of these methods, spectroscopy certainly gives the most detailed and most accurate an-

SWETS.

Most of our knowledge about the structure of atoms and molecules is based
on spectroscopic investigations. Thus spectroscopy has made an outstanding
contribution to the present state of atomic and molecular physics, to chem-
istry and molecular biclogy. Information on molecular structure and on the
interaction of molecules with their surroundings may be derived in various
ways from the absorption or emission spectra generated when electromag-
netic radiation interacts with matter.

Wavelength measurements of spectral lines allow the determination of
energy levels of the atomic or molecular system. The line intensity is pro-
portional to the transition probability which measures how strongly the two
levels of a molecular transition are coupled. Since the transition probability
depends on the wave functions of both levels, intensity measurements are
useful to verify the spatial charge distribution of excited electrons, which
can only be roughly calculated from approximate solutions of the Schréd-
inger equation. The natural linewidth of a spectral line may be resolved by
special techniques, allowing mean lifetimes of excited molecular states to be
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determined. Measurements of the Doppler width yield the velocity distribu-
tion of the emitting or absorbing molecules and with it the temperature of
the sample. From pressure broadening and pressure shifts of spectral lines,
information about collision processes and interatomic potentials can be ex-
tracted. Zeemann and Stark splittings by external magnetic or electric fields
are important means of measuring magnetic or electric moments and eluci-
dating the coupling of the different angular momenta in atoms or mole-
cules, even with complex electron configurations. The hyperfine structure of
spectral lines yields information about the interaction between the nuclei
and the electron cloud and allows nuclear magnetic dipole moments or elec-
tric quadrupole moments to be determined. Time resolved measurements
allow the spectroscopist to follow up dynamical processes in ground state
and excited state molecules, to investigate collision processes and various
energy transfer mechanisms.

These examples represent only a small selection of the many possible
ways by which spectroscopy provides tools to explore the microworld of
atoms and molecules. However, the amount of information which can be
extracted from a spectrum depends essentially on the attainable spectral or
time resolution and on the detection sensitivity that can be achieved.

The application of new technologies to optical instrumentation (for in-
stance, the production of larger and better ruled gratings in spectrographs,
the use of highly reflecting dielectric coatings in interferometers, and the
development of optical multichannel analysers and image intensifiers) has

certainly significantly extended the sensitivity limits. Considerable progress
was furthermore achieved through the introduction of new Spectroscopic
techniques such as Fourier spectroscopy, optical pumping, level-crossing
techniques, and various kinds of double-resonance methods and molecular
beam spectroscopy.

Although these new techniques have proved to be very fruitful, the
really stimulating impetus to the whole field of spectroscopy was given by
the introduction of lasers. In many cases these new spectroscopic light
sources may increase spectral resolution and sensitivity by several orders of
magnitude. Combined with new spectroscopic techniques, lasers are able to
surpass basic limitations of classical spectroscopy. Many experiments that
could not be performed with incoherent light sources are now feasible or
have already been successfully completed recently. These [ectcr es dTScass
such new techniques of laser spectroscopy and explain- the necessary in-
strumentation.
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3 Advantages of Lasers in Spectroscopy

In order to illustrate the advantages of absorpti.on spectroscopy with tunable
lasers. at first we compare it with the conventional absorption spect_roscppy
whicl'; uses incoherent radiation sources. Figure 6.] presents sChematic diag-
r th methods. '
amsliorc:)a(;sical absorption Spectroscopy, radiation sources with a broai
emission continuum are preferred (e.g., high-pressure Hg arcs, Xe f'lash
lamps, etc.). The radiation is collimated by the lens L, and passes tl;roqg
the absorption cell. Behind a dispersing inst.rument for wavelength. se ctiac:lgohnt
(spectrometer or interferometer) the intensity IT(A).of the transmitted 11g
is measured as a function of the wavelength A (F:g:é.la). By comparison
with the reference beam Ig(X) (which can be rea!lzed, for mstange, by
shifting the absorption cell alternatively out of the light beam) the absorp-

tion spectrum

[L(A) = a[lo()\) - IT()\)] = 3[bIR(A) - Ip(M)]

=

continuum i hoto-
light source absorption cell specirograph dzmr recorder
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Fig.6.1. Comparison between absorption spectroscopy with a broadband incoherent
source (a) and with a tunable single-mode laser (b)

can be obtained, where the constants a and b take into account wavelength-
independent losses of I and I (e.g., reflections of the cell walls).

The spectral resolution 1s generally limited by the resolving power of
the dispersing spectrometer. Only with large and expensive instruments (e.
g., Fourier spectrometers) may the Doppler limit be reached [6.1].
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The detection sensitivity of the experimental arrangement is defined by
the minimum absorbed power which can still be detected. In most cases it 1s
limited by the detector noise and by intensity fluctuations of the radiation
source. Generally the limit of the detectable absorption is reached at re-
lative absorptions Al/I > 10-4-10-%, This limit can be pushed further down
only in favorable cases by using special sources and lock-in detection or
signal-averaging techniques.

Contrary to radiation sources with broad emission continua used in
conventional! spectroscopy, tunable lasers offer radiation sources in the
spectral range from the UV to the IR with extremely narrow bandwidths
and with spectral power densities which may exceed those of incoherent
light sources by many orders of magnitude (Sects.5.7, 8).

In several regards laser absorption spectroscopy corresponds to micro-
wave spectroscopy where clystrons or carcinotrons instead of lasers repre-
sent tunable coherent radiation sources. Laser spectroscopy transfers many
of the techniques and advantages of microwave spectroscopy to the infra-
red, visible, and ultraviolet spectral ranges.

The advantages of absorption spectroscopy with tunable lasers may be
summarized as follows:

« No monochromator is needed since the absorption coefficient ofw) and
its frequency dependence can be directly measured from the difference
Al(w) = a[lg (w)-Ip(w)] between the intensities of the reference beam with
Ig = I, and transmitted beam Ty = I; (Fig.6.ib). The spectral resolution 18

higher than in conventional spectroscopy. With tunable single-mode lasers it
is only limited by the linewdiths of the absorbing molecular transitions.
Using Doppler-free techniques (Chaps.7-10), even sub-Doppler resolution
can be achieved.
o Because of the high spectral power density of many lasers, the detector
noise is generally negligible. Intensity fluctuations of the laser which limit
the detection sensitivity, may essentially be suppressed by intensity stabili-
zation (Sect.5.4). This furthermore increases the signal-to-noise ratio and
therefore enhances the sensitivity.
« The detection sensitivity increases with increasing spectral resolution
w/Aw as long as Aw is still larger than the linewidth fw of the absorption
line. This can be seen as follows.

The relative intensity attenuation per absorption path length x = 1 cm
on the transition with center frequency w, is for small absorption ax << 1

Wo+t Aw Wo+T 6w
A/l = J o w) (w)dw / [ (w)dw . (6.1)
Wo-tAw Wo - 1 6W
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If I{(w) does not change much within the interval Aw we can write

Wp+T Aw
J l(w)dw=1Aw and [o(w)i(w)dw =1 [a(w)dw .

Wo -t Aw
This yields
af 1 on+%6w( )dw =~ 39 for Aw> bw (6.2)
1 Aw wo_wwaw YE AL ' '
Example 6.1

The spectral resolution of a 1-m spectrograph 1s about 0.1 A, which corre-
sponds at A = 500 nm to Aw = 27+ 12 GHz. The Doppier width of gas mole-
cules with M = 30 at T = 300 K is, according to (3.43) 6w =~ 2x-1 GHz.
With a single-mode laser the value of §w becomes smaller than Aw and the
observable signal AI/I becomes 12 times larger.

* Because of the good collimation of a laser beam, long absorption paths
can be realized by multiple reflection back and forth through the multiple-
path absorption cell. Disturbing reflections from cell walls or windows
which may influence the measurements can essentially be avoided (for ex-

ample, by using Brewster end windows). Such long absorption paths enable
measurements of transitions even with small absorption coefficients. Furth-
ermore pressure broadening can be reduced by using low gas pressure. This
is especially important in the infrared region where the Doppler width s
small and the pressure broadening may become the limiting factor for the
spectral resolution (Sect.3.3).

Example 6.2

With an intensity stabilized light source and lock-in detection the minimum
relative absorption which may be safely detected, is about AI/I > 10-§,
which yields the minimum measurable absorption coefficient for an ab-
sorption pathlength L

108 Aw 1
L w [cm™*],

a >

For L = 10 cm and éw = 10 Aw we obtain a > 10°% cm~!. With single-mode
lasers one may reach Aw < éw and L = 10 m which yields a minimum de-
tectable absorption coefficient of a > 10-% cm-!, i.e. an improvement of a
factor of 1000 !
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e If a small fraction of the laser output is sent through a long Fabry-Perot
interferometer with a separation d of the mirrors, the photodetector PD3
receives intensity peaks each time the laser frequency vy 1s tuned to a
transmission maximum at v = +mc/d (Sects.4.2,4). These peaks serve as ac-
Curate wavelength markers which allow one to calibrate the separation of
adjacent absorption lines (Fig.6.1). With d = 1 m the frequency separation
Ay, between successive transmission peaks is Ay, = ¢/2d = 150 MHz, cor-
responding to a wavelength separation of 10-4 nm at X = 550 nm. With a
semiconfocal FPI the free spectral range is ¢/8d, which gives Avy, =75
MHz ford = 0.5 m.

» The laser frequency may be stabilized onto the center of an absorption
line. With the methods discussed in Sect.4.4 it is possible to measure the
wavelength A of the laser with an absolute accuracy of 10-8 or better. This
allows determination of the molecular absorption lines with the same ac-
curacy.

e It is possible to tune the laser wavelength very rapidly over a spectral
region where molecular absorption lines have to be detected. With electro-
optical components, for instance, pulsed dye lasers can be tuned over sev-
eral wave numbers within a microsecond. This opens new perspectives for
spectroscopic investigations of short-lived intermediate radicals in chemical
reactions. The capabilities of classical flash photolysis may be considerable
extended using such rapidly tunable laser sources.

e An important advantage of absorption spectroscopy with tunable single-
mode lasers stems from their capabilites to measure line profiles of absorb-
ing molecular transitions with high accuracy. In case of pressure broadening
the determination of line profiles allows one to derive information about
the interaction potential of the collision partners (Sects.3.3 and 13.1). In
plasma physics this technique is widely used to determine electron and ion
densities and temperatures.

o In fluorescence spectroscopy and optical pumping experiments, the high
intensity of lasers allows an appreciable population in selectively excited
states to be achieved which may be comparable to that of the absorbing
ground states. The small laser linewidth favors the selectivity of optical ex-
citation and results in favorable cases in the exclusive population of single
molecular levels. These advantageous conditions allow one to perform ab-
sorption and fluorescence spectroscopy of excited states and to transform
spectroscopic methods, such as microwave or RF spectroscopy, which has
up to now been restricted to electronic ground states, also to excited states.

This brief overview of some advantages of lasers in spectroscopy will
be outlined in more detail in the following chapters and several exampies
will illustrate their relevance.
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L{'. High-Sensitivity Methods of Absorption Spectroscopy

The general method for measuring absorption spectra is based on the deter-
mination of the absorption coefficient a(w) from the spectral intensity

Ir(w) = Igexp[-a(w)x] (6.3)

which is transmitted through an absorbing path length x. For small absorp-
tion ax << | we can use the approximation exp(-ax) =~ 1-ax, and (6.3) can
be reduced to

Ip(w) = [H[1 - o{w)x] . (6.4)

With the reference intensity Ig = I, as produced, for example, by a 50%
beam splitter with the reflectivity R = 0.5 (Fig.6.1b), one can measure the
absorption coefficient

Aw) = I_R_ﬁ.(i) (6.5)

IRx

from the difference Al = Ig -Ip(w).

The absorption coefficient ay (w) of the transition |i) — {k) with an
absorption cross section o;, is determined by the density N; of absorbing
molecules:

oy (W) = [N; - (8;/8, ) Niloy (w) = ANoy (w) . (6.6)

If the population N, is small compared to N;, we obtain from (6.6) for the
minimum detectable density N, over the absorption path length x = L:

Al
IgLoy -

N; 2 (6.7)

The minimum, still detectable concentration N; of absorbing molecules is
determined by the absorption path length L, the absorption cross section
0y, 2nd the minimum detectable, relative intensity change Al/l, caused by
absorption.

In order 10 reach a high detection sensitivity for absorbing molecules,
Lo, should be large and the minimum detectable value of Al/I as small as
possible.
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In the case of very small values of ax, this method in which the atten-
uation of the transmitted light is measured, cannot be Very accurate since it
has to determine a small difference Io-I1 of two large quantities Iy and It.
Small fluctuations of I, or of the splitting ratio of the beam splitter BS in
Fig.6.1b can aiready severely influence the measurement. Therefore, other
techniques have been developed leading to an increase of sensitivity and ac-
curacy of absorption measurements by several orders of magnitude com-
pared to direct absorption measurements. These sensitive detection methods
represent remarkable progress, since their sensitivity limits have been
pushed from relative absorptions Aa/a ~ 10-5 down to about Aa/a > 10°17,
We now discuss these different methods in more detail.

4..1 Frequency Modulation

The first scheme to be treated is based on a f requency modulation of the
monochromatic incident wave. It has not been designed specifically for
laser spectroscopy but was taken from microwave spectroscopy where it is a
standard method. The laser frequency w; is modulated at the modulation
frequency f, which tunes wy, periodically from wy to wp, +Awy. When the
laser is tuned through the absorption spectrum, the difference Ip(wy) -
Ir(wp+Awy) is detected with a lock-in amplifier {phase-sensitive detector)
tuned to the modulation frequency (Fig.6.2). If the modulation sweep Awr,
is sufficiently small, the first term of the Taylor expansion

dip ] d?Ip
IT((:JL + AU.JL) - IT(O)L) = -c—j-w—AwL + 5 FAMLz + .. (68)
tunable sample | |
Laser cell deteftor
frequen reference r
modulag' lock - in
bAx ‘
recorder
: wq W

Wy
Fig.6.2. Absorption spectroscopy with a frequency modulated single-mode laser

is dominant. This term is proportional to the first derivative of the absorp-
tion spectrum, as can be seen from (6.5): When I; is independent of w we
obtain for the absorption length L

do(w) 1 dlp (6.9)
dw  IRxL dw

T R TN S AP e s i e g . 1 o e e T T T e ey ey
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If the laser frequency
wy (t) = wg + asinfit

is sinusoidally modulated at a modulation frequency (1 the Taylor expansion
yields

dnl
p(og) = In(wg) + ) %':-sinnm[ T] . (6.10)
. o

dwn
n

For oL << | we obtain from (6.4)

(&), o (5

The terms sin®{t can be converted into linear functions of sin(n(lt) and
cos(n{t) using known trigonometric formula.

Inserting these relations into (6.10) one finds after rearrangement of
the terms the expression

IT(“’L)I; Ip(wo) _ aL{[ % [g%c;—]wo ' %:_[%342]% ' ]

aZ (d3a

@), ¥ (5]

“o

+ il sin(f1t)

“o

a dza] as [d4a] ]
+| -=|—= + — | — + ... | cos(2Qt

a? (d3« at (do«x )
+ [ -52 [dw"’]uo + 184 [a:g]wo + ] sin(3Qt) + } ]

For a sufficiently small modulation amplitude (a/wg << 1) the first terms 1n
each bracket are dominant and we obtain for the signal S(n{l) behind a
lock-in amplifier, tuned to the frequency n(} (Fig.6.3):

S(nQl) = [IT(wL) - IT(wg)] - aL{bn sin(n1t) for n=2m+]

Io c, cos(nfit) for n=2m.

In particular, the signals for the first three derivatives of the absorption
coefficient a{w), shown in Fig.6.3, are
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S(@) = - aL Lsin(a)
S a’l d?a
(202) = + —4“- aﬁcos(:!ﬂt) (6.11)
all d3a .
S(3Q) =+ -ZT agSlH(?)Qt) .

The advantage of this "derivative spectroscopy” [6.2] with a frequency mod-
ulation of the laser is the possibility for phase-sensitive detection, which
restricts the frequency response of the detection system to a narrow fre-
quency interval centered at the modulation frequency Q1. Frequency-inde-
pendent background absorption from cell windows and background noise
due to fluctuations of the laser intensity or of the density of absorbing
molecules are essentially reduced. Regarding the signal-to-noise ratio and
achievable sensitivity, the frequency modulation technique is superior to an
intensity modulation of the incident radiation. The frequency of a single-
mode laser can readily be modulated when an AC voltage is applied to the
piezo onto which a resonator mirror 1s mounted (Sect.5.5).

The technical noise which represents the major limitation decreases
with increasing frequency. It is therefore advantageous to choose the modu-
lation frequency as high as possible. For diode lasers this can be achieved
by modulation of the diode current. For other lasers, often electro-optical

modulators outside the laser resonator are used as phase modulators result-
ing in a frequency modulation of the transmitted laser beam [6.3].

If the modulation frequency Q is chosen sufficiently high (Q > 1000
MHz) the technical noise may drop below the quantum-noise limit set by
the statistical fluctuations of detected photons. In this case the detection
limit is mainly due to the quantum limit [6.4].

4 o) g 4o -
(a) (b) |da

ey

@,

Iy o P a i
(¢) dw? dod

A L
7/\/_8—
i =v/3

Fig.6.3. Lorentzian line profile o(w) of halfwidth ~ (FWHM) (a) with first (b) second
(c) and third (d) derivatives
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L} ,2 Photoacoustic Spectroscopy

This sensitive technique for measuring small absorptions is mainly applied
when minute concentrations of molecular species have to be detected in the
presence of other components at higher pressure. An example is the detec-
tion of spurious pollutant gases in the atmosphere. Its basic principle may
be summarized as follows:

The laser beam is sent through the absorber cell (Fig.6.13). If the laser
is tuned to the absorbing molecular transition E; — E,, part of the mole-
cules in the lower level E; will be excited into the upper level E,. By colli-
sions with other atoms or molecules in the cell these excited molecules may
tansfer their excitation energy (E, -E;) completely or partly into transla-
tional, rotational, or vibrational energy of the collision partners. At thermal
equilibrium, this energy is randomly distributed onto all degrees of free-
dom, causing an increase of thermal energy and with it a rise of tempera-
ture and pressure at a constant density in the cell.

When the laser beam is chopped at frequencies below 20 kHz, periodi-
cal pressure variations appear in the absorption cell which can be detected
with a sensitive microphone placed inside the cell. The output signal S
[Volt] of the microphone is proportional to the pressure change Ap induced
by the absorbed radiation power AW. If saturation can be neglected, the
absorbed energy per cycle

AW = N;oy Ax(1 - ng )Py At (6.23)
is proportional to the density N; [cm-3] of the absorbing molecules in level
1), the absorption cross section ¢y, {cm?], the absorption pathlength Ax, the
?‘!Cle period At, and the incident laser power Py. The signal decreases with
increasing quantum efficiency n, (which gives the ratio of emitted fluores-
cence energy to absorbed laser energy) unless the fluorescence is absorbed
inside the cell and contributes to the temperature rise.

Since the absorbed energy AW is transferred into kinetic or internal
energy of all N molecules per cm3 in the photoacoustic cell with the volume
V, the temperature rise AT is obtained from

AW =+ fVNKAT (6.24)

Laser ‘

e condensor
chopper l - microphone
-i recor-
b) preamp lock-1n dor

Fig.6.13. Photoacoustic spectroscopy (a) level scheme (b) schematic experimental ar-
rangement
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where f is the number of degrees of freedom, that are accessible for each of
the N molecules at the temperature T [K]. If the chopping frequency of the
laser 1s sufficiently high, the heat transfer to the walls of the cell during the
pressure risetime can be neglected. From the equation of state pV = NVkT
we finally obtain

2AW

Ap=NkAT= —f'v— (625)
The output signal S from the microphone is then
2N; 0y
S=A4ApS,, = Ax(1 - n )Py AtS, (6.26)

fv

where the sensitivity Sm [Volt/Pascal] of the microphone not only depends
on the characteristics of the microphone but also on the geometry of the
photoacoustic cell.

With infrared lasers the molecules are generally excited into higher
vibrational levels of the electronic ground state. Assuming cross sections of
107181019 cm? for the collisional deactivation of the vibrationally excited
molecules, the equipartition of energy takes only about 10-% s at pressures
around 1 Torr. Since the spontaneous lifetimes of these excited vibrational
levels are typically around 10-2-1Q-5 s, it follows that at pressures above ]
Torr the excitation energy, absorbed from the laser beam, will be almost
completely transferred into thermal energy, which implies that nx ~ 0.

The idea of the spectraphone is very old and was already demonstrated
by Bell and Tyndal [6.31] 1n 1881. However, the impressive detection sensi-
tivity obtained nowadays could only be achieved with the development of
lasers, sensitive capacitance microphones, low-noise amplifiers, and lock-in
techniques. Concentrations down to the ppb range (parts per billion = 10-9)
at total pressures of 1 Torr to several atmospheres are readily detectable
with a modern spectraphone (Fig.6.14).

Modern condensor microphones with a low-noise FET preamplifier
a}r\md phase-sensitive detection achieve signals of larger than | V/Torr
(=7mV /Pascal) with a background noise of 3-10-8 V at integration times of

microphone
% =
M ERR T e . P . .T_f_“ . -

—‘L\"'*LL
window with longitudinal radial
antireflection gas resonances
coatings inlet

a) b)

Fig.6.14. (a) Spectraphone with capacitance microphone (b) longitudinal and radial
acoustic resonance modes
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| s. This sensitivity allows detection of pressure amplitudes below 107
Torr, and is, in general, not limited by the electronic noise but by another
disturbing effect: Laser light reflected from the cell windows or scattered
by aerosols in the cell may partly be absorbed by the walls and contributes
to a temperature increase. The resulting pressure rise is, of course, modu-
lated at the chopping frequency and is therefore detected as background
signal. There are several ways to reduce this phenomenon. Antireflection
coatings of the cell windows or, in case of linearly polarized laser light, the
use of Brewster windows minimize the reflections. An elegant solution
chooses the chopping frequency to coincide with an acoustic resonance of
the cell. This results in a resonant amplification of the pressure amplitude
which may be as large as 1000-foid. This experimental trick has the ad-
ditional advantage that those acoustic resonances can be selected, which
couple most efficiently to the beam profile but are less effectively excited
by heat conduction from the walls. The background signal caused by wall
absorption can thus be reduced and the true signal is enhanced. Figure
6.14b shows longitudinal and radial acoustic resonances in a cylindrical cell.

Example 6.7

With N; = 2.5:1011 cm-3 (= 10-8bar), oy = 10716 cm2?, Ax = 10 cm, V = 50
cm3, me = 0, f = 6 we obtain the pressure change Ap = 1.5 Pascal
(20. 01Torr) for the incident laser power Py = 100 mW. With a microphone
sensitivity of S, = 10-2 V/Pascal the output signal becomes S = 15 mV.

The sensitivity can be further enhanced by frequency modulation of
the laser (Sect.6.2.1) and by intracavity absorption techniques. With the
spectraphone inside the laser cavity the photoacoustic signal due to nonsat-
urating transitions is increased by a factor q as a result of a g-fold increase
of the laser intensity inside the resonator (Sect.6.2.2).

According to (6.26) the optoacoustic signal decreases with increasing
quantum efficiency because the fluorescence carries energy away without
heating the gas, as long as the fluorescence light is not absorbed within the
cell. Since the quantum efficiency is determined by the ratio of spontaneous
to collision-induced deactivation of the excited level, it decreases with in-
creasing spontaneous lifetime and gas pressure. Therefore, the optoacoustic
method is particularly favorable to monitor vibrational spectra of molecules
in the infrared region (because of the long lifetimes of excited vibrational
levels) and to detect small concentrations of molecules in the presence of
other gases at higher pressures (because of the large collisional deactivation
rate). It is even possible to use this technique for measuring rotational spec-
tra in the microwave region and also electronic molecular spectra in the vis-
ible or ultraviolet range where electronic states with short spontaneous life-
times are excited. However, the sensitivity in these spectral regions is not
qQuite as high and there are other methods which are superior.
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Fig.6.15. Optoacoustic overtone absorption spectrum of acethylene arqund v = 15600
cm-! corresponding to the excitation of a local mode by 5 quanta vibrations [6.45)

d) The application of photoacoustic detection to the visible region has been
reported by Stella et al. [6.47]. They placed the spectraphone inside the
cavity of a CW dye laser and scanned the laser across the absorption bands
of the CH, and NHj; molecules. The high-quality spectra with resolving
power of over 2-10% proved to be adequate to resolve single rotational fea-
tures of the very weak vibrational overtone transitions in these molecules.
The experimental results prove to be very useful for the investigation of the
planetary atmospheres where such weak overtone transitions are induced by
the sun light.

) An interesting application of photoacoustic detection lies in the meas-
urement of dissociation energies of molecules [6.48). When the laser wave-
length is tuned across the dissociation limit, the photoacoustic signal drops
drastically because beyond this limit the absorbed laser energy is used for
dissociation (which means that it is converted into potential energy and
cannot be tansferred into kinetic energy as in the case of excited-state
deactivation. Only the kinetic energy causes a pressure increase),

f) With a special design of the spectraphone, employing a coated quartz
membrane for the condensor microphone, even corrosive gases can be
measured [6.49]. This extends the applications of optoacoustic spectroscopy
t0 aggressive pollutant gases such as NO, or SO, which are important con-
Stituents of air pollution.

The photoacoustic spectroscopy can be also applied to liquids and
solids [6.50]. An interesting application is the determination of species ab-
Sorbed on surfaces. Optoacoustic spectroscopy allows a time-resolved ana-
lysis of adsorption- and desorption processes of atoms or molecules at liquid
Or solid surfaces, and their dependence on the surface characteristics and on
the temperature [6.51).
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Lt 3 Direct Determination of Absorbed Photons

In the methods discussed in the preceding sections the attenuation of the
transmitted light (or of the laser power in intracavity spectroscopy) is mon-
itored to determine the absorption coefficient o{w) or the number density of
absorbing species. For small absorptions this means the measurement of a
small difference of two large quantities which limits, of course, the signal-
to-noise ratio,

Several different techniques have been developed, where the absorbed
radiation power, 1.e. the number of absorbed photons can be directly moni-
tored. These techniques belong to the most sensitive detection methods in
spectroscopy, and it 1s worthwhile to know about them.

4.3.1 Fluorescence Excitation Spectroscopy

In the visible and ultraviolet regions a very high sensitivity can be achieved,
if the absorption of laser photons is monitored through the laser-induced
fluorescence (Fig.6.10). When the laser wavelength Ay is tuned to an ab-
sorbing molecular transition E; — E,, the number of photons absorbed per
second along the path length Ax 1s

na = Iq1 nLUlk Ax (6.20)

where np is the number of incident laser photons per second, oy, the ab-
sorption cross section per molecule, and N; the density of molecules in the
absorbing state [i).

The number of fluorescence photons emitted per second from the ex-
cited level E is

np = NkAk =N, Ny (621)

where A, = E Am stands for the total spontaneous-transition probability
(Sect.2.7) to all levels with E_ < E,. The quantum efficiency of the excited

state, n, = Ay /(A+Ry), gives the ratio of the spontaneous transition rate to
the total deactivation rate which may also include the radiationless transi-
tion rate R, (e.g., collision-induced transitions). For 7, = I the number g
of fluorescence photons emitted per second equals the number n, of pho-
tons absorbed per second under stationary conditions.

probe Fig.6.10. Level scheme and experi-
— mental arrangement for fluorescence
excitation spectroscopy

Laser
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Unfortunately only the fraction § of the fluorescence photons emitted
into all directions, can be collected on the photomultiplier cathode where
again only the fraction Moh = npe/np,1 of these photons produces on the
average n,, photoelectrons. The quantity Noh 1S called the quantum ef-
fictency of the photocathode (Sect.4.5.2). The number n,. of photoelectrons
counted per second is then

Ape = NNy Ny 6 = (Nioik np Ax)m Moh 6 - (6.22)

Exampie 6.5

Modern photomultipliers reach quantum efficiencies of MTon = 0.2. With
carefully designed optics it is possible to achieve a collection factor § = 0.1.
Using photon counting techniques and cooled multipliers (dark pulse rate
<10 counts/s), counting rates of n,. = 100 counts/s are already sufficient to
obtain a signal-to-noise ratio S/R ~ 8 at integration times of |Is.

Inserting this figure for Npg into (6.22) iilustrates that with M =1 ab-
sorption rates of n, =5-103/s can already be measured quantitatively. As-
suming a laser power of | W at the wavelength A = 500 nm which corre-
Sponds to a photon flux of ny, = 3-1018/s, this implies that it Is possible to

of &, Two possible designs are shown in Fig.6.11 which are particularly
Useful, if the excitation volume is small (e.g., the crossing volume of a laser
beam with a collimated molecular beam). One of these collection optics uses
4 parabolic mirror which collects the light from a solid angle of nearly 2.

flected by the elliptical mirror and focussed into B.
The exit end of the fiber bundle can be arranged to have a rectangular
shape in order to match it to the entrance slit of a spectrograph (Fig.6.11c).
When the laser wavelength A, is tuned across the spectral range of the
absorption lines, the tota] fluorescence intensity Ip(AL) & npoy N; moni-
tored' as a function of laser wavelength AL, represents an image of the ab-

N;oy., where the proportionality factor depends on the quantum efficiency

Tph Of the photo-multipljer cathode and on the collection efficiency ¢ of
the fluorescence photons.



Fig.6.11. (a) Parabolic optical system and (b) elliptical/spherical mirror system with
high collection efficiency of fluorescence light. (¢) Imaging of the fluorescence onto
the entrance slit of a monochromator with a properly adjusted shape of the fibre
bundle

Although the excitation spectrum directly reflects the absorption spec-
trum with respect to the line positions, the relative intensities of different
lines I(A) are identical in both spectra only if the following conditions are
guaranteed:

* The quantum efficiency n, must be the same for all excited states Ey.
Under collision-free conditions, i.e., at sufficiently low pressures, the
excited molecules radiate before they can collide, and we obtain n, = |
for all levels E, .

¢ The quantum efficiency np, of the detector should be constant over
the whole spectral range of the emitted fluorescence. Otherwise the
spectral distribution of the fluorescence, which may be different for
different excited levels E,, will influence the signal rate. Some modern
photomultipliers can meet this requirement.

o The geometrical collection efficiency § of the detection system should
be identical for the fluroescence from different excited levels. This
demand excludes, for examples, excited levels with very long lifetimes,
where the excited molecules may diffuse out of the observation region
before they emit the fluorscence photon. Furthermore, the fluores-
cence may not be isotropic, depending on the symmetry of the excited
state. In this case § will vary for different upper levels.

However, even if these requirements are not strictly fulfilled, excita-
tion spectroscopy is still very useful, to measure absorption lines with ex-
tremely high sensitivity, although their relative intensities may not be re-
corded accurately.
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Example 6.6

With Ax = 0.l cm, § =05, p =1 a density N; = 107/cm? of absorbing
molecules yields for an absorption cross section oy, = 10-17 ¢m? and an in-
cident flux of ny, = 1016 photons/s (= 3mW at A = 500nm) about 5-104 flu-

orescence photons imaged onto the photomultiplier cathode which emits
about 1-10% photoelectrons per second.

T_he .LIF method is illustrated by Fig.6.12, which shows a section of the ex-
citation spectrum of Ag,, taken in a collimated molecular beam under con-
ditions comparable to that of Example 6.6.
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Fig.6.12. Section of the fluorescence excitation spectrum of the 107 Agl09 Ag isotope,
showing the band head of the v/ = | «— v* = 0 band in the AlL, — X! L system, sup-
erimposed by some lines of the 197 Agl07 Ag isotope [6.29]

If in atoms a transition [i) — |k) can be selected which represents a
true two level system (i.e., the fluorescence from |k) terminates only in |i)},
the atom may be excited many times while it flies through the laser beam.
At a spontaneous lifetime 7 and a travel time T a maximum of n = T/(27)
excitation-fluorescence cycles can be achieved (photon burst). With T =
10-°s and 7 = 10-8 s we can expect n = 500 fluorescence photons per atom!
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4.4 Ionization Spectroscopy

Ionization spectroscopy monitors the absorption of photons on the mole-
cular transition E; — E, by detecting the ions or electrons, produced by
some means, while the molecule is in its excited state E,.

&% 4.1 Basic Techniques

The necessary ionization of the excited molecule may be performed by
photons, by collisions, or by an external electric field:

a) Photoionization

The excited molecules can be ionized by absorption of a second photon, i.e.,
M'(Ek) +hvy =M* +e” + E,, . (6.30a)

The ionizing photon may come either from the same laser which has ex-
cited the level E, or from a separate light source, which can be another
laser or even an incoherent source (Fig.6.19a).

A very efficient photionization process is the excitation of high-lying
Rydberg levels above the ionization limit (Fig.6.19b) which decay by autoi-
onization into lower levels of the ion M+

M™(E,) + huy, =M™ — M* +e- + E, . (6.30b)

The absorption cross-section for this process is generally much larger than
that of the "bound-free transition” described by (6.30a) (Sect.10.4.2),

The excited molecule may also be ionized by a nonresonant two-
photon process (Fig.6.19¢)

M™(E,) + 2hvy — M* +e- + E,,_ . (6.30c)

b) Collision-Induced lonization
Ionizing collisions between excited atoms or molecules and electrons repre-
sent the main ionization process in gas discharges.

M*(E,) + e — M* + 2e" | (6.31a)

If the excited level E, is not too far from the ionization limit, the molecule
may also be ionized by thermal collisions with other atoms or molecules. If
Ey lies above the ionization limit of the coliision partners A, Penning ioni-
zation [6.57] becomes an efficient process which proceeds as

MY (E,)+A —-M4+A* +e . (6.31b)
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Fig.6.19a—d. Level schemes of ionization spectroscopy. (a) Photo-ionization, (b) exci-
tion of auto-ionizing Rydberg levels, (c) two-photon ionization of excited molecules,
(d) experimentat arrangement for photoionization spectroscopy in a molecular beam

¢) Field Ionization

If the excited level E, lies closely below the ionization limit, the molecule
M'(Ek) can be 1onized by an external electric DC field (Fig.6.20a). This
method is particularly efficient if the excited level is a long-lived highly
excited Rydberg state. The required minimum electric field can readily be
estimated from Bohr’s atomic model, which gives a good approximation for
atomic levels with large principal quantum number n. The ionization poten-
tial for the outer electron at the mean radius r from the nucleus is deter-
mined by the Coulomb field of the nucleus shielded by the inner electron

core.

oo 2 P
Zosse Zegs®
IP = ——dr = ——
r 4megr? dmeg T
where eZ . is the effective nuclear charge, i.e. the nuclear charge eZ partly

screened by the electron cloud. If an external field Eext = -Epx is applied,
the effective ionization potential is lowered to the value

Z.e3E
IPg =1p - |—=fC "0 (6.32)
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Fig.6.20a,b. Field ionization of highly excited levels closely below the ionization limit:

(a)

Potential diagram and (b) experimental arrangement for field ionization in ,

molecular .beam. The photomultiplier monitors the LIF from the intermediate leve|
populated in a two-step excitation process
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If the energy E of the excited level is above IP g, it will be field-ionized.
Techniques, where the laser excites the atoms, but the ionizing step is
performed by field ionization, have found increasing applications in the
detection of Rydberg atoms in molecular beams (Sect.14.6), in analytical
chemistry for trace elements or small concentrations of pollutants [6.58].

Example 6.9

For levels 10 meV below the ionization limit, (6.32) gives E, > 1.7-10%
V/m for the ionizing external field. However, because of the quantum-
mechanical tunnel effect the fields required for complete ionization are
even lower.

4 4.2 Sensitivity of Ionization Spectroscopy

The following estimation illustrates the possible sensitivity of ionization
spectroscopy (Fig.6.19a). Let Ny be the density of excited molecules in
level E,, P the probability per second that a molecule in level E, is ion-
ized, and n, the number of photons absorbed per second on the transition
E, — E,. If R, is the total relaxation rate of level E,, besides the ionization
rate (spontaneous transitions plus collision-induced deactivation) the signal
rate in counts per second is for the absorption path length Ax and for np
incident laser photons per second:

Py

SI = Nkpuaq = na S'rf = NinLO'-lkAx

Sk
PkI + Rk

With a proper design the collection efficiency § for the ionized elec-
trons or ions can reach § = 1. If the electrons or ions are accelerated to sev-
eral keV and detected by electron multipliers or channeltrons a detection
efficiency of n = | can be achieved, too. If the ionization probability Py

can be made large compared to the relaxation rate Ry of .the level lk) the
signal §; then becomes with § = n = L

Sy~ n, .

This means that every laser photon absorbed in the transition E; — Ey gives
rise to a detected ion or electron. It implies that single absorbed photons can
be detected with an overall efficiency close to unity (or 100%). In experi-
mental practice there are, of course, additional losses and sources of noise,
which limit the detection efficiency to a somewhat lower level. However,
for all absorbing transitions E, — E,, where the upper level E, can readily
be ionized, ionization spectroscopy is the most sensitive detection technique
and superior to ail other methods discussed so far [6.59, 60].



9‘,4.3 Pulsed vs CW Lasers for Photoionization

In case of photoionization of the excited level ]k) the ionization probability
per second

Py = Ouny, [s7)

equals the product of the ionization cross section oy; [cm2] and the photop
flux density n, [cm=2-5-1] of the ionizing laser. We can then write (6.33) as

ik 0L, O 6.34
SI = Nl[ 1+ Rk/(akIan)]Ax . ( . )

The maximum ijon rate Sfax which is achieved if
Ok iy >> Rk
becomes equal to the rate n, of photons absorbed in the transition [i) — |k:

Slrnax = NiO'iknLl Ax = n,. (635)

The following estimation illustrates whether this maximum ion rate can be
realized: Typical cross sections for photoionization are oy ~ 10737 cm?. If
radiative decay is the only deactivation mechanism of the excited level |k)
we have Ry = A, ~ 108 571, In order to achieve np, Ok > Ag We need a

photon flux D, > 1025 cm2-s-1 of the ionizing laser. With pulsed lasers
this condition can be met readily.

Example 6.10

Excimer laser: 100 mJ/pulse, AT = 10 ns, the cross section of the laser
beam may be | cm? — Nps = 2-10%° cm=2-5-1, With the numbers above we
Can reach an ionization probability of Py = 2108 s°1 for all molecules
within the laser beam. This gives an ion rate S; which is 2/3 of the maxi-
mum rate §; = n,.

The advantage of pulsed lasers is the large photon flux during the pulse
time AT which allows the jonization of the excited molecules before they
decay by relaxation into lower levels where they are lost for further ioniza-
tion, Their disadvantages are their large spectral bandwidth that is generally
larger than the Fourier-limited bandwidth Av > 1/AT and their low duty
cycle. At typical repetition rates of fy, = 10 to 100 s~ and a pulse duration
of AT = 10-8 5 the duty cycle is only 10-7-10-6!



If the diffusion time tp of molecules out of the excitation-ionization
regiont is smailer than 1/fy, at most the fraction f| ty of molecules can be
ionized, even if the ionization probability during the laser pulse AT ap-
proaches 100%.

Example 6.11

Assume that the two laser beams L1 and L2 for excitation and ionization
have the diameter D = | cm and traverse a collimated molecular beam with
I cm? cross section perpendicularly. During the pulse time AT = 10-8 s the
distance, travelled by the molecules at the mean velocity v=500 m/sis d =
ATV ~ 5-10°% cm. This means that all molecules in the excitation volume of
I cm? can be ionized during the time AT. During the "dark” time T = 1 /L,
however, the molecules travel the distance d = VT ~ 500 cm at f; = 102 s°1.
Therefore, only the fraction 1/500 = 2-10-3 of all molecules in the absorb-
ing level [i) are ionized in a continuous molecular beam.
There are two solutions:

(1) If pulsed molecular beams can be employed having the pulse time ATy
< D/v and the repetition rate f = f;, an optimum detection probabil-
ity can be achieved.

(i) In continuous molecular beams the two laser beams may propagate
antiparallel to the molecular-beam axis. If lasers with a high-repetition
frequency fy are used (for example, copper-laser-pumped dye lasers
with f; < 1045-1), then the distance travelled by the molecules during
the dark time is only d = ¥/f > § cm. They can therefore still be de-
tected by the next pulse [6.61,62].

With CW lasers the duty cycle is 100% and the spectral resolution is not
limited by the laser bandwidth. However, the laser beam has to be focussed
in order to meet the requirement P > Ry.

Example 6.12

If a CW argon laser with 10 W at A = 488 nm (; 2.5-1019 photon/s) is used
for the ionizing step, it has to be focussed down to an area of 1.5-10°% cm2,

1.e. a diameter of 10 um in order to reach a photon flux density of np, =
1025 cm-2-5-1,

Here the following problem arises: The molecules excited by laser L1
into level |k) travel during their spontaneous lifetime of 7 = 10 ns at the
thermal velocities ¥ = 5-104 m/s only a distance of d = 5 um before they
decay into lower levels. The second laser L2 has therefore to be focussed in
a similar way as LI and its focus has to overlap that of L1 within a few um.
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Fig.6.21. Experimental arrangement for resonant two-photon two-colour ionization
with two CW lasers. The insert shows the optimum overlap of the Gaussian intensity
profiles in the focal plane

A technical solution of this problem is depicted in Fig.6.21. The dve
laser L1 is guided through a single-mode optical fiber. The divergent light,
emitted out of the fiber end is made parallel by a spherical lens, super-
imposed with the beam of the argon laser L2 by a dichroic mirror M. Both
beams are then focussed by a cylindrical lens into the molecular beam,
forming there a rectangular "sheet of light" with a thickness of about 5:10
#m and a height of about | mm, adapted to the dimensions of the mole-
cular beam [6.63]. All molecules in the beam have to pass through the two
laser beams. Since the transition probability for the first step i) — lk) is
generally larger by some orders of magnitude than that of the ionizing tran-
sition, the first transition can be readily saturated (Sect.7.1). It is therefore
advantageous, to adjust the relative positions of the two beams in such a
way, that the maximum intensity of L2 coincides spatially with the slope of
the Gaussian intensity profile of L] (see insert of Fig.6.21),

Often it is possible to tune the ionizing laser L2 to transitions from k)
Into autoionizing Rydberg levels (Sect.10.4). For such transitions the proba-
bility may be 2:3 orders of magnitude larger than for bound-free transi-
tions into the ionization continuum. In these cases the requirement (6.35)
can be met already at much lower intensities of L2,

The resonant two-step ionjzation with two laser photons from pulsed
or CW lasers represents the most versatile and sensitive detection technique.
If laser L1 excites all atoms or molecules which fly through the laser beam,
single atoms or molecules can be detected [6.59,64,65] if the condition
(6.35) can be fulfilled.
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6.3.3 Optothermal Spectroscopy

For the spectroscopyv of vibrational-rotational transitions in molecules the
laser-excited fluorescence is generally not the most sensitive tool, as has
been discussed at the end of Sect.6.3.1. The optoacoustic spectroscopy, on
the other hand, is based on collisional energy transfer and is therefore not
applicable to molecular beams, where collisions are rare or even completely
absent, For the infrared spectroscopy of molecules in a molecular beam
therefore a new detection technique has been developed, which relies on
the collision-free conditions in a beam and on the long radiative lifetimes
of vibrational-rotational levels in the electronic ground state {6.52].
Optothermal spectroscopy uses a cooled bolometer (Sect.4.5) to detect
the excitation of molecules in a beam (Fig.6.16). When the molecules hit the
bolometer they transfer their kinetic and their internal thermal energy
thereby increasing the bolometer temperature to a stationary value T. If the
molecules are excited by a tunable laser (for example, a colour-center laser
or a diode laser) their vibrational-rotational energy increases by AE = hy. If
the lifetime 7 of the excited levels is larger than the flight time t = d/v
from the excitation region to the bolometer, they transfer this extra energy

to the bolometer. If N excited molecules hit the bolometer per second, the
rate of heat transfer is

g(%zNAE=Nhu. (6.27)



With the heat capacity C of the bolometer and a heat conduction G(T-T)
the temperature T is determined by

Nhy =C % + G(T-T,) . (6.28)

Under stationary conditions (dT/dt = ) we obtain from (6.28) the tempera-
ture rise

Nhv

AT=T-Ty= —=

(6.29)

In general, the exciting laser beam is chopped in order to increase the
signal/noise ratio by lock-in detection. The time constant 7 = C/G of the
bolometer (Sect.4.5) should be smaller than the chopping period. One there-
fore has to construct the bolometer in such a way that both C and G are as
small as possible.

The temperature change AT can be measured by the resulting resist-
ance change

dR
AR = -a:l:AT

which is a function of the temperature dependence dR/dT of the bolometer
material. Large values of dR/dT are achieved with semiconductor materials
at low temperatures (a few Kelvin!). Even larger values can be realized with
materials around their critical temperature T_ for the transition from the
superconducting to the normal conducting state. In this case. however, one
always has to keep the temperature at T_. This can be achieved by a tem-
perature feedback control where the feedback signal is a measure for the
rate dQ/dt of energy transfer to the bolometer by the excited molecules,

With such a detector at T = 4 K energy transter rates dQ/dt > 10712 W
are still detectable [6.53). This means that an absorbed laser power of AP >
10-12 W is measurable. In order to maximize the absorbed power, the ab-
sorption path length can be increased by an optical device consisting of two
90° reflectors which reflect the laser beam many times back and forth
through the molecular beam (Fig.6.16).

The sensitivity of the optothermal technique is illustrated by the in-
frared spectrum of a vibrational-rotational transition of the NO molecule
with fully resolved hyperfine structure {Fig.6.17). This has been measured
with a colour center laser crossed with a collimated NO beam [6.54].

The term "photothermal spectroscopy” is also used in the literature for
the generation of thermal-wave phenomena in samples which are illumi-
nated with a time-dependent light intensity [6.55]. In many aspects this is
equivalent to photo-acoustic spectroscopy. An interesting modification of
Fhis technique for the study of molecules adsorbed at surfaces, is illustrated
in Fig.6.18. A small spot of a surface is irradiated by a pulsed-laser beam.
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Fig.6.17. Vibration-rotation transition (v = 0 — 2: J = 1/2 — 3/2) with resolved hy-
perfine structure of the NO molecule, measured with optothermal spectroscopy in a
coliimated molecular beam [6.54]
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Fig.6.18a-c. Optothermal spectroscopy of solids and of molecules adsorbed at sur-
faces. (a) Propagation of thermal wave induced by a pulsed laser. (b) Deformation of a
surface detected by the deflection of a HeNe laser beam. (¢) Time profile of surface
temperature change following pulsed illumination [6.50]

The absorbed power results in a temperature rise of the illuminated spot.
This temperature will travel as a thermal shock wave through the solid. It
leads to a shight time-~dependent deformation of the surface, due to thermal
expansion. This deformation is probed by the time-dependent deflection of
a low-power HeNe laser. In case of adsorbed molecules the absorbed power
varies when the laser wavelength is tuned over the absorption spectrum of
the molecules, Time-resolved measurements of the probe-beam deflection
allows one to determine the kind and amount of adsorbed molecules and to
follow up their desorption with time, caused by the irradiating light [6.56].



15.5 Medical Applications of Laser Spectroscopy

Numerous books have meanwhile been published on laser applications in
medical research in hospital practice [15.115-118]. Most of these applica-
tions rely on the high laser-output power which can be focussed into a
small volume. The strong dependence of the absorption coefficient of living
tissue on the wavelength allows selection of the penetration depth of the
laser beam by choosing the proper laser wavelength [15.117). For example,
skin carcinoma or portwine marks should be treated at wavelengths for a
small penetration depth in order to protect the deeper layers of the epider-
mia from being damaged, while cutting of bones with lasers or treatment of
subcutan cancer must be performed at wavelengths with greater penetration
depth. The most spectacular outcomes of laser applications in medicine have
been achieved in laser surgery, dermatology, opthalmology and dentistry.

There are, however, also very promising direct applications of laser
speciroscopy for the solution of problems in medicine. They are based on
new diagnostic techniques. Some of them are discussed in this section.

15.5.1 Applications of Raman Spectroscppy in Medicine

During the operation of a patient, the optimum conce-n.tration and corjnposi-
tion of narcotic gases can be indicated by the composition of‘the respiratory
gases, 1.e. with the concentration ratio of N,:0,:CO,. This ratio can be
measured in vivo with Raman spectroscopy [15.119]. The gas flows through
a cell which 1s placed inside a multipass arrangement for‘ an argon-laser
beam (Fig.15.21). In a plane perpendicular to the beam axis several 'detec—
tors with special spectral filters are arranged. Each detef:tor monitors ga
selected Raman line which allows the simultaneous detection of all mole-
lar components of the gas. . _
- "I?he spzansitivity of thge method 1s illustrated by Fig.15.22, which depic.ts
the time variation of the CO,, O, and N, concentration in the exhaled air
of a human patient. Note the variation of the concentrations .w1_th changi_ng
breathing period. The technique can be used routinely in clinical practice
for anesthetic control during operations and obviously also for alcohol tests
of car drivers.
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Raman spectroscopy and diagnostics of molecular gases [15.119]
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iods, measured in vivo with the arrangement of Fig. 1522 [15.119]



15.5.2 Heterodyne Measurements of Ear Drums

A large fraction of ear diseases of elderly people is due to changes in the
frequency response of the ear drum. While up to now investigations of such
changes had to rely on the subjective response of the patient, novel laser-
spectroscopy techniques allow objective studies of frequencv-dependent
vibrational amplitudes of the ear drum and their local variation tor dif-
ferent locations on the drum with a laser Doppler vibrometer (Fig. 15.23).
The experimental arrangement is illustrated in Fig.15.24. The output of a
diode laser is fed through an optical fiber to the ear drum. The light re-
flected by the drum is collected by a lens at the end of the fiber and is sent
back through the fiber where it is superimposed on 2 photodetector behind
a beam splitter with part of the direct laser light. The ear is exposed to the
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Fig.15.24. Heterodvne measurements of frequency-dependent vibrations of the ear
drum and their local variations




sound wives of o loudspeaker with variable audio frequency f. The fre-
quency w of the light reflected by the vibrating ear drum is Doppler
shifted. From the frequency spectrum of the heterodyne signals the ampli-
tude A(f) of the tlluminated area of the vibrating drum can be derived
(Sect. [2.6). In order to transfer the heterodvne spectrum in a region with
less noise, the laser light is modulated at the frequency 2 ~ 40 MHz by an
opto-acoustic modulator producing sidebands at w0 [15.120].

15.5.3 Cancer Diagnostics and Therapy with the HPD Technique

Recently, a method for diagnostics and treatment of cancer has been devel-
oped which 1s based on photoexcitation of the fluorescing substance Hema-
toPorphyrin Derivate (HPD) [15.121]. A solution of this substance is in-
jected into the veins and is distributed in the whole body after a few hours.
While HPD is released by normal cells after 2+4 days it is kept by cancer
cells for a longer time [15.122]. If a tissue containing HPD is irradiated by a
UV laser, it emits a characteristic fluorescence spectrum which can be used
for a diagnostic of cancer cells. Figure 15.25 shows the emission spectrum
of a tissue with and without HPD, and also the fluorescence of pure HPD
in a liquid solution excited by a nitrogen laser at X = 337 nm. The experi-
mental arrangement for detecting a cancerous tissue in rats is exhibited in
Fig.15.26 [15.123]. The fluorescence is spectrally resolved by a grating and
spatially separated by three slightly folded mirrors which image a cancer
region and a region of normal cells onto different parts of the diode array
of an optical multichannel analyser (Sect.4.5). A computer subtracts the
fluorescence of the normal tissue from that of a cancerous tissue.

Absorption of photons in the range 620:640 nm brings HPD into an

excited state, which reacts with normal oxygen in the O,(3II) state and
transfer it into the O,(! A) state which apparently reacts with the surround-
ing cells and destroys them. Although the exact mechanism of these pro-
cesses is not yvet completely understood, it seems that this HPD method al-
lows a rather selective destruction of cancer cells without too much damage
to the normal cells. The technique was developed in the USA, intensively
applied in Japan [15.124] and has meanwhile been applied successfully to
patients with oesophagus cancer, cervix carcinoma and other Kinds of
tumors which can be reached by optical fibers without invasive surgery
[15.125].



(b) (a) Fig. 15.25. Nitrogen-laser-excited
fluorescence spectrum of HPD in so-

HPD fution (a) and of tissue (b) without
HPD (dashed curve), and with HPD
two days after injection. The hatched
area represents the additional absorp-
tion of HPD [15.123]
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Fig.15.26. Experimental arrangement for cancer diagnostics of rat tissue [15.123]

Joule spectro-
meter graph ] oMA

/ Xyz
objective

dye
Laser
500 mJ |

1.5 us /

590 nm

hoider

cuartz fiber
¢ =200 um

—r2s =|— kidney stone
: _—~C“~‘ =2 inwater

Fig.15.27. Experimental arrangement for the spectral analysis of kidney stones for the
determination of stone composition



15.5.4 Laser Lithotripsy

Due 1o the deveiopment of thin. flexible optical fibers with a high damage
threshold for the laser radiation [15.126,127}, inner organs of the human
body, such as stomach, bladder, gall or kidnevs, can be selectively irradi-
ated by laser radiation. A new technique of breaking gall stones to pieces
by irradiation with pulsed lasers (laser lithotripsy) has found increasing in-
terest because it has several advantages compared to the ultrasonic shock-
wave lithotripsy [15.128,129].

The optical fiber of fused quartz is inserted through the urinary chan-
nel until 1t nearly touches the stone that is to be broken. This can be moni-
tored by X-Ray diagnosis or by endoscopy through a fiber bundle which
contains, besides the fiber for guiding the laser beam, other fibers for illu-
mination, viewing and monitoring the laser-induced fluorescence.

If the pulse of a flashlamp-pumped dye laser is transported through
the fiber and focussed onto the gall stone, the rapid evaporation of the
stone material results in a shock wave in the surrounding liquid which leads
to a destruction of the stone after several laser shots [15.129]. The necessary
laser power and the optimum wavelength depend on the chemical composi-
tion of the stone, which generally varies for different patients. It is there-
fore advantageous to know the stone composition before the distruction in
order to choose optimum laser conditions. This information can be obtained
by collecting the fiuorescence of the evaporated stone material at low laser
powers through an optical fiber (Fig.15.27). The fluorescence spectrum is
monitored with an optical multichannel analyser and a computer gives,
within seconds, the wanted information about the stone composition [15.
1301
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Fig.15.28. Fluorescence of three different kidney-stone materials excited with a dye
laser at A = 497 nm at low intensities to prevent plasma breakdown [15.131]

First demonstrations of the capability of spectral analysis of kidney
stones in vitro are illustrated in Fig.15.28 where the fluorescence spectra of
different kidney stones which had been irradiated in a water surrounding
outside the body, and which were detected with the arrangement of Fig.
15.26, are shown [15.131].

Further information on laser lithotripsv and spectroscopic control of

thim tashnimia ~an ha Faond in F15 127 1277
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11.2.2 Optical Correlator for Measuring Ultrashort Pulses

For measurements of optical pulse widths below 1 ps the best choice 1s a
correlation technique which is based on the following principle: The optical
pulse with the intensity profile I(t) = ceo|E(1)|2 and the halfwidth AT is
split into twa pulses I,(t) and 1,(t), which travel different path lengths sl
and s2 before they are again superimposed (Fig.11.30). For a path differ-
ence As = sl-s2 the pulses are separated by the time interval r = As/c and
their coherent superposition yields the tota] intensity

I(t,7) = cep[E (1) + E,(t+7)]2. (11.23)

A linear detector has the output signal Sy (t) = al(t). If the time constant T
of the detector is large compared to the pulse length AT, the output signal
1S

+T/2
J I(t,7)drt . (11.24)
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Fig.11.30. Optical correlator with translation-retro-reflecting prism and second-har-
monic generation

For equal amplitudes of the two pulses E,(t) = E,(t) = Ej(t) coswt the in-
tegrand becomes

I(t,r) = ceg[Eg(t) coswt + Eg(t + 7)cosw(t + )]2 (11.25)
and the integration vields

+:T
Spir) = 2ce0a{(E02) + % J' [Eq(t) Eg{t + r)coswtcosw(t + T)]dt}. (11.26)
-:T

For strictly monochromatic CW light (Eq(t) = const) the integral equals
TEy?coswr and the signal

Sp{r) = 2aceg Eg2(1 + coswr) (11.27)

becomes an oscillatory function of 7 with the period AT = m/w = 1/(2u) =
A/2¢ (two-beam interference, see Sect.4.2).

Mode-locked pulses of duration AT and spectral width Aw ~ 27/AT
are composed of many modes with different frequencies w. The oscillations
of these modes have different periods Ar(w) = 7/w << T and the average
over a time interval T > AT vields a value of zero for the integral. A {inear
detector with a time constant T >> 1 would therefore give an output signal
which is independent of T and which vields no information on the time pro-
Jile I(t)!. This is obvious, because the detector measures only the integral
over [, (t)+1,(t+7), L.e.. the sum of the energies of the two pulses, which is
independent of the delay time T as long as T > 7. Linear detectors with the
time resolution T can therefore not be used for the measurement of ultra-
short pulses with AT < T.

If, however, the two pulses are focussed into a nonlinear optical crystal
which doubles the optical trequency, the intensity of the 2nd harmonics



[(2w) « (11”2)2 is proportional to the square of the incident intensity
(Sect.5.7) and the measured averaged signal S(2w,7) « I(2w,7) becomes

+T1/2

(Spp(2w.7)) = % J 12w, t.r) dt
—sz

= al(142) + (1,2 + 2( (0 L (t+ )] - (11.28)

The first two terms are independent of 7 and give a constant background.
However, the third term depends on the delay time r and contains the
wanted information on the pulse profile I(t). The detector signal S(2w,7)
measured versus the delay time 1, therefore gives the wanted information
on the time profile of I(w,t).

Note the difference between linear detection (11.25) and nonlinear detec-
tion (11.28). With linear detection the sum I (D)+1,(t+7) 1s measured which
is independent of 7 as long as 7 < T. The nonlinear detector measures the
signal S{2w,7) that contains the product 1;(t)1(t+7) which does depend on 7
as long as 7 is smaller than the maximum width of the pulses.

The 7-independent background in (11.28) can be suppressed, when the
two beams are focussed into the doubling crystal under different angles
+ (/2 against the z-direction (Fig.11.31) where the signal S(2w) is detected.
If the phase-matching conditions for the doubling crystal (Sect.5.7) is
chosen in such a way that for two photons out of the same beam no phase
matching occurs, but only for one photon out of each beam, then the two
first terms in (11.28) do not contribute to the signal [l 1.89,90]. In another
method of background-free pulse measurements the polarization plane of
one of the two beams in Fig.11.31 is turned in such a way, that a properly
oriented doubling crystal (generally a KDP crystal) fulfills the phase-
matching condition only if the two photons come each from a different
beam {11.91}.

aperture optical

- b (t+ 1) /t/ filter . axis
ﬁ‘l\ ( B ><* PMT | vop

,

- N l1'(1) H\ Ng {w) =

KDP ne (2w, 8) » cos §/2
from
Laser

Fig.11.31. Background-free measurement of the second-order correlation function
G(2)(r) by choosing the phase-matching condition properly. (The spectral filter
suppresses scattered light of the fundamental wave at w. KDP; Kalium-dihydrogen-
phosphate crystal for frequency doubling)




Laser Fig.11.32. Rotating autocorrela-
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tor, allowing the direct observa-
tion of the correlation signal
S{(2w,r) on a scope which is trig-
gered by the output signal of the
photodiode PD

LED /
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In the methods discussed above, one of the retroreflectors is mounted
on a translational stage moved via micrometer screws by a step motor while
the signal S(2w,7) is recorded. Since r must be larger than AT, the transfa-
tional move should be, at least, AS = fcr > 1 cAT. For pulses of 10 ps this
means AS > 1.5 mm. With a rotating correlator (Fig.11.32) the signal S(2w,T)
can be directly viewed on a scope, which is very useful when optimizing
the pulse width. Two retroreflecting prisms are mounted on 2 rotating disc.
During a certain fraction AT, of the rotation period T, the reflected
beams reach the mirrors M1 and M2 and are focussed into the KDP crystal.
The viewing oscilloscope is triggered by a pulse obtained by reflecting the
light of a LED onto the photodetector PD.

Instead of using optical frequency-doubiing also other nonlinear et -
fects can be used. such as two-photon absorption in liquids or solids, which
can be monitored by the emitted fluorescence. If the optical pulse is again
split into two pulses travelling in the opposite *z-directions through the
sample cell (Fig.11.33) the spatial intensity protile Igy (2) [2{w,r) can be
imaged bv a magnifyving optics onto a videcon or an image intensifier. Since
a pulse width AT = | ps corresponds to a path length of 0.3 mm this tech-
nique, based on the spatial resolution of the fluorescence intensity, 15 Iim-
ited to pulse widths AT > 0.3 ps. For shorter pulses the delay time 7 be-
tween the pulses has to be varied and the total tluorescence

lpL(r) = [Kz,7)dz (11.29)

has to be measured as a tunction of 7 [11.92,93].

All these devices, which are called optical correlators, measure the
correlation between the field amplitude E(t) or the intensity I(t} at the time
t and its values E(t+7) or [(t+7) at a later time. These correlations are math-
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ematically expressed by normalized correlation functions of order k. The
normalized first order corretation function

+00

J E(t)-E(t+r)dt

-00

G (1) = ——= - O (11.30)
J EZ(t)dt

describes the correlation between the field amplitudes at times t and t+7.

From (11.30) we obtain G () = 1 and for pulses with a finite pulse dura-
tion AT (11.30) vields G(1) (00) =

The norm'lhzed second-order correlation function

) () = JMO- MDA (00 L1e7))

11.31
fi2(t)-dt (1) (130

describes the intensity correlation, where again G(2)(0) = 1. The correlation

sngnal (11.28) after the optical frequency doubler can be written in terms of
2) (1) for I,=1,=12as

Sxp (2w.7) = A[G®) (0) + 2G(2) ()] = Al + 2G J(n)] . (11.32)
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Without background suppression this yields for completely overlapping

pulses S(2w,7 = 0) = 3A and for completely separated pulses S(2w,7>>T} =
A.

For methods with background suppression no signal is obtained for 7 >> T.
It is important to note that the profile S(r) of the correlation signal depends
on the time profile It} of the light pulse. For illustration Fig.11.34a depicts
the signal S(2w,r) of Fourier-limited pulses with the Gaussian profile I(t) =
I, exp(-t2/0.36 AT?) with and without background suppression. From the
halfwidth Ar of the signal the halfwidth AT of the pulses can only be der-
ived if the pulse profile I(t) is known. In Table 11.2 the ratio Ar/AT and
the products AT-Av are compiled for different pulse profiles I(t) while
Fig.11.34a-c illustrates the corresponding profiles and contrasts of G (7).
Even noise pulses and continuous random noise result in a maximum of the
correlation function G(2) () at 7 = 0 ((Fig.11.34d) and the contrast becomes
G2)(0)/G(V (c0) = 2 [11.89,94]. For the determination of the real pulse
profile one has to measure the function G(2} (r) over a wider range of delay
times 7. Generally a mode! profile is assumed and the calculated functions
G(2) (1) and even G{3)(r) are compared with the measured ones [11.95].
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Table 11.2. Ratios A7/AT of the width Ar of the autocorrelation profile and AT of
the pulse I(t) and products Av-AT of spectral widths and duration AT of pulses with
different profiles I{t)

Pulse profile Mathematical AT/AT Av-AT
expression {for I{t)

Rectangular { lpfor0 <t < AT ] 0.886
0 elsewhere

Gaussian loexp[—tz/(O.BGATz)] V2 0.441

Sech? sech?(t/0.57AT) 1.55 0.315

Lorentzian [l +(2t/AT)2)1 2 0.221

11.3 Lifetime Measurements with Lasers

Measurements of lifetimes of excited atomic or molecular levels are of great
interest for many problems in atomic, molecular, or astrophysics as can be
seen from the following three examples:

(i) From the measured lifetimes 7, = 1/A, of levels |k) which may decay
by fluorescence into the lower levels |m) , the absolute transition probability
A, = £, Ap, can be determined (Sect.2.6). From the measurements of re-
lative intensities I, of transitions |k) — |m) the absolute transition proba-
bilities A, can then be obtained. This vieids the transition dipole matrix
elements (lﬂrlm) (Sect.2.6.4). The values of these matrix elements are sensi-
tively dependent on the wave functions of upper and lower state. Lifetime
measurements therefore represent crucial tests for the quality of computed
wave functions and can be used to optimize models of the electron distribu-
tion in complex atoms or molecules.

(i1) The intensity decrease l(w,z) = loe'“(“’}z of light passing through ab-
sorbing samples depends on the product «(w)z = N0, (w)z of the absorber
density N, and the absorption cross section oy. Since oy 1s proportional to
the transition probability Ay (2.22,34) it can be determined from lifetime
measurements, see Item (1). Together with measurements of the absorption
coefficient a{w) the density N, of the absorbers can be determined. This
problem is very important for the test of models for stellar atmospheres
[11.96]. A well known example are the measurements of absorption profiles
of Fraunhofer lines in the solar spectrum. They yield density and tempera-
ture profiles and the abundance of the elements in the sun’s atmosphere
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(photosphere and chromosphere). The knowledge of transiion probabiiities
allows absolute values of these quantities to be determined,

(1) Lifetime measurements are not only important to gain information on
the dynamics of excited states but also for the determination of absolute
cross sections for quenching collisions. The probability R, per second for
the collision-induced transition |k) — [n) in an excited atom or molecule A

0

Ry, = J Ng (V) o, (V) vdy = Ng (ofh¥ (11.34)
0

depends on the density Np of the collision partners B, the collision cross
section oﬁfl“ and the mean relative velocity v. The total deactivation proba-
bility Py of an excited ievel |k) is the sum of radiative probability A, =
ZmAym = 1/ and the collisional deactivation probability R,. Since the

effective lifetime is r ®ff = | /P, we obtain the equation

1 1 . }
Tt Ry Wit Ry Z Ry, . (11.35)

n

T Tk

In a gas cell at the temperature T the mean relative velocity between colli-
sion partners A and B with masses M, Mg is

My Mg

V= VBKT/mu with pu = m
A B

(11.36)

Using the thermodvnamic equation of state p = N-kT we can replace the
density Ny in (11.34) by the pressure p and obtain the Stern-Vollmer equa-
tion:

l ——
ff d
e Tkrn

+ boyp with b= {mu/8kT)1/2 . (11.37)
Tk

It represent a straight line when /7 is plotted versus p (Fig.11.35). The
slope tana = bo, vields the total quenching cross section o, and the intersect
with the axis p = 0 gives the radiative lifetime r, ™4 = 7, *ff (p=0).

In the following subsections we will discuss some experimental meth-
ods of lifetime-measurements [11.97,98]). Nowadays lasers are generally
used for the selective population of excited levels. In this case the induced
emission, which contributes to the depletion of the excited level, has to be
taken into account, if the exciting laser is nat switched off during the fluo-
rescence detection. The rate equation for the time-dependent population
density of the level |k), which gives the effective lifetime reff | is then

\,X_,
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dN,

where p 1s the spectral energy density of the exciting laser which is tuned
to the transition {i} — |k). The solution Ng (t) & I (t) of (11.38) depends on
the time profile Iy (t) = ¢ py (t) of the excitation laser.

[1.3.1 Phase-Shift Method

If the laser is tuned to the center w,, of an absorbing transition 1) — |k) the
detected fluorescence intensity Iy monitored on the transition |k) — |m) is
proportional to the laser intensity I}, as long as saturation can be neglected.
In the phase-shift method the laser intensity is modulated at the frequency f
= /27 (Fig.}1.36a) according to

I (t) = élo(l + asin{lt) cos?w,, t . (11.39)

Inserting (11.39) with I, (8} = cpr,(t) into (11.38) yields the time-dependent
population density Ny (1) of the upper level, and therefore also the fluores-
cence power Ppy (1) = Ny (t) Ay, emitted on the transition [k) — |m). The
result is

asin({lt + @)
[1+ (Qryy)211/2

PFL(t)=b[] + jl COSzwkmt (1140)

where the constant b o Ngog, I} V depends on the density Ny of the ab-
sorbing molecules, the absorption cross section Ogk» the laser intensity I,
and the excitation volume V seen by the fluorescence detector. Since the

/
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Fig.11.36a,b. Phase-shift method for the measurement of excited-state lifetimes: (a)
experimental arrangement and (b} equivalent electric network

detector averages over the optical oscillations w,,, we obtain (cos?w, .} =
1/2 and (11.40) gives similar to (11.39) a sinewave-modulated function with
the phase shift ¢ against the exciting intensity Iy (1), This plase shift de-
pends on the modulation frequency Q and the effective lifetime 7. The
evaluation yields

tang = 07, . (11.41)

According to (11.35-38) the effective lifetime is determined by the inverse
sum of all deactivation processes of the excited level |k). In order to obtain
the spontaneous lifetime r . = 1/A, one has to measure 7(p,Ip) at dif-
ferent pressures p and difterent laser intensities [}, and extrapolate the re-
sults towards p — 0 and I, — 0,

The influence of induced emission is a definite drawback of the
phase-shift method.

Note: This problem of exciting atoms with sinewave-modulated fight and
determining the mean lifetime of their exponential decay from measure-
ments of the phase shift ¢ is mathematically completely equivalent to the
well-known problem of charging a capacitor C from an AC source with the
voltage Uy(t) = U, sinQt through the resistor R, with simultaneous dis-

charging through a resistor R, (Fig.11.36b). The equation corresponding to
(11.38) is here

alaka!
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du_Ug-U U

= i 11.42
C dt R; R, ( )
which has the solution
U = U,sin(f ith é=0 RiR,C (11.43)
= U,sin({lt - ¢) with tang = R, + R, .
where
R,

[(R{+R,)? + (ICR Ry)21H2

A comparison with (11.40) shows that the mean lifetime 7 corresponds to
the time constant 7 = RC with R = R{R,/(R;+R,) and the laser intensity to
the charging current I(t) = (Uy-U)/Ry .

Equation (11.41) anticipates a pure exponentia! decay. This is justified
if a single upper level |k) is selectively populated. If several levels are sim-
ultaneously excited the fluorescence power Ppp (1) represents a superposition
of decay functions with different decay times 7,. In such cases the phase
shifts ¢(01) and the amplitudes a/(1+0272)1/2 have to be measured for dif -
ferent modulation frequencies 2. The mathematical analysis of the results
allows one to separate the contributions of the simultaneously excited levels
to the decay curve and to determine the different lifetimes of these levels
(11.99]. A better solution is, however, if the fluorescence is dispersed by a
monochromator and the detector monitors selectively the transitions from
the different excited levels |k} separately.

11.3.2 Single-Pulse Excitation

The molecules are excited by a short laser pulse. The trailing edge of this
pulse should be short compared with the decay time of the excited level,
which is directly monitored after the end of the excitation pulse. Either the
time-resolved LIF on transitions |k) — |m) to lower levels im) is detected
or the time-dependent absorption of a second laser, which 1s tuned to the
transition |K) — |i) to higher ievels |j).

The time-dependent fluorescence can be viewed either with an oscillo-
scope or may be recorded by a transient recorder. Another possibility 1S
pased on a boxcar integrator, which transmits the signal through a gate that
opens only during a selected time interval At (Sect.4.5.5). After each suc-
cessive excitation pulse the delay AT of the gate is increased by T/m. After
m excitation cycles the whole time window T has been covered (Fig. 11.37).
The direct observation of the decay curve on an oscilloscope has the advan-
tage that nonexponential decays can be recognized immediately. For suf -
ficiently intense fluorescence one needs only a single excitation pulse, al-

though generally averaging over many excitation cycles will improve the
signal-to noise ratio.
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Fig.11.37. Lifetime measurements with a gated boxcar system with successively incre-
asing gate delay time

This technique of single-pulse excitation is useful for low repetition
rates. Examples are the excitation with pulsed dye lasers pumped by
Nd: YAG or excimer lasers [11.97, 100].

11.3.3 Delayed-Coincidence Technique

As in the previous method the delaved-coincidence technique also uses
short laser pulses for the excitation of selected levels. However, here the
pulse energy is kept so low, that the detection probability Py of a tluores-
cence photon per laser excitation pulse remains small (P < 0.1). If Pp (1) dt
is the probability of detecting a fluorescence photon in the time interval t to
t+dt after the excitation then the mean number ng (t) of fluorescence pho-
tons detected within this time interval for N excitation cycles (N >> 1) is

np(t)dt = NPy (t)dt. (11.44)

The experimental realization is shown schematically in Fig.11.38. Part of
the laser pulse is sent to a fast photodiode. The output pulse of this diode at
t = t, starts a Time-Amplitude Converter (TAC) which generates a fast
rising voltage ramp U(t) = (t-t;)U,. A photomulitplier with a large ampli-
fication factor generates for each detected fluorescence photon an output
pulse that triggers a fast discriminator. The normalized output pulse of the
discriminator stops the TAC at time t. The amplitude U(t) ot the TAC
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Fig.11.38. Basic principle of lifetime measurements with the delayed coincidence
single photon counting technique

output pulse is proportional to the delay time t-t; between excitation pulse
and fluorescence photon emission. These pulses are stored in a multichannel
analyzer. The number of events per channel gives the number of flucres-
cence photons emitted at the corresponding delay time,

The repetition rate f of the excitation pulses 1s chosen as high as possi-
ble since the measuring time for a given signal-to-noise-ratio 1S propor-
tional to 1/f. An upper limit for f 15 determined by the fact that the time T
between two successive laser pulses should be at least three times the life-
time 7, of the measured level |k}. This technique is therefore ideally suited
for excitation with mode-locked or cavity-dumped lasers. There 15, how-
ever, an electronic bottleneck: The input-pulse rate of a TAC is limited by
its dead time 7, and should be smaller than 1/rp. It is therefore advanta-
geous to invert the functions of the start-and-stop pulses. The fluorescence
pulses (which have a much smaller rate than the excitation pulses) now act
as start pulses and the next taser pulse stops the TAC. This means that the
time (T-t) is measured instead of T. Since the time T between successive
pulses of a mode-iocked laser is very stable and can be accurately deter-
mined from the mode-locking frequency f = 1/T the time interval between
successive pulses can be used for time calibration of the detection system
[11.30]. In Fig.11.39 the whole detection system is shown together with a
decay curve of an excited level of the Na, molecule, measured over a
period of 10 mun.

More information about the delaved-coincidence method can be found
in [11.101].
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Fig.11.39. Experimental arrangement for lifetime measurements with the delayed

coincidence single-photon counting technique and decay curve of the Na, (BT, v'=6,
1=27) level {11.29]

11.3.4 Lifetime Measurements in Fast Beams

The most accurate method for lifetime measurements in the range of
10-7:1079 5 is based on a modern version of an old technique which had
been used by N. Wien already 70 years ago [11.102]. Here a time measure-
ment is reduced to a pathlength- and a velocity measurement:

The atomic or molecular ions produced in an ion source are accelerated
by the voltage U and focussed to form an ion beam. The different masses
are separated by a magnet (Fig.11.40) and the wanted ions are excited at
the position x = 0 by a CW-laser beam. The LIF is monitored as a function
of the variable distance x between the excitation region and the position of
4 special photon detector mounted on a precision translational drive. Since
the velocity v = (2eU/m)¥/2 is known from the measured acceleration volt-
age U the time t = x/v is determined from the measured positions x.

The excitation intensity can be increased if the excitation regon Is
Placed inside the resonator of 2 CW dye laser that is tuned to the selected
transition. Before they reach the laser beam, the ions can be preexcited into
highly excited long-living levels by gas collisions in a gas cell being dif-
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11.4 Pump and Probe Technique

For measurements of very fast relaxation processes with a demanded time
resolution below 10710 s most detectors (except the streak camera) are not
fast enough. Here the pump and probe technique 1s the best choice. It 15
based on the following principle (Fig.11.43).

The molecules under investigation are excited by a fast laser pulse on
the transition [0y — |1). A probe pulse with a variable time delav 7 against
the pump puise probes the time evolution of the population density Ny (t).
The time resolution is onlv limited by the pulse width AT of the two pulses
but not by the time constants of the detectors!

In earlv experiments of this kind 2 fixed-frequency mode-locked Nd-
Glass or Nd: YAG laser was used. Both pulses came from the same laser and

fortuitious coincidences of molecular transitions with the laser wavelength

N, { pump pulse

1 ——{ probe pulse

A

fluores-
cence
¢ N (D

pump

N, (7)

Ny ——
Fig.11.43. Pump-and-probe technique

were utilized [11.108]. The time delay of the probe pulse is realized, as
shown in Fig.11.30, by beam splitting and a variable path-length differ-
ence. Since the pump and probe pulses coincide with the same transition ]i)
— |k) the absorption of the probe pulse measured as a function of the delay
time 7, in fact, monitors the time evolution of the population difference
[N, ()-N;{t)]. A larger variety of molecular transitions becomes accessible,
if the Nd:YAG laser wavelength is Raman shifted (Sect.5.9) into spectral
regions of interest [11.109].

A broader application range is opened by a system of two independ-
ently tunable mode-locked dye lasers which have to be pumped by the
same pump laser in order to synchronize the pump and probe pulses [11.
110]. For studies of vibrational levels in the electronic ground states of
molecules the difference frequency generation of these two dye lasers can
be used as a tunable infrared source for direct excitation of selected levels
on infrared-active transitions. Raman active vibrations can be excited by
spontaneous or stimulated Raman transitions (Chapt.8).
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11.44 Real-Time Observations of Molecular Vibratic.ns

The time scale of molecular vibrations is of the order of 10-14:10-15 5. The
vibrational frequency of the H, molecule, for example, is v, = 1.3-10%4
ST — T,ip = 7.6:10°15 5 that of the Na, molecule is v,y = 4.5-1012 ¢-1 _,
Tyip = 210718 5 and even the heavy I molecule still has T, = 5-10-13 s,
With conventional techniques one always measures a time average over
many vibrational periods.

. With femtosecond pump-probe experiments "fast motjon pictures" of a
vibrating molecule may be obtained and the time behaviour of the wave
packets of coherently excited and superimposed molecular vibrations can be
mapped. This will be illustrated by the following examples dealing with the
dyna.mics of molecular multiphoton ionisation and fragmentation of Na,,
and its dependence on the phase of the vibrational wave packet in the in-

a) } Energy [cm™)
o b)
o
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v
X prabe Aorobe Na [3s] +Na (34)
o
o
27 v'=13-18
m
A\ pump Rprobe Na [3s] #Na (3p)
| ﬁ \1
—
o
o
S A Na {3s)
2 A pump pump Na (35) tNa
1=+
X 'L, X L
v =0 a 1\{":0 : . T . | .
T T T T T 1
ga (Al
3 5 7 3 3 5 7 [

T - N + : t—
Fig.11.46a,b. Femtosecond spectroscopy of Na,. (a) Potelntml cur\.efd‘n\?graénélltgs(t:roah
) ' ? ! . a . , 1. . a u _
ing the preparation of a vibrational wave pauke_t n Fhe 2 HS state’oﬂ 1112;13) 1o con”
erent simuitaneous two-photon excitation of vnbranonalﬁle\-eis. {v = | (. .the riher
excitation by a third photon results in production of Naz‘ - Na _+r\a trom ouer
turning point of the wave packet. (b} One-photon excitation of 2 v:brat;onz} e
packet in the AT, state with subsequent two-photon ionization from the imier tur
ing point [11.119)

termediate state [11.118]. There are two pathwavs for photoionmization of
cold Na, molecules in a supersonic beam (Fig.11.46):
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(1) One-photon absorption of a femtosecond pulse (A = 672nm, AT = 70fs,
I = 50GW/cm?) leads to a simultaneous coherent excitation of vibrational
levels v/ = 10-14 in the A lzu stae of Na, at the inner part of the potential
V,(R). This generates a vibrational wave packet which oscillates at a fre-
quency of 3.1012 s-1 back and forth between the inner and outer turning
point. Resonant enhanced two-photon ionization of the excited molecules
by the probe pulse has a larger probability at the inner turning point than at
the outer turning point, due to favorable Franck-Condon factors for transi-
tions from the A 1%, state to the near resonant intermediate state 2111
which enhances ionizing two-photon transitions at small values of the inter-
huclear distance R. The ionization rate N(Nag,At) monitored as a function
of the delay time At between the weak pump puise and the stronger probe

dimer 1ons-Na;
|

A
l'

|
W\* MWW’

fragment igns-Na“

2 ¢ 2 :
Pump-Prooe Delay {ps]

Fig.11.47. Observed ion rates N{(Nag) (upper trace) and N(NF) as a function of the
delay time At between the pump and probe pulses [1].119]

pulse vields the upper oscillatorv function of Fig.11.47 with a period that
matches the vibrational wave-packet period in the AlZ state.

(11) The second possible competing process is the two-photon excitation of
wavepackets of the v/ = 11:18 vibrational levels in the 21Hg state of Na, by
the pump pulse with subsequent one-photon excitation into a doubly ex-
cited state of Na, ", which autoionizes according to

Na; — Naj +e” — Na" +Na" +e" |
and results in the generation of Na* ions. The number N(Nat, At) of atomic
1ons Na*, measured as a function of the delay time At between pump and
probe pulses shows again an oscillatory structure (Fig.11.47, lower trace),
but with a time shift of half a vibrational period against the upper trace. In
this case the ionization starts from the ower turning point of the 2111 levels
and the oscillatory structure shows a 180° shift and slightly different oscil-
lation period which corresponds to the vibrational period in the 21Hg state.

The photoelectrons and ions, and their kinetic energies can be meas-

ured with two time-of -flight mass spectrometers arranged into opposite di-
rections perpendicular to the molecular and the laser beam [11.120].
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15.5 Medical Applications of Laser Spectroscopy

Numerous books have meanwhile been published on laser applications in
medical research in hospital practice [13.113-118). Most of these applica-
tuons rely on the high laser-output power which can be focussed into a
smail volume. The strong dependence of the absorption coefticient of living
tissue on the wavelength allows selection of the penetration depth of the
laser beam by choosing the proper laser wavelength [15.117]. For example,
skin carcinoma or portwine marks should be treated at wavelengths for a
small penetration depth in order to protect the deeper lavers of the epider-
mia from being damaged, while cutting of bones with lasers or treatment of
subcutan cancer must be performed at wavelengths with greater penetration
depth. The most spectacular outcomes ot laser applications in medicine have
been achieved in laser surgerv, dermatology, opthalmology and dentistry.

There are, however, also very promising direct applications of laser
spectroscopy tor the solution of problems in medicine. They are based on
new diagnostic techniques. Some of them are discussed in this section.

15.5.1 Applications of Raman Spectroscopy in Medicine

During the operation of a patient, the optimum concentration and composi-
tion of narcotic gases can be indicated by the composition of the respiratory
gases, i.e. with the concentration ratio of N,:0,:CQO,. This ratio can be
measured in vivo with Raman spectroscopy [15.119]. The gas flows through
a cell which is placed inside a multipass arrangement for an argon-laser
beam (Fig.15.21). In a plane perpendicular to the beam axis several detan_
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Fig.15.21. Multipass cell and spectrally selective detector arrangement for sensitive
Raman speciroscopy and diagnostics of molecular gases {15.119]



tors with special spectral filters are arranged. Each detector monitors g
selected Raman line which allows the simultaneous detection of all mole-
cular components of the gas.

The sensitivity of the method is illustrated by Fig.15.22, which depicts

the time variation of the CO,, Oy and N, concentration in the exhaled air
of a hpman patient, Note the variation of the concentrations with changing
breathing period. The technique can be used routinely in clinical practice

fqr anestbetic control during operations and obviously also for alcohol tests
of car drivers.
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Fig.15.22. CO,, Ny and O, concentrations of respiratory gases {or varying breath per-
iods, measured in vivo with the arrangement of Fig. 15.22 [15.119]

15.5.2 Heterodyne Measurements of Ear Drums

A large fraction of ear diseases of elderly people is due to changes in the
frequency response of the ear drum. While up to now investigations of such
changes had to rely on the subjective response of the patient, novel laser-
spectroscopy techniques allow objective studies of frequency-dependent
vibrational amplitudes of the ear drum and their local variation for dif-
ferent locations on the drum with a laser Doppler vibrometer (Fig. 15.23).
The experimental arrangement is illustrated in Fig. 15.24. The output of a
diode laser is fed through an optical tiber to the ear drum. The light re-
flected by the drum is collected by a lens at the end of the fiber and 1s sent
back through the fiber where it is superimposed on a photodetector behind
a beam splitter with part of the direct laser light. The ear 15 exposed to the

cound waves of a loudspeaker with variable audio frequency f. The fre-
quency « of the light reflected by the vibrating ear drum 1s Doppler
shifted. From the frequency spectrum of the heterodvne signals the ampli-
tude Ay of the iliuminated area of the vibrating drum can be derived
(Sect.12.6). In order to transfer the heterodyne spectrum in a region with
less noise. the iaser light is modulated at the frequency 2 =~ 40 MHz bv an
opto-acoustic modulator producing sidebands at wrl {15.120].
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15.5.3 Cancer Diagpostics and Therapy with the HPD Technique

Recently, a method for diagnostics and treatment of cancer has been devel-
oped which is based on photoexcitation of the fluorescing substance Hen}a-
toPorphyrin Derivate (HPD) [15.121]. A solution of this substance is in-
jected into the veins and is distributed in the whole body after a few hours.
While HPD is released by normal cells after 2+4 days it is kept by cancer
cells for a longer time {135.122]. If a tissue containing HPD is irradiated by a
UV laser, it emits a characteristic fluorescence spectrum which can be used
for a diagnostic of cancer cells. Figure 15.25 shows the emission spectrum
of a tissue with and without HPD, and also the fluorescence of pure HPD
in a liquid solution excited by a nitrogen laser at A = 337 nm. The experi-
mental arrangement for detecting a cancerous tissue in rats is exhibited 1n



Fig.15.26 [15.123]. The {luorescence is spectrally resolved by a grating and
spatially separated by three slightly folded mirrors which image a cancer
region and a region of normal cells onto different parts of the diode array
of an optical multichannel analyser (Sect.4.5). A computer subtracts the
fiuorescence of the normal tissue from that of a cancerous tissue.

{b) {a) Fig.15.25. Nitrogen-laser-excited
lg s fluorescence spectrum of HPD in so-
HFD lution (a) and of tissue (b) without

HPD (dashed curve), and with HPD
two days after injection. The hatched
area represents the additional absorp-
tion of HPD [[5.123]
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Fig.15.26. Experimental arrangement for cancer diagnostics of rat tissue [15.123]

Absorption of photons in the range 620:640 nm brings HPD into an
excited state, which reacts with normal oxygen in the O,(3II) state and
transter it into the O, (! A) state which apparently reacts with the surround-
ing cells and destroys them. Although the exact mechanism of these pro-
cesses is not yet completely understood, it seems that this HPD method al-
fows a rather selective destruction of cancer cells without too much damage
to the normal cells. The technique was developed in the USA, intensively
applied in Japan [15.124] and has meanwhile been applied successfully to
patients with oesophagus cancer, cervix carcinoma and other kinds of
tumors which can be reached by optical fibers without invasive surgery
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15.5.4 Laser Lithotripsy

Due to the development of thin, flexible optical fibers with a high damage
threshold for the laser radiation [15.126,127], inner organs of the human
body, such as stomach, bladder, gall or kidnevs, can be selectively irradi-
ated by laser radiation. A new technique of breaking gall stones to pieces
by irradiation with pulsed lasers (laser lithotripsy) has found Increasing in-
terest because it has several advantages compared to the ultrasonic shock-
wave lithotripsy [15.128,129].

The optical fiber of fused quartz is inserted through the urinary chan-
nel until it nearly touches the stone that is to be broken. This can be moni-
tored by X-Ray diagnosis or by endoscopy through a fiber bundle which
contains, besides the fiber for guiding the laser beam, other fibers for illu-
mination, viewing and monitoring the laser-induced fluorescence.,

If the pulse of a flashlamp-pumped dve laser is transported through
the fiber and focussed onto the gall stone, the rapid evaporation of the
stone material results in a shock wave in the surrounding liquid which leads
to a destruction of the stone after several laser shots [15.129). The necessary
faser power and the optimum wavelength depend on the chemical compost-
tion of the stone, which generally varies for different patients. It is there-
fore advantageous to know the stone composition before the distruction in
order to choose optimum [aser conditions. This information can be obtained
by collecting the fluorescence of the evaporated stone material at low laser
powers through an optical fiber (Fig.15.27). The fluorescence spectrum is
monitored with an optical multichannel analyser and a computer gives,

within seconds, the wanted information about the stone composition [15.
130].
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Fig.15.28. Fluorescence of three different kidney-stone materials excited with a dve
laser at A = 497 nm at low intensities to prevent plasma breakdown [15.131]

First demonstrations of the capability of spectral analysis of kidney
stones in vitro are illustrated in Fig.15.28 where the fluorescence spectra of
different kidney stones which had been irradiated in a water surrounding
outside the body, and which were detected with the arrangement of Fig.
15.26, are shown [13.131}.

Further information on laser lithotripsy and spectroscopic control of
this technique can be found in [15.132,133].



