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This review concerns the important problem of resonance interaction of laser radiation with polyatomic
molecules via intermediate electronic excited states. The relation between the photoionization yield and
photofragmentation of molecules and the spectroscopic and physicochemical properties of molecules in
excited electronic states is discussed. The application of resonance laser photoionization to ultrasensitive
(down to single molecules) detection of polyatomic molecules is examined.
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1. INTRODUCTION

Frequency-tunable laser radiation can be used to excite
selectively any quantum states of atoms and molecules of a
given type. By means of multi-step excitation, it is possible to
introduce selectively a considerable amount of energy into a
particular type of atom or molecule, causing its selective
photoionization, photodissociation, and other phototrans-
formations. Such applications of lasers are sometimes called
selective laser photophysics and photochemistry. The inter-
est in this area is due not only to the completely new possibil-
ity of systematic study of previously inaccessible quantum
states of atoms and molecules, but also important applica-
tions in science and technology. It is sufficient to mention
such solved problems as laser separation of isotopes, laser
detection of single atoms and molecules, laser IR photo-
chemistry, etc. Special reviews and monographs have been
devoted to this interesting area of application of lasers.1"3

Laser detection of single atoms and molecules based on
the method of resonance multistep photoionization by fre-
quency-tunable laser pulses was proposed about ten years
ago.4"7 The new possibilities of laser spectroscopy, opened
up along this path, with very high sensitivity were discussed
in 1974-1976.8"10 Before long, in 1977, photoionization de-
tection of single atoms in a buffer gas11 and in a vacuum12

was demonstrated experimentally. This path of laser spec-
troscopy is rapidly developing, and special reviews devoted
to it have already been published. 13~15 It is entirely natural to

"We note that two-step photoionization of molecules was proposed for
laser separation of isotopes in Ref. 16, but this method has not been
developed.

extend this method to detection of molecules.1} In particular,
the possibility of developing a selective laser detector of mol-
ecules based on a combination of selective photoionization
of molecules by laser radiation and mass-spectrometrical de-
tection of the photoions obtained was examined in Refs. 4
and 8. The situation with molecules is, however, more com-
plicated. In spite of the fact that selective laser photoioniza-
tion of atoms has been extensively developed, the method of
laser photoionization spectroscopy of atoms cannot be di-
rectly transferred to molecules for a number of reasons.

1) The excited states of multiatomic molecules are of a
much more complicated nature, and molecular absorption
spectra often have little structure. This makes it much more
difficult to realize photoionization of polyatomic molecules
with high selectivity.

2) In contrast to atoms, molecules in intermediate excit-
ed states can undergo different photophysical and photoche-
mical transformations, for example photodissociation,
which can compete with photoabsorption and photoioniza-
tion of processes.

3) The products of photoionization of polyatomic mole-
cules, especially with the use of intense laser radiation, can
be very diverse, and this essentially requires the use of the
mass-spectrometric technique of analysis and detection of
photoions.

4) Molecular photoabsorption cross sections, as a rule,
are several orders of magnitude smaller than the atomic pho-
toionization cross sections, which makes it necessary to use
more powerful sources of radiation. At the same time, the
molecular absorption and photoionization spectra usually
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FIG. 1. Scheme of resonance laser photoionization of molecules, a) Via an
intermediate electronically excited state; b) via an intermediate two-pho-
ton resonance; c) via a vibrationally excited state.

lie in the UV and VUV regions, which are relatively inacces-
sible to laser sources of radiation.

Nevertheless, in recent years, considerable progress has
been made in the development of photoionization laser spec-
troscopy of molecules.17 This is explained, first of all, by
progress in laser technology, especially the development of
lasers in the UV and VUV regions. Second, the combination
of the method of resonance photoionization of molecules
with mass-spectrometric identification of the photoions
formed in the form of the so-called "two-dimensional mass-
optical spectrometer," proposed previously in Refs. 4,7, and
8, has turned out to be very effective. In a recent work,18 this
method was used to realize for the first time laser detection
of single molecules in a volume irradiated by a single laser
pulse.

Several basic schemes of multistep excitation, shown in
a simplified manner in Fig. 1, can be used for resonance pho-
toionization of molecules. Two-step photoionization via in-
termediate excited electronic-vibrational states (Fig. la) is
the simplest type of selective stepwise photionization of mol-
ecules. Since with excitation of electronic states the energy
required to ionize molecules decreases by several eV, it is
possible to photoionize only excited molecules by appropri-
ately selecting the quantum energy of the ionizing radiation
(fkt)2>

see Fig- la)- The selectivity of the ionization in this case
is determined by the selectivity of photoionization of mole-
cules in the intermediate state. The first experiments in this
direction19-20 were performed using independent laser pulses
in the first and second steps. This made it possible not only to
optimize photoabsorption and photoionization of excited
molecules but also to investigate the kinetics of the electroni-
cally excited states.

Since for most molecules the bands of intense electronic
excitation are situated in the ultraviolet region of the spec-
trum A < 300 nm, which is not easily accessible by tunable
lasers, the methods of multiphoton ionization of molecules
have been extensively developed. The method is based21'22

on the use of a frequency-tunable dye laser with sharp focus-
ing of the radiation down to the diffraction limit. In this case,
a radiation intensity exceeding 1010 W/cm2, with which the
multiphoton absorption and ionization processes of mole-
cules proceed efficiently, is achieved at the focal point. As
the wavelength of the radiation is tuned, resonances arise at
the doubled or tripled frequency of the laser with subsequent

single- or two-photon ionization of the molecule. The pres-
ence of intermediate resonances greatly increases the yield of
ions and, as a result, a multiphoton ionization spectrum
forms. This method turned out to be very effective for inves-
tigating the spectra of excited electronic states of molecules,
especially those that are forbidden for single-photon transi-
tions.

Vibrational spectra are most characteristic of poly-
atomic molecules, so that the scheme of two-step photoioni-
zation via intermediate vibrationally excited states (Fig. Ic)
must in principle have higher selectivity than the scheme via
the electronic states. In this scheme, however, due to the
small change in the ionization energy of excited molecules
(0.1-0.3 eV), ionizaton of unexcited molecules occurs as
well, which greatly complicates the experimental realization
of this scheme. For this reason, only a small number of ex-
periments have been performed along this line.23'24

Several characteristic regimes of photoionization of
molecules can be singled out depending on the intensity of
the laser radiation in the UV or visible region of the spec-
trum.

1. Resonance two (or more)-step photoionization in
weak fields (the saturation parameter of optical transitions
G< I25'26). In this case, we have a pure n-step process, which
terminates when the molecule reaches the ionization limit.
The power-law dependence of the yield of photoions on the
radiation itensity is determined by the number of absorbed
photons, and the yield of ions itself greatly depends on the
properties of the intermediate electronically excited states.

2. Resonance stepwise photoionization in strong fields
(saturation parameter G=; 1). This case is of greatest interest
for detection of molecules since the efficiency of photoioni-
zation of a molecule approaches 100%. However, on reach-
ing the first ionization potential, the molecules as a rule con-
tinue to absorb energy, and this leads to their subsequent
fragmentation. Fragmentation of molecules under the ac-
tion of intense laser radiation, first observed in experiments
on multiphoton ionization,27 became the object of a large
number of investigations both from the point of view of
studying the physics of the processes that occur and finding
the optimum conditions for photoionization detection of
molecules.

3. Multiphoton ionization. The intensity of the radi-
ation is high enough for ionization of molecules via interme-
diate multiphoton resonances. Subsequent resonant optical
transitions fall in the region of strong saturation (<3>1).
Strong fragmentation of molecules, up to their atomization,
occurs.

Laser photoionization of molecules is presently a rapid-
ly developing area of research. In 1978, only a few isolated
papers on this subject appeared, but in the last two to three
years, the number of papers has exceeded 100 (see, for exam-
ple, the short review in Ref. 17). In the present review, we
emphasize the main directions and methods of investiga-
tions, as well as the most important results from the point of
view of developing new experimental possibilities for detect-
ing polyatomic molecules. Here we systematically examine
laser photoionization of free polyatomic molecules via inter-
mediate real and multiphoton resonances. Photoionization
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of molecules adsorbed on surfaces is then examined sepa-
rately. The appearance of molecular ions in this case is ex-
plained by photoionization of desorbed neutral molecules.
The review concludes with an examination of the application
of the method of resonance multistep photoionization of
molecules in combination with mass-spectroscopy for detec-
tion of trace quantities down to single molecules.

2. RESONANCE STEPWISE PHOTOIONIZATION OF
MOLECULES

In multistep photoionization, the quantum transition of
a molecule at each step is a resonant single-photon transi-
tion. For example, in the case of two-step photoionization,
the energy of the first photon corresponds to the transition of
the molecule into a real excited state. Since a transition into
the ionization continuum occurs at the second step, the con-
dition for a resonance is automatically satisfied. Due to the
complicated quasidegenerate structure of the levels of polya-
tomic molecules in an intermediate electronic state, as well
as due to the presence of different intramolecular relaxation
mechanisms, the phase memory of the system in the interme-
diate state is lost very rapidly. This permits examining the
two-step process noncoherently and describing it by simple
equations for the occupancy of the levels (see, for example,
Ref. 26). With respect to selectivity of ionization, this meth-
od has the important advantage of permitting independent
selection of the wavelength of the exciting and ionizing radi-
ation using two time-synchronized lasers. Variation of the
delay time of the ionizing pulse relative to the exciting pulse
gives the additional possibility of investigating the kinetics
of photophysical processes in excited intermediate states of
the molecule.

The investigation of stepwise photoionization in a mass
spectrometer, when fragment ions are observed together
with molecular ions, is of special value. In this case, we are
dealing with a new method, in which it is not simply the
occupancy of the excited state of the molecule that is being
probed, but the capability of the molecule to give rise to
different fragments in a two-step process is investigated. The
appearance of fragment ions accompanying photoionization
from an electronically excited state can depend on such fac-
tors as the presence of excitation in particular types of vibra-
tions, equilibrium nuclear configuration of the molecule in
the excited state, etc.

In strong laser fields, when the saturation parameter
G~ 1, the nature of the interaction of the molecule with the
laser radiation becomes more complicated: molecular ions
formed by two-step photoionization as well as neutral frag-
ments formed in competing photodissociation processes can
absorb additional photons, and this in general leads to the
appearance of a large number of fragment ions. For this rea-
son, a problem that is important for the detection of single
molecules is finding the conditions under which the effi-
ciency of stepwise photoionization is close to unity without
loss of information on the starting molecules due to disap-
pearance from the mass spectra of peaks of molecular and
other characteristic ions. On the other hand, the investiga-
tion of the mechanisms of interaction of polyatomic mole-

cules with intense laser radiation is of interest in itself and
permits obtaining new information on the excited states of a
molecule and its neutral and ionized fragments.

a) Experimental procedure

An important factor in all experiments on resonance
photoionization of molecules is the use of intense laser radi-
ation, which permits attaining quite high ionization effi-
ciency in multistep or multiphoton process. For example, in
the case of two-step photoionization via an intermediate
electronically excited state, in order to achieve saturation of
the optical transition in the first step the energy density of
the first radiation pulse 'P^co^ must satisfy the condition

^exc

where <rexc is the cross section for resonant excitation. This
relation is valid in the optimum case, when the duration of
the exciting pulse is shorter than the relaxation time of the
excited state. Appreciable depletion of the excited electronic
state due to stimulated transitions into the ionized state is
achieved with an energy density <P2 in the laser pulse with
frequency co2

, . ̂  rf\<2> ^^2 (9 9\

where a{ is the cross section for the transition from the excit-
ed state into the ionization continuum. For characteristic
cross sections of excitation and ionization of molecules
10~17-10~18 cm2 and lifetimes of intermediate excited states
rexc zz 10~8-10~10 s, the energy densities and intensities of
saturation of optical transitions constitute, respectively,
0.1-1 J/cm2and 107-109 W/cm2. In the case of multiphoton
ionization, the characteristic cross sections of two- and
three-photon transitions constitute, respectively, 10~30-
10~36 cmVW and 10-43-10~49 cmVW2, so that in order to
achieve an acceptable ionization efficiency it is necessary to
use radiation intensities /> 1010-10n W/cm2.

Other important requirements imposed on laser radi-
ation sources in experiments on multistep photoionization
are related to the spectral characteristics of the molecules.
The electronic absorption bands of most molecules are situ-
ated in the ultraviolet region of the spectrum, so that photon
energies fun £ 3-5 eV are required in order to excite elec-
tronic singlet states. The ionization potentials of polyatomic
molecules usually lie in the range 8-12 eV, so that efficient
photoionization of molecules out of electronically excited
states in a single step requires photons with energies fun = 4—
8eV.

Considerable progress in quantum electronics in the de-
velopment of UV and VUV lasers has led to the fact that
experimentalists now have at their disposal, in addition to
the harmonics of solid state ruby and neodymium lasers, a
number of powerful laser radiation sources based on excimer
molecules XeCl (fun = 4 eV), KrF (fuo = 5 eV), and ArF
(fun = 6.4 eV),28 as well as a VUV laser based on the F2 mole-
cules (fun = 8 eV).29 In experiments with tunable radiation,
the first and second harmonics of dye lasers (A = 260—460
nm) pumped by nitrogen or Nd:YAG lasers are used.

Radiation pulses from gas-discharge lasers are usually
synchronized with the help of hydrogen thyratrons, which
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serve to commutate the discharge circuits of lasers30 with
nanosecond triggering precisions.33

To record photoions without separation by mass, a sim-
ple ionization chamber in the form of a cylindrical or flat
capacitor is used.32'33 To analyze photoions by mass in the
presence of fragmentation, a mass spectrometer of any type
recording ions with the help of a secondary electronic multi-
plier, which provides a detection efficiency of 30-100%, can
be used. However, a time-of-flight mass-spectrometer,
which permits recording the entire mass spectrum of pho-
toions for a single laser pulse, is the most suitable.56 Definite
measures must be adopted to eliminate possible nonselective
photoionization of molecules in the ion source by photoelec-
trons and desorption of ions from electrode surfaces under
the action of scattered light. The presence of traces of oil and
lubricants in the vacuum system can result in a large back-
ground due to ionization of impurities by intense UV radi-
ation. The vapor pressure of the specimen in the ion source of
the mass-spectrometer usually does not exceed 10~5 torr,
which guarantees that the molecular photofragmentation
processes will be collisionless.

b) Two-step photoionization spectra of molecules

The method of stepwise laser photoionization permits
recording molecular absorption spectra at very low concen-
trations, because the act of absorption of a photon by a mole-
cule is recorded by the appearance of an ion with maximum
sensitivity. We note that in contrast to the fluorescence
method,35 in this case it is not necessary for the excited state
to emit.

The spectrum of stepwise photoionization of molecules
via intermediate electronically excited states is determined
by the dependence of the photoionization yield on the fre-
quency of the laser radiation at each step. Far from satura-
tion, the yield of ions from two-step photoionization in the
absence of relaxation of the intermediate state is determined
by the simple expression:

(to S (co2)
(2.3)

where N-, is the number of ions formed per pulse, Nexc is the
number of excited molecules, N0 is the number of molecules
in the irradiated volume, crexc is the cross section for excita-
tion of molecules, q is the fraction of molecules interacting
with the exciting radiation at frequency colt aion is the cross
section of photoionization of molecules from the excited
state, and <Pl and <t>2

 are tne energy densities of the radiation
pulses at the first and second steps in photons/cm2. The
function (r^ca^ determines the excitation spectrum of the
molecules. The cross section for ionization of excited mole-
cules aim(a>2) depends on both the specific excited elec-
tronic- vibrational level and the excess energy of two photons
•ft(a)i + a>2) above the ionization limit of the molecule.

For ordinary single-photon ionization in the case of di-
rect ionization, the molecule goes from the ground state into
the ground state of the ion, and the dependence of the pho-
toionization cross section on the radiation wavelength is ap-
proximated by a step function, which reflects the Franck-
Condon factors for the transitions to the vibrational levels of

the ion.36 Due to the superposition of transitions from differ-
ent vibrational sublevels of the ground electronic state of
polyatomic molecules, under ordinary conditions the step-
wise nature of the dependence is smoothed out and the ioni-
zation efficiency reaches a peak smoothly in the region of
vertical Franck-Condon transitions.36 This also remains in
force for two-step photoionization. However, in this case,
the transition of the molecule into the state of the ion occurs
from the excited electronic-vibrational levels and must
therefore be included in the Franck-Condon factor between
the two states.

The first experimental investigations of molecular two-
step photoionization spectra were performed for the nitro-
gen dioxide molecule.19 The molecule NO2 is a convenient
object for such experiments, because it absorbs in the visible
region of the spectrum. The two-step photoionization spec-
trum of this molecule was investigated in the region of.dye-
laser wavelengths 447-457 nm. The ionization potential of
the molecule is 7 = 9.78 eV,37 so that with the use of a hydro-
gen laser with photon energy -fuo2 = 7.7 eV at the second
step,38 the excess of energy of two photons above the ioniza-
tion potential constituted / — %o, + ea2) = 0.8 eV. Figure 2
shows the dependence of the yield of two-step photoioniza-
tion of nitrogen dioxide on the radiation wavelength A i at the
first step. The maximum magnitude of the photosignal cor-
responds to the formation of 3-104 ions/pulse. The same fig-
ure shows the measured usual spectrum of electronic absorp-
tion of the molecule. It follows from Fig. 2 that the two-step
photoionization spectrum reproduces, to within the mea-
surement error, the absorption spectrum of the molecule.
This indicates that transitions into the ionization continuum
far from the ionization limit from different electronic-vibra-
tional states have a much weaker spectral dependence. This
characteristic was confirmed in a number of experiments
with other molecules.39'40

A characteristic of the two-step photoionization of ni-
trogen dioxide under the conditions indicated was the unex-
pectedly low magnitude of the cross section for photoioniza-
tion from the excited state crion = 10~21-10~22cm2.41 At the
same time, for a number of molecules, the measured cross
section of photoionization out of excited electronic states
falls in the range 10~17-10~19 cm2.42 This can be explained

/, relative units Absorption, %
' \60

4500 4525

W

4550

FIG. 2. Two-photon photoionization spectrum" (curve 1) and electronic
absorption spectrum (curve 2) of nitrogen dioxide molecules.
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FIG. 3. Potential energy curves for the ground and electronically excited
states of the NO, molecule and ion.41

by the considerable change in the configuration of the mole-
cule accompanying a transition into the ionization state.41

Indeed (Fig. 3), in the ground state the molecule is bent,
forming an angle 0 A = 134", while the ion has a linear con-
figuration. This leads to the fact that with single-photon ion-
ization the yield of photoions near threshold is quite low due
to the small Franck-Condon factors.43 The situation is even
less favorable for two-step photoionization. Absorption by
the molecule in the first step for radiation wavelength in the
range 440-460 nm is due primarily to the transition into the
electronically excited state 2B2,

44 in which the molecule is
even more strongly bent than in the ground state: 6 B = 111°
(see Fig. 3). For this reason, the Franck-Condon factors for
the transition from the B2 state into the groundstate of the
ion must be very small.

A more complicated picture of two-step photoioniza-
tion can be observed in the case when the energy of the two
photons is near the ionization limit of the molecule. As for
single-photon ionization, in the two-step process discrete
states of the neutral molecule can be excited above the ioni-
zation limit. These states can then decay via nonradiative
processes into the ionization continuum (autoionization).
Single-photon ionization states are well known for many
molecules, but in two-step photoionization, other states can
be excited. The relation between direct ionization and auto-
ionization processes in two-step photoionization of poly-
atomic molecules was studied in Ref. 45. In the experiments,
the wavelength of the radiation at the first step was fixed and
the spectrum of the photocurrent was recorded by tuning the
wavelength of the ionizing radiation. The use of supersonic
cooled molecular beams permitted removing the hot vibra-
tional bands and Doppler broadening from the optical tran-
sitions of the molecules. In the case of naphthalene mole-
cules, a stepwise dependence of the ion yield on the
wavelength of ionizing radiation was observed, which indi-
cates the direct ionization mechanism for this molecule. The
spectral dependence of the yield of benzene photoions near

1,11 i i • 1 1 .
800 1200

Relative frequency, cm~'
1600

FIG. 4. Photoionization spectrum of benzene near the ionization thresh-
old. The laser radiation frequency at the first step is tuned to the a1 vibra-
tion in the S, state (38608 cm~ ').45 The upper curve was measured with
higher resolution.

the ionization threshold exhibited a complicated structure
(Fig. 4), which is explained by the superposition of direct
ionization and autoionization of Rydberg states. The char-
acteristic width of the peaks (about 100 cm"1) gives a total
decay rate of states relative to all processes (dissociation,
autoionization) equal to 2-1013 s~ *. The observation of these
ionization peaks indicates that the fraction of the decay into
the ionization continuum is quite high.

c) Kinetics of excited states of polyatomic molecules

The method of stepwise laser photoionization of mole-
cules is very convenient for studying excited molecular
states, which it is difficult or impossible to observe by other
methods. For example, gas-phase absorption spectroscopy
requires a high concentration of excited molecules or a long
absorbing medium, which greatly complicates extension of
this method to the case of noninteracting molecules ("isolat-
ed molecules") at low pressure. The method of laser-induced
luminescence has high sensitivity and can be used for such
investigations. However, the region of its applicability is li-
mited to those cases when the excited molecular states have a
sufficiently high rate of radiation and, therefore, an accepta-
ble quantum yield of luminescence.

Limitations related to the emissivity of the excited state
are completely absent in the method of two-step photoioni-
zation, and the potentially high sensitivity is determined by
the fact that the absorption of a photon by an excited mole-
cule leads to the formation of an ion, which can then be
recorded with a probability close to unity. Using time delay
of the ionizing laser pulse relative to the exciting pulse, the
kinetics of electronically excited states can be investigated
by observing the change in the photoion yield. The efficiency
of this technique was confirmed in Ref. 20 for the formalde-
hyde molecule. This method was later used to investigate the
evolution of the Tt triplet state of the toluene molecule.

The investigation of the decay kinetics of the excited Sj
state of the formaldehyde molecule is of great interest for the
study of nonradiative intramolecular transitions.46 The
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FIG. 5. Dependence of the ion yield with two-step photoionization of
formaldehyde on the delay time between the exciting and ionizing laser
pulses.20

FIG. 6. Scheme of two-step photoionization of the toluene molecule.49 S*
indicates the high-lying vibrational levels of the ground electronic state S0;
S, is the first excited singlet state; T+ indicates the excited vibrational
levels of the triplet electronic state T; IP and IPf indicate the vertical
ionization potentials from the singlet and triplet states.

characteristic magnitude of the molar extinction for the
transitions St<—S0 is quite small (e = 10), since the purely
electronic dipole transition is symmetry forbidden and can
be allowed only in vibrations. This results in the fact that the
radiative lifetime of the molecule in the B! state is about 5
jus,46 while the duration of the fluorescence of the molecule
in this state lies in the nanosecond range and is due to nonra-
diative deactivation of the excited state. For this reason, the
quantum yield of fluorescence is quite low, making it diffi-
cult to perform an accurate measurement of the lifetime of
this state using fluorencence.47'48 The decay of the S] state of
formaldehyde was investigated by two-step photoioniza-
tion20 with the use of synchronized pulses from nitrogen and
hydrogen lasers (fca, + fuo2 = 3.7 eV + 7.7 eV = 11.4 eV).

Figure 5 shows the measured dependence of the yield of
two-step photoionization of formaldehyde on the delay
between the exciting and ionizing laser pulses. The growth of
the signal near zero delay is due to the finite duration of the
laser pulses. The drop in the signal with increasing delay is
characteristically not exponential. For a different order of
laser pulses, i.e., when the nitrogen laser pulse followed the
hydrogen pulse, the two-step photoionization signal was not
observed.

It is well known that with excitation into the Sj elec-
tronic state, the formaldehyde molecule dissociates with a
quantum yield close to unity, and in addition the products of
dissociation accompanying absorption of radiation by the
molecule in the region of 337 nm are CO and H2 molecules.46

The ionization potentials of the H2 (15.4 eV) and CO (14 eV)
molecules are higher than the energies of the two laser quan-
ta, so that the only source of ions is ionization of molecules
from the excited state. In this case, the drop in the output of
the two-step photoionization signal accompanying the in-
crease in the delay At between the laser pulses (see Fig. 5) is
entirely related to the decay of the excited state of the mole-
cule. Comparison of the average decay time, obtained from
this dependence (rav = 14 ns) with results of measurements
in Refs. 47 and 48, equal to 27 ns and 18 ns, respectively,
shows that the latter quantity is close to the value obtained in
the experiment for the lifetime of the molecule.

A more complicated situation occurs in the case of exci-
tation of the toluene molecule into the first singlet state St.

49

It is known that the excited molecule can then undergo dif-
ferent radiative and nonradiative relaxation processes.
These include: a) the radiative transition S,— »S0; b) nonra-
diative conversion into the ground electronic state B!— >-S0; c)
conversion into the triplet state S,— ̂ T^ d) the conversion
T!— >S0. As far as relaxation of excited singlet states of aro-
matic molecules is concerned, here a great deal of data ob-
tained from fluorescence measurements has been accumu-
lated. Data on the lifetime of nonradiative triplet states in
the case of "isolated molecules," however, is practically non-
existent due to the absence of adequate methods for perform-
ing measurements.49 It is therefore of great interest to apply
the method of stepwise photoionization to such investiga-
tions.

The scheme of the levels and transitions in the toluene
molecule in Fig 6 illustrates the idea of the experiment. To-
luene molecules are excited into the Sj state by a laser radi-
ation pulse and are then probed by a sounding laser pulse at
different times. Molecules excited first into the S, state can
either decay into the ground electronic state or make a tran-
sition into isoenergetic levels Tf of the triplet state Ts. The
molecules in the Sa state ionize with absorption of a second
photon. The T* states likewise can ionize efficiently, because
the energy of the second photon exceeds the vertical ioniza-
tion potential from the triplet state IP* (see Fig. 6).

Figure 7 shows the typical dependence of the photoioni-
zation signal on the delay time between the exciting and ion-
izing laser pulses. The double exponential decay is a result of
the successive decay of Si and 7"f states:

-^-=-(fcr + /cic-t-fcisc)(S1)= -fcs(Si), (2.4)

-MT*), (2.5)

where kr , kic , &isc and k T are the rate constants for radiative
decay, conversion into S0, conversion into T? and the rate
constant for decay of T* into S0.

An important problem that cannot be solved starting
from the kinetic data is the ratio of the cross sections of

86 Sov. Phys. Usp. 27 (2), February 1984 Antonove?a/. 86



Wflr

50\->

200 100 300
, ns

FIG. 7. Photoionization signal in toluene as a function of the delay
time between the laser pulses. The fast component corresponds to
decay of the §! state, and the slow component corresponds to decay
of the T, state.49

700

photoionization out of the S, and Tf states. A knowledge of
this quantity permits calculating immediately the rates of all
relaxation processes from the experimental dependence. In
the work discussed,49 the radiation of the short-wavelength
ArF laser with photon energy 6.4 eV was especially chosen
for photoionization from the excited states. For photoioni-
zation from B! and Tf states, the excesses above the vertical
ionization potentials were quite large: 2.3 eV and 1.1 eV,
respectively (see Fig. 6). Taking into account the weak de-
pendence of the efficiency of photoionization of polyatomic
molecules far from the ionization limit, this gives a basis for
assuming that under experimental conditions the cross sec-
tions of photoionization of S, and Tf are approximately
identical. The experimental dependence (see Fig. 7) is then
described by the expression

[(fea-fr.,-AT)

with constants Jfcs = 1.38-107 s fcisc =8.5-106 s-1

(2.6)

, and
kT = 3.45-109 s~'. The rate of decay of the triplet state kT

turned out to be unexpectedly high, exceeding by more than
two orders of magnitude the estimate made in Ref. 50.

d) Fragmentation of molecules in the case of stepwise
photoionization

The formation of fragment ions with single-photon ion-
ization from the ground electronic state with thermal excita-
tion has been studied in detail for many molecules.51 The
primary process is usually detachment of the electron and
then, in the presence of sufficiently high vibrational or elec-
tronic excitation of the ion, cascade fragmentation of the ion
occurs. The existing theory of the formation of mass-spectra
of polyatomic molecules is based on the assumption that the
vibrational energy of the excited ion is distributed equally
over the degrees of freedom (statistical approximation).52

Within the framework of this model it makes no difference
how the molecular ion with a given store of vibrational ener-
gy was formed.

In contrast to single-photon ionization, the method of
two-step photoionization permits investigating the forma-
tion of fragment ions with transitions from high-lying vibra-
tional levels of the intermediate electronic state. In addition,

absorption of two photons by the molecule can lead to exci-
tation of other states of the ion, which can also change the
picture of fragmentation of the ion.

Fragmentation of the benzaldehyde molecule accompa-
nying two-step photoionization (fia>i + fia>^ = 3.7 eV + 7.7
eV = 11.4 eV) was investigated in Refs. 41, 53, and 54. The
energy of the two photons exceeded not only the ionization
potential of the molecule / = 9.5 eV but also the appearance
potential of the fragment ion with detachment of the hydro-
gen atom,55 so that a peak corresponding to the fragment
ions C6H5CO+ was observed in the mass spectrum of the
photoions (Fig. 8). An interesting feature is the much larger,
compared with single-photon ionization at the same energy,
yield of fragment ions (see Fig. 8). This could be due primar-
ily to the fact that the form of the distribution of the vibra-
tional energy of ions over different modes can differ consid-
erably for single- and two-step photoionization.46

Absorption of a photon with energy 3.7 eV by a benzalde-
hyde molecule corresponds to an electronic transition of the
type n—*TT*, i.e., a transition of an electron from a nonbind-
ing atomic orbital of oxygen into an antibonding molecular
TT* orbital. The restructuring of the electronic configuration
occurs primarily in the aldehyde group CHO. Since the anti-
bonding orbital of the molecule is occupied, the parameters
of the bonds in the aldehyde group, especially the C-O bond,
change considerably. This leads to the fact that in an elec-
tronic transition, vibrations are excited primarily in the re-
gion of the aldehyde group. After absorption of light with

C6H5CHO+

105 JOB

C6HSCHO+

(isotope C")

11
107 M/e

FIG. 8. Photoionization mass-spectrum of the benzaldehyde molecule
with two-step (continuous lines) and single-step (dashed lines) ionization
with a photon energy of 11.4 eV.54
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&ot = 3.7 eV, the vibrational degrees of freedom of the mol-
ecule, after conversion into the triplet state, contain 0.6 eV of
energy. After absorption of the second photon, ionization
occurs from the molecular state with a large store of vibra-
tional energy, localized in the aldehyde group, which in-
creases the probability of formation of the fragment ion with
detachment of the aldehyde hydrogen atom.

Another factor that leads to a large yield of fragment
ions in two-step photoionization is that in the case of single-
photon ionization, the nuclear configuration of the neutral
molecule and of the ion differ little from one another due to
the fact that the n-electron of the oxygen, which does not
participate in the formation of the molecular bond, is re-
moved. For this reason, in spite of the fact that the photon
energy of 11.4 eV exceeds the ionization threshold by the
quite large amount of 1.9 eV, according to the Franck-Con-
don principle, ions with small vibrational excitation will be
formed with highest probability (Fig. 9). The excess energy
of the photon above the ionization limit will be carried offby
the electron. In two-step photoionization, the intermediate
electronic state has a considerably changed nuclear configu-
ration in the region of the chromophore, which can lead to a
displacement of the peak in the vibrational energy distribu-
tion function of the ions formed (see Fig. 9). This must like-
wise facilitate an increase in the fraction of fragment ions.

A different picture of fragmentation is observed in pho-
toionization of polyatomic molecules in a strong laser field,
capable of saturating the optical transitions of the molecules.
In this case a molecule can acquire an energy greatly exceed-
ing the ionization potential, which gives rise to strong frag-
mentation of the molecule.

We shall briefly examine the results obtained for the
benzene molecule, which is a very convenient object for in-
vestigation of photoionization and photofragmentation pro-

4"+
4-

•nf-

1Electron carries off
excess energy

FIG. 9. Franck-Condon transitions with single- and two-step photoioni-
zation.41 The energy excess above the ionization potential of the molecule
with single-photon ionization is carried away by the electron; with two-
step photoionization, it is transformed into the vibrational energy of the
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FIG. 10. Mass-spectra of the benzene molecule, a) Photoionization mass-
spectrum with radiation intensity / = 105 W/cm2 (A = 249 nm, r = 20
ns);b)with/= 2.106W/cm256;c)with/= 3-10s W/cm259; d) mass spec-
trum with electron impact, Ea = 70 eV for comparison.

cesses in polyatomic molecules,56"60 because the amount of
available thermochemical and spectroscopic data is largest
for this molecule. The energy of the first excited electronic
state S, of the benzene molecule is greater than one-half the
ionization potential (/ = 9.25 eV), and this permits pho-
toionizing excited molecules by a second photon in a single-
frequency laser field (2fua > /).

Figure 10 shows the mass spectra of photoions of ben-
zene, formed under the action of the radiation of an excimer
KrF laser with tito = 5 eV. For low fluxes of radiation energy
<P < 10~4 J/cm2, only molecular ions formed with two-step
photoionization (Fig. lOa) are observed in the mass spec-
trum. As the energy of the laser pulses increases, increasing-
ly lighter fragment ions appear in the mass spectrum (Fig.
lOb). For radiation energy fluxes <£>5 J/cm2, fragmenta-
tion becomes very intense (Fig. lOc) and exceeds fragmenta-
tion under electron bombardment with electron energies of
70 eV (Fig. lOd). Under these conditions, one of the strongest
peaks in the mass spectrum is the ionic component C+ (see
Fig. lOc). The appearance potential of atomic carbon ions is
about 27 eV,20 and, therefore, in order for this ion to form,
the molecule (or its fragments) had to absorb not less than six
photons. The total yield of ions is very large and approaches
10% with a radiation energy flux of about 10 J/cm2.60 Aside
from the high efficiency, photoionization of benzene by ex-
cimer laser radiation is selective. For example, even with
maximum radiation intensities, such atmospheric compo-
nents as H2, H2O, etc. are practically completely absent in
the mass spectra of the photoions.

The lifetime of the benzene molecule in the intermedi-
ate electronically excited state is higher than the duration of
the laser pulse.60 This leads to high efficiency of formation of
molecular ions with absorption of two UV photons. Further
formation of fragment ions will occur during the laser pulse
in the process of successive photodissociation of ions, begin-
ning with the molecular ions. The appearance of fragment
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FIG. 11. Energy distribution of photoelectrons with photoionization of
benzene by KrF laser radiation.62

ions with intensities of 107-109 W/cm2 (see Fig. 10) cannot
be explained by absorption of photons by the neutral mole-
cule with a transition into highly excited autoionized
states,27'61 because the rate of decay of autoionized states, as
a rule, exceeds 1012-1013 s~', i.e., it greatly exceeds the rate
of laser induced transitions above the ionization limit.

Direct confirmation of the mechanism of ionic photo-
dissociation was obtained by measurements of the kinetic
energy of photoelectrons.62 Such measurements permit esti-
mating the energy stored in the molecule at the time the
electron is detached. Figure 11 shows the energy distribution
of photoelectrons with step photoionization of benzene mol-
ecules by KrF laser radiation. The maximum energies of the
photoelectrons (see Fig. 11) do not exceed the difference in
the energies of the two photons (10 eV) and the ionization
potential of the molecule (9.25 eV). This indicates that the
neutral molecule does not have time to acquire a large
amount of energy, by absorbing three or more laser photons
before it was ionized.

To understand the processes involved in the accumula-
tion of energy and fragmentation in the ionic subsystem, it is
of great interest to investigate the spectral dependence of the
yield of different fragment ions.

Figure 12 shows the dependence of the yield of molecu-
lar and fragment ions of anthracene on the frequency of laser
radiation ("two-dimensional" mass-optical spectrum) with
an energy density of 6-10~' J/cm2. In spite of the fact that all
isotopic and fragment ions were actually resolved in the
mass spectrum, for simplicity, for each group of ions with a
constant number of carbon atoms Cn, the total magnitude of
all peaks with different number of hydrogen atoms is plotted
in the figure. For the molecular ions C,^, the peaks in the
photoionization spectrum correspond precisely to the vibra-
tional structure of the electronic transition in the first step.40

Among the fragment ions, ions of the type C,t have the high-
est yield (see Fig. 12). The spectrum of the yield of these ions
is on the whole similar to the spectrum of the molecular ions
C,i. However, the relative magnitude of the signal of frag-
ment ions C[t increases more rapidly with increasing pho-
ton energy. In addition, an appreciable increase

in the yield of C^ ions is observed at a laser radiation fre-
quency of 29.4-103 cm~'. For the lighter fragment ions C&
and Cjt, the dependence of their yield on the radiation fre-
quency is even stronger. A yield of these ions, sufficient for
reliable recording, was observed only in the shortest wave-
length region of the spectrum. The increase in the yield of
fragment ions with a decrease of the wavelength of the laser
radiation is qualitatively explained by the fact that with a
constant number of absorbed quanta, the degree of excita-
tion of the photoions formed increases. Thus, within the
spectral interval in which the mass-optical spectrum of anth-
racene was measured, the energy of a single photon varied by
0.37 eV. With three-step photoionization, the energy ab-
sorbed by the molecule increases with decreasing wave-
length already by 3-0.37 eV = 1.1 eV, and this leads to more
efficient fragmentation of the molecule.

Thus, on the whole, the spectral dependence of the yield
of fragment ions is analogous to the dependence for molecu-
lar ions, while the increase of the fraction of fragment ions
with a decrease in the radiation wavelength is related to the
increase in the absorbed energy.

m/e

O), cm '/

FIG. 12. Mass-optical spectrum of the anthracine molecule with laser
pulse energy density of 6-10~2 J/cm2.40
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e. Statistical model of fragmentation of molecules

Comparison of the picture of fragmentation with laser
photoionization in a strong resonant field and by electron
bombardment (see Fig. 10) shows that in both cases the
qualitative composition of photoproducts is practically
identical, but the degree of fragmentation in the first case can
be much higher. With ionization by electron bombardment,
the molecule immediately acquires an energy of about 20 eV,
exceeding the ionization potential, after which ionization of
the molecule occurs with subsequent cascade decay of the
overexcited ion into fragments. In spite of the fact that the
energy of the ionizing electrons is quite high (usually 70-100
eV), due to the Franck-Condon principle, in a vertical transi-
tion only a small fraction of this energy in the form of vibra-
tional and electronic excitation is transferred to the ion.
With repeated absorption of photons under the action of
quite intense UV radiation, this restriction is absent and the
energy absorbed per molecule can greatly exceed 30 eV. This
is facilitated by the fact that the electronic structure of the
ions formed is, as a rule, similar to that of radicals, and for
this reason, ions absorb radiation resonantly in the visible
and UV region of the spectrum.

The relative yield of different fragment ions in laser
photoionization corresponds qualitatively to their appear-
ance potentials: peaks of fragment ions with low appearance
potentials have the highest intensity in the mass spectrum.46

All this indicates that, at least for benzene, the direction
of fragmentation of the molecule is determined primarily by
the energetics of the molecular bonds with any method of
ionization, and the difference of the fragmentation pattern
with ionization by intense laser radiation is related only to
the high magnitude of the absorbed energy.

In this connection, an attempt was made in Refs. 63 and
64 to calculate the fragmentation of molecular ions of ben-
zene in the field of intense UV laser radiation based on the
statistical theory of unimolecular reactions. For the case of
benzene, it is well known that the basic channels of fragmen-
tation of the initial C6H5

+ ion with excitation energies of 5-
10 eV are the reactions63

(2.7)

C.H: -* C.H:
The threshold of formation of the primary fragments

C6H5
+, C4H4

+, and C3H3
+ lies near 4 eV. Taking (2.7) as the

first step of fragmentation, all decays of the following type
are also included in the analysis:

-»H»_j. (2.8)

Here it is assumed that the molecular ions of benzene,
formed with the absorption of two UV photons by the mole-
cule, continue to absorb radiation, and it is also assumed that
all the absorbed energy is uniformly distributed by means of
rapid nonradiative relaxation of electronic states over vibra-
tional degrees of freedom of the ion. Then, by examining the
probability of decay and the energy content of all fragments
statistically (according to the RRKM theory65), the total
pattern of fragmentation can be calculated.

Figure 13a shows the results of such a calculation of
fragmentation of benzene by KrF laser radiation. The cross
section for absorption of radiation by C6H6

+ ions, was cho-
sen to be equal to 2-10~18 cm2. Comparison of the results of
measurements (Fig. 13b) shows satisfactory qualitative
agreement between the model calculation and experiment.

Further refinement of the theoretical model of fragmen-
tation of molecules in an intense UV laser radiation field
must include a more realistic examination of the process of
absorption of radiation energy by the ionic system. Actually,
already with an excitation energy of molecular benzene ions
of 7-8 eV, the rate of their dissociation, calculated according
to RRKM, is about 1010 s"1.66 For this reason, during a
nanosecond pulse different fragments are formed, which in
their turn can likewise absorb radiation and, thus, form par-
allel fragmentation channels. Figure 14 shows a diagram of
the basic channels of formation of benzene fragments under
the action of radiation with photon energy of 4.78 eV. A
calculation using this more complete scheme66 leads to bet-
ter agreemont with experiment and permits explaining a
number of peculiarities in the intensity ratios of ionic com-
ponents in the mass spectrum within groups with the same
number of carbon atoms Cn.

f) Role of neutral fragments

Experiments performed with a large number of mole-
cules57'60-68-69 have shown that in many cases the picture of
the interaction of molecules with the intense radiation can
differ considerably from the one examined above. The de-
gree of ion fragmentation can be much higher, and the rela-
tive yield of molecular ions can be very low even with low
laser radiation intensities. This is related to the dissociation
of molecules accompanying excitation into intermediate
electronic states. In this case, the main ionization channel
could be photoionization of neutral molecular fragments.
Thus, in one of the first works,68 in the photoionization of
acetaldehyde the energy of two UV photons was much lower

1,1 2.0 3,0 it) 5,0 BM

FIG. 13. Dependence of the relative intensities of differ-
ent Cn

+ ion groups for benzene on the energy flux density
of laser radiation: a) theoretical calculation63; b) experi-
ment.59
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than the ionization potential of the molecule, which led to
complete disappearance of the molecular ion due to the high
rate of the competing process of dissociation from the highly
excited state. Dissociation also plays a large role in pho-
toionization of the benzene molecule by ArF laser radiation
(A = 193 nm) via the intermediate electronically excited
state 'B,,, .59 Analysis of data on the photoion yield in this
case permitted estimating, with some assumptions about the
cross section of photoionization out of the excited state, the
lifetime of this state, which turned out to be of the order of
10-ns.59

In the experiments examined, the dissociation time of
the molecules investigated in the intermediate excited states
was much shorter than the duration of the laser pulse, which
results in a high quantum yield of dissociation and, as a re-
sult, effective suppression of direct stepwise photoioni/ation
of molecules. The neutral molecular fragments formed,
which absorb at the frequency of the laser radiation, can then
ionize during the laser pulse. However, ionization of neutral
molecular fragments can play a large role in the formation of
the photoionization mass spectrum of polyatomic mole-
cules, even in the presence of stable intermediate states. The
transition of a molecule into a state above the ionization lim-
it from the electronically excited state with a large reserve of
vibrational energy or with the nuclear configuration of this

°k(®l ) CNJ | V V V' ̂  2j 2j Zj <
1 2 3

(f 1
£3 — E

V | 3) (3 | V \ 2) (2 | F | l )
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state differing considerably from the configuration of the
ion, can result in a sharp increase in the fraction of dissociat-
ing molecules and, correspondingly, a drop in the yield of
molecular ions.60 For this reason, in order to achieve maxi-
mum efficiency of stepwise photoionization of molecules
with a minimum degree of fragmentation, the energy of the
ionizing photon must exceed the vertical ionization poten-
tial of the molecule from the excited state.60 As was estab-
lished in Ref. 70, this condition is apparently satisfied in
photoionization of benzene by radiation at the fourth har-
monic of the Nd:YAG laser.

3. MULTIPHOTON IONIZATION OF MOLECULES

Multiphoton ionization represents the case of ioniza-
tion of molecules in an extremely intense laser field, /> 10'°
W/cm2. Multiphoton processes are usually described by the
first nonvanishing term in the nonstationary perturbation
series expansion. The general expression for the probability
of «-photon ionization has the form W(n] = an 7(n), where/is
the radiation intensity and an is the cross section of the mul-
tiphonon process. The expression for an contains a summa-
tion over all molecular states, including the continuum. For
example, for the case n = 4, which is typical for multiphoton
ionization of ions, the expression for <74 has the form

(3.1)

In this expression i and f correspond to the initial bound state
and the final state in the ionization continuum; the indices 1,
2, and 3 indicate the intermediate first, second, and third
quantum states, respectively; ̂  is the frequency of the laser
radiation; and Vis the molecule-field interaction Hamilton-

ian. The numbers in the matrix elements indicate virtual
states accompanying absorption of one, two, or three pho-
tons. When the radiation frequency <y, is tuned, depending
on the position of the intermediate molecular levels, reson-
ances can arise at the fundamental, doubled, and tripled fre-
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quencies. The ionization yield in this case increases consid-
erably if the selection rules for multiphoton transitions are
satisfied and, thus, the multiphoton ionization spectrum
forms. Since the electronic absorption bands of most mole-
cules begin in the UV region of the spectrum, when using
radiation from tunable dye lasers, two- and three-photon
resonances are typically recorded. The characteristic cross
sections for the two- and three-photon transitions consti-
tute, respectively 10~48-10~54 cm4-s and 10~80-10~86

cm6-s2 71 with the radiation intensity / expressed in photons/
cm2-s.

The multiphoton ionization method is now widely used
for spectroscopy of excited states of polyatomic molecules,
especially states forbidden to single-photon transitions (see
reviews in Refs. 17, 72, 73). An important advantage of the
method is the possibility of investigating Rydberg states ly-
ing in the VUV region of the spectrum, as well as ionizing
practically any molecules with the help of tunable lasers in
the visible region. The presence of two- or three-photon ab-
sorption from the ground state in the first step fundamental-
ly requires high radiation intensities, and for this reason, the
mass spectrum of the photoproducts is very complicated.
Fragmentation of molecules accompanying multiphoton
ionization, as a rule, exceeds fragmentation under electron
impact.

a) Spectra of multiphoton resonances

Information on multiphoton ionization is obtained pri-
marily in the form of spectra. It is significant that the selec-
tion rules in multiphoton transitions differ from the single-
photon rules. For example, a transition between levels with
identical parity is forbidden for single-photon transitions,
but is allowed for two-photon transitions. Thus spectroscop-
ic data obtained with multiphoton ionization supplement
the usual single-photon spectroscopy. In many cases, it is
possible to investigate electronic states of molecules which
previously were not observed at all.

Figure 15 shows the spectrum of multiphoton ioniza-
tion of the benzene molecule with wavelength tuning of the
laser radiation over the range 365-400 nm.67 The first ques-
tion that arises in the analysis of the spectra is the identifica-
tion of resonances in the observed multiphoton ionization
spectrum. As indicated by the arrow in Fig. 15, the three-
photon ionization potential of benzene corresponds to a
wavelength of 402 nm, so that the signal at shorter wave-
lengths corresponds to three-photon ionization and to four-
photon ionization in the 400-450 nm region. The observed
structure of the spectrum in the 365-400 nm region can in
principle arise as a result both of resonances with the bound
molecular states at the doubled frequency of the radiation
and of autoionization states above the ionization limit in the
case of a three-photon transition. However, from an analysis
of the vibrational structure and its comparison with the well-
known single-photon spectrum in the region of the autoion-
ization states, it follows that the observed structure arises
due to two-photon resonances. The only state, known up to
the present time, in this region is the 'B^ state. The two-
photon transition into this state can be vibrationally allowed

Benzene

370 380 330 400
Radiation wavelength, nm

418

FIG. 15. Photoionization spectrum of two-photon resonances
('E^-t-'A,,) of benzene.

and can give rise to the multiphoton ionization spectrum.
However, the position of the maximum peak in the spec-
trum, as well as the observed shift accompanying deutera-
tion, contradict this proposition. Four different types of
states are allowed in the two-photon transition from the
ground state into a state with D6h symmetry. These are:
1 Alg, 'Elg, 'Ejg, and' A2g. The transition into the' A2g state
is forbidden if the two photons are identical. The presence of
E2g vibrations in the transition indicate a Jahn-Teller effect
in the excited state, which indicates either a 'E,, or 'E2g

state. The symmetry of the 'Eig state was established from
measurements of the ionization yield using linear and circu-
lar polarization. A new 'Eig electronic state, previously pre-
dicted theoretically, has thus been observed and identified
based on multiphoton ionization spectra.

The spectrum of three-photon resonances in benzene in
the 400-500 nm region corresponds practically completely
to transitions into Rydberg states and, in addition, the three-
photon Rydberg structure is practically identical to the sin-
gle-photon absorption spectrum, with the exception of the
difference in the intensities, indicating the strong effect of
the 'A,g components in the two-photon virtual state.

The multiphoton ionization spectra of a large number
of polyatomic molecules have been investigated in an analo-
gous manner (see the reviews in Refs. 17, 72, 73). In spite of
the fact that the method of multiphoton ionization of mole-
cules appeared comparatively recently, it is now already the
standard method and is widely used to investigate the elec-
tronic spectra of molecules.

b) Fragmentation accompanying multiphoton ionization

Historically, the fact that photoionization of polyato-
mic molecules by powerful laser radiation is usually accom-
panied by intense fragmentation was first discovered pre-
cisely in experiments on multiphoton ionization.27 It was
previously assumed that the number of photons absorbed by

92 Sov. Phys. Usp. 27 (2), February 1984 Antonov eta/. 92



a molecule corresponds to the minimum number required by
the energetics to attain the lowest ionization potential. The
formation of fragments with high appearance potentials was
neglected. However, fragmentation of the molecule down to
atomic ions C+ was recorded already in the first experiments
on multiphoton ionization of benzene.27 It follows from the
appearance potentials of the fragment ions that at least nine
photons each with an energy of 3.17 eV is required for forma-
tion of C+ ions.27 The dependence of the yield of light frag-
ments on the radiation intensity in this case was stronger
than for heavy ions, but nevertheless, the exponent does not
exceed 3.5 even for C+ ions, which indicates the strong satu-
ration of multiphoton absorption. The exponential depen-
dence is actually determined by the first step of the two- or
three-photon absorption: further transitions, leading to ioni-
zation and fragmentation of molecules, are usually resonant
transitions and are close to being saturated.

In addition to the mechanisms discussed in Sec. 2 for
the formation of photoionization mass spectra of molecules,
such as photodissociation of molecular ions and photoioni-
zation of neutral fragments in strong fields, which are typical
for experiments on multiphoton ionization with/> 109-1010

W/cm2, other mechanisms of interaction of molecules with
radiation can also play an important role. These primarily
include the process of accumulation of energy by molecules
in a laser field. A model of multiphoton excitation according
to which polyatomic molecules, having absorbed an energy
exceeding the ionization potential, do not have time to lose
an electron and continue to be excited along the network of
high-lying autoionization levels with subsequent autoioniza-
tion accompanied by fragmentation of molecules, was pro-
posed in Refs. 27 and 66. In the case of the benzene molecule,
this possibility was investigated experimentally using syn-
chronized UV and visible laser pulses with wavelengths of
241 nm and 483 nm, respectively.76 With an intensity of 3
MW/cm2, the action of a single UV radiation pulse led to the
formation of only a molecular ion. On the other hand, the
intensity of the visible radiation equalled 0.4 BW/cm2,
which is sufficient for multiphoton ionization of benzene if
the two-photon transition from the ground state is allowed
by the selection rules. When the doubled frequency of the
visible radiation was tuned to the vibrational sublevel of the
S[ state, forbidden for the two-photon transition, no ioniza-
tion signal was observed. Under these conditions, the com-
bined action of UV and visible radiation led to intense frag-
mentation in the mass spectrum, typical for multiphoton
ionization.27 In this case, however, it remains unclear
whether the molecule is excited by the visible radiation along
the network of autoionization states or the visible radiation
gives rise to fragmentation of the ions. To clarify this, the
visible radiation was delayed relative to the UV radiation by
17 ns by an amount sufficient for autoionization of the inter-
mediate state. In this case, the photoionization mass spec-
trum turned out to be completely analogous to the preceding
case. This leads to the conclusion that the process of excita-
tion of neutral molecules along the network of autoioniza-
tion levels cannot compete with autoionization even with
intense radiation 109 W/cm2 and, therefore, the main input
of energy to the medium with multiphoton ionization occurs
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FIG. 16. Photoionization mass spectra of benzene with different intensi-
ties and durations of laser radiation, a) /= 3-108 W/cm2 (0.6 J/cm2),
r = 20 ns59; b) / = 3.7-10'' W/cm2 (7.5 J/cm2), T = 20 ps."

in the ionic subsystem.
A difference occurs, however, in the fragmentation of

ions by high-intensity radiation. Figure 16 shows the pho-
toionization mass spectra of benzene, measured with radi-
ation intensities of 3-108 W/cm2 and 2.7-1011 W/cm2.7 Com-
parison of these mass spectra shows that under the action of
a picosecond pulse (Fig. 16b) whose intensity is three orders
of magnitude greater than in the case of the nanosecond
pulse (Fig. 16a), fragmentation in the mass spectrum is con-
siderably lower even with an energy flux in the radiation
pulses an order of magnitude greater than in the first case
(see Fig. 16a). This difference in the action of nanosecond and
picosecond laser pulses on a benzene molecule is related to
the fact that in the weaker field ions fragment in successive
processes of absorption of photons and dissociation of ions,
beginning with the molecular ion (see Sec. 2), while in an
extremely strong laser field (/>3-10n W/cm2), the rate of
radiation-induced transitions is so high that the ions have
time to acquire a large amount of energy before they disso-
ciate. Deactivation of reexcited molecular benzene ions ap-
parently occurs predominantly with detachment of hydro-
gen atoms (see Fig. 16b).

c) "Entropy" model of fragmentation

A detailed theoretical calculation of fragmentation of
polyatomic molecules in an intense laser radiation field is an
exceedingly difficult problem and requires knowledge of an
enormous amount of spectroscopic and photochemical data
for all intermediate photoproducts. For this reason, in many
investigations,63,64,78,79 a great deal of attention was devoted
to developing approximate computational methods. As al-
ready discussed above, fragmentation of polyatomic mole-
cules with multiphoton ionization depends strongly both on
the intensity and on the wavelength of the laser radiation.
Under identical conditions photoionization mass spectra of
isomers likewise differ considerably.61 While such a depen-
dence of fragmentation on the radiation parameters and the
molecular structure is of great interest for different applica-
tions, the degree to which this dependence reflects the specif-
ic (dynamic) properties of the processes of photoexcitation
and photofragmentation of individual molecules in a strong
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laser field remains an important question. To investigate this
question, a method of calculating the statistically most fa-
vorable pattern of fragmentation of molecules with multi-
photon ionization was developed in Refs. 78 and 79. Accord-
ing to Refs. 78 and 79, the statistically most favored
fragmentation pattern is one in which the maximum entropy
of the medium consisting of noninteracting particles—the
initial molecules and their neutral and ionized fragments—is
attained: The only parameter determining fragmentation
here is the average magnitude of the absorbed energy per
initial molecule.

Let Sf j be the number of molecules or radicals of typey
and let Xtj be the fraction of these particles in the quantum
state i. Then

S Y — \ (32)A fj — 1, \*>'*'l
i

V -it- _ If f-3 -31
^/j .jl> j — ^V i \-J.J)

i

where 3f is the total number of fragments. The entropy of
the system S is expressed as follows:

(3.4)
where R is the gas constant. The problem thus reduces to
finding the values of Sfj and Xtj that maximize expression
(3.4) under the following restrictions: a) conservation of the
average absorbed energy (E):

(E) = y& y&--x-, (3.5)y i1 ii

where etj is the energy of the quantum state / for a particle of
type./, and b) conservation of matter and charge.

The results of the calculation of fragmentation of the
benzene molecule together with the measured mass spectra
are shown in Fig. 17. The good agreement between the ex-
perimentally obtained mass spectra and the computed spec-
tra for (E) = 37 eV is evident. This indicates the consider-
ably statistical character of the fragmentation of a molecule
in multiphoton ionization (A. = 504 nm, £las =7.5 mJ). In
the case of the triethylenediamine molecule,79 a disagree-
ment with experiment is observed in the intensity ratios of
the ion peaks in the region M /e = 54-58. Of the five mole-
cules investigated in Ref. 79, this is the largest disagreement
with experiment, and it is apparently related to the nonsta-
tistical nature of the processes involved. Nevertheless, in
most cases79-80 the "entropy" model of photofragmentation
of molecules by intense laser radiation agrees well with ex-
periment.

4. RESONANT PHOTOIONIZATION ACCOMPANYING
IRRADIATION OF A SURFACE

All cases examined above concerned photoprocesses
with formation of photoions accompanying irradiation of
molecules in a low-pressure gas, when molecules can be
viewed, during the course of the interaction with the laser
pulse, as being isolated from collisions with one another or
with the walls. Meanwhile, there is great interest in obtain-
ing ions by irradiating molecules on the surface of a metal or
dielectric. Moreover, this process is actually related to pho-
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FIG. 17. Comparison of photoionization mass spectra, calculated in the
statistical limit, with experimental results for the benzene molecule.79

toionization of molecules in the gas phase. For this reason,
we have included this case amongst the problems examined
in this review.

a) Production of molecular ions upon irradiation of a
surface

Processes leading to the formation of free ions accom-
panying the action of laser radiation on the surface of a solid
have attracted a great deal of attention for a long time. In
investigations conducted during the last few years in differ-
ent laboratories, laser radiation with parameters varying
over a very wide range was used: pulse durations varied from
continuous radiation to 10~n s, wavelengths varied from
the IR to the UV region, and intensities varied from several
watts to 1011 W. The action of radiation with such different
parameters on a surface must give rise to very diverse pro-
cesses, leading to the formation of ions. The investigation of
these processes is of great practical interest. For example,
laser-stimulated formation of ions is already used now in
mass spectrometric analysis of a wide class of materials rang-
ing from refractory materials to biological molecules.

The mechanism of ionization accompanying the action
of intense laser radiation on a surface with intensity / = 109-
1011 W/cm2, leading to strong heating (7>1000°C) of the
surface of the solid, intense vaporization of the material, and
formation of a plasma has been studied in greatest detail.81

In this case, the ionization process has a thermal character
and is described by the Langmuir-Saha equation. This meth-
od for obtaining ions is used in mass spectrometry of inor-
ganic specimens.82 This method is of little use in analyzing
specimens containing complicated organic molecules be-
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cause it leads to complete decomposition of these molecules
due to the strong heating of the material.

Since 1968 a number of laboratories have begun intense
investigations of the mechanisms of laser-stimulated forma-
tion of ions of organic molecules on the surface of solid speci-
mens.83'87 Both pulsed radiation with intensity 104-109 W/
cm2 83<86 and continuous CO2 laser radiation85 were used in
the investigations. One of the mechanisms of formation of
ions of organic molecules consists of the following: the pulse
of laser radiation heats the surface, intense vaporization of
the material leads to the formation of a quite dense cloud of
the vapor in which chemical reactions occur (proton trans-
fer, addition of the cation of an alkali metal, etc.), leading to
the formation of ions.88-89 Both positive and negative ions
(M + H)+, (M - H)~, (M + alkali) and fragment ions are
observed in the mass spectrum. To explain the results ob-
tained on the LAMMA (laser microprobe mass analyzer)
apparatus, it was proposed in Ref. 90 that "collective, non-
equilibrium processes in the condensed phase" are responsi-
ble for the formation of ions.

It was reported in Refs. 86, 91, and 92 that molecular
ions form upon irradiation of crystalline specimens of the
bases of nuclei acids and anthracene with UV laser pulses
with moderate intensity (/+ 104-106 W/cm2). An impor-
tant feature of the observed process is the absence of frag-
ment ions. Only molecular ions M+ were observed in the
mass spectra. It was observed that the ion yield increases
with the photon energy. For the case of adenine, estimates
showed that with the minimum recorded ionic signal, the
heating of the surface did not exceed 100 °C, which is much
lower than the melting temperature of adenine (Tm =
360 °C) and cannot lead to intense vaporization of the speci-
men. These facts indicate that the process observed in Refs.
86, 91, and 92 differs considerably from the processes de-
scribed previously. A number of hypotheses was proposed in
Refs. 91 and 92 concerning the mechanism of formation of
such ions, but the following simple model was proposed only
recently in Ref. 93 as a result of special experiments: the laser
radiation pulse slightly heats the surface, thereby increasing
the probability of desorption of molecules from the surface
during the laser pulse. Molecules leaving the surface are re-
sonantly ionized by the same radiation, as described in Sec.
2. Estimates performed within the framework of the pro-
posed model agree well with the experimental results.

b) Experimental procedure

In experiments with a surface, the specimen is usually
placed directly into the ion source of the mass spectrom-
eter.86-91 This permits analyzing the masses of the ions form-
ing under the action of the laser radiation on the surface.
When a time-of-flight mass spectrometer is used, the electri-
cal pulse can be applied to the ion gun with different delay
relative to the laser pulse, and this facilitates bunching of
ions with different masses with respect to initial velocities.95

The regime in which the ion pulse is recorded with velocity
bunching permits working with maximum mass resolution.
In the absence of such bunching (rd = 0), it is possible to

measure the distribution function of ions over the initial ve-
locity f(v0).

Different types of specimens were used in the experi-
ments in Ref. 93: fine-crystalline adenine powder; single-
crystalline anthracine films; polycrystalline rhodamine 6G
films, obtained with rapid vacuum evaporation of a solution
of rhodamine 6G in alcohol; fine crystalline peptide powder.

The electrode on which the specimen was placed could
be cooled to T = 200 K.

c) Formation of ions of molecules constituting crystals

The characteristic mass spectra of ions, formed upon
irradiation of crystalline powders of adenine and anthra-
cene, are shown in Figs. 18a and b. The mass spectrum of
adenine obtained on the LAMMA apparatus is presented for
comparison (Fig. 18c).96 As is evident from the figure, the
first two mass spectra consist only of molecular ions, in con-
trast to the third mass spectrum (see Fig. 18c), where the
protonated molecular ion (M + H)+ dominates, and there is
a number of fragment ions.

The ion yield depends sharply on the energy flux 0 of
laser pulses. For the case of adenine crystals, this depen-
dence is approximated by JV; a: 07.

A comparison of the yield of molecular ions obtained
upon irradiation of adenine by nanosecond (T = 20 ns,
A = 249 nm) and picosecond (T = 30 ps, /I = 266 nm)
pulses92 shows that the formation of ions is determined by
the density of the absorbed energy <Px, where x is the coeffi-
cient of absorption of the crystal per unit length, and not by
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FIG. 18. Characteristic mass spectra of ions forming upon irradiation of
crystalline powders of anthracene (a) and adenine (b) by KrF laser radi-
ation.86-91 The mass spectrum of adenine obtained on the LAMMA appa-
ratus56 (c) is presented for comparison.
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the radiation intensity. If it is assumed that the energy ab-
sorbed in the crystal is completely thermalized, then, neg-
lecting the thermal conductivity, the maximum possible
heating of the surface with a characteristic energy flux 0 = 4
ml/cm2 constitutes A T = <Px/cp = 200 °C; here c and/3 are
the specific heat capacity and specific weight of adenine. Un-
der such heating, the rate of desorption of molecules from
the surface can be expected to increase considerably.

It was observed in Ref. 92 that together with the forma-
tion of molecular ions, upon irradiation of adenine neutral
molecules also fly off from the surface. The surface of the
specimen was irradiated with picosecond pulses, and the
neutral molecules were recorded with the help of a photoion-
izing KrF laser pulse, which irradiated a small region above
the surface of the specimen. This observation suggested the
following elementary mechanism of ion formation: the
pulsed heating of the surface of the specimen with irradia-
tion —»• desorption of neutral molecules —>• photoionization
of free molecules above the surface.

This hypothesis was checked as follows.93 The probabil-
ity of desorption of a molecule per unit time Wdes or the
inverse lifetime of an adsorbed molecule on the surface are
determined by the Arrhenius formula:

s= T-is= o) exp (4.1)

where co = 1012-1014 s ' is the rate factor and Eads is the
energy of adsorption of a molecule on the surface with tem-
perature T. For example, for adenine the probability of de-
sorption decreases by a factor of ten due to cooling of the
surface heated by the laser pulse approximately rcool = 80ns
after termination of the laser pulse (rp ~ 15 ns). Therefore, a
much larger number of neutral molecules accumulates in the
space above the surface after termination of the laser pulse
than during it. The number of molecules desorbed after the
laser pulse can be measured by irradiating the surface with a
second pulse of laser radiation after a time
ri2(rf > Ti2 > rcooi )> where rf is the time for molecules to fly
away from the irradiated region. The flux of energy in the
second laser pulse <t>2> of course, must be less than the energy
flux <P th, producing the appearance of an ionic signal upon
irradiation of the surface by a single laser pulse.

To check this model, an experiment was performed93

with two KrF laser pulses (A = 248 nm).
The pulse of the probing KrF laser with a delay of

r12 = 2 (is was oriented along the surface of the specimen,
touching it so that all molecules leaving the surface after the
first KrF laser pulse entered the region of ionization of the
probing pulse. Measurements were performed with an ener-
gy flux <Pl = 4 ml/cm2 in the first pulse and <P2 = 2.3 ml/
cm2 in the second. The ionic signal was absent when the
specimen was illuminated only by the second pulse. The
measurements showed that the number of ions formed from
neutral molecules under the action of the second pulse is 11
times greater than the number of ions forming under the
action of the first pulse on the adenine surface. If the fact that
the ion yield for the second pulse depends on «2 <* 4* \ (two-
step ionization) is taken into account, then for equal fluxes of

energy the ratio of the number of ions will equal (M2/«i)(#i/
#2)

2 = 36.
The experimental results93 thus suggest that ions form-

ing under the action of the first pulse appear as a result of
photoionization of molecules which flew off from the surface
during the laser pulse. Desorption of neutral molecules,
which are subsequently ionized by the second laser pulse in
the gas phase, continues for a longer period of time after
termination of the first pulse.

Inasmuch as ion formation is preceded by thermal
evaporation of molecules from the surface, the ionic signal
Nt is proportional to the product of the desorption probabil-
ity PAcs and the multiphoton ionization yield i]ion (A):

X,*=XoP+.(*>, * ) T l i o n W . <4-2)

where N0 is the number of irradiated molecules on the sur-
face.

The probability of desorption of a molecule Pdes during
the laser pulse r evidently equals

i

Pdes = 1 -exp [ - j WdK(t)dt ], (4.3)

where WdK is the rate of desorption (4.1).
The magnitude of the heatingzl T has a maximum in the

region of maximum absorption x(A ). Thus the desorption
probability />des depends sharply on the density of the energy
absorbed in the specimen <Px(A) and together with the spec-
tral dependence of photoionization i;ion (A) determines the
resonant character of the ion yield. This explains the results
obtained with irradiation of adenine by pulses with A = 249,
308, and 337 nm (Fig. 19). The yield of adenine ions is maxi-
mum for radiation with A = 249 nm, which falls in the elec-
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FIG. 19. Mass spectra obtained upon irradiation of adenine by laser pulses
with wavelengths A. = 249 nm (a), 308 nm (b), and 337 nm (c), gradually
leaving the electronic absorption band of adenine.91
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tronic absorption band of adenine. Radiation with A = 308
nm falls on the edge of the absorption band, when x(A) and
rjion(A ) decrease. For this reason, ions are observed with a
considerably higher energy density of the laser radiation.
Finally, radiation with A = 337 nm lies outside the resonant
absorption band of adenine, which sharply decreases x(A )
and 77ion (A ). To observe the mass spectrum it is necessary in
this case to use radiation with much higher intensity, when
strong heating of the material and formation of plasma due
to nonresonant absorption are possible. In this case, strong
fragmentation of molecules occurs and the molecular ion
(M)+ is not observed.

d) Formation of ions of molecules adsorbed on a surface

With the thermal mechanism of desorption of mole-
cules form the surface and their subsequent photoionization
in the gas, it is in principle possible to observe ions of any
molecules adsorbed on the surface, if they are susceptible to
multiphoton ionization. Such effects have been observed in
experiments with adenine crystals, if anthracene vapor was
present in the volume of the mass spectrometer. When an
adenine crystal is irradiated by UV pulses, the mass spec-
trum contains both adenine and anthracene ions. When the
volume above the surface was irradiated, only anthracene
molecules were observed, but the signal with <P = 6 mJ/cm2

was two to three times weaker. Cooling of the ion gun con-
taining the specimen to T = 200 K greatly decreased the
signal of anthracene ions from the gas phase and increased
the signal from the surface. This leads to the conclusion that
anthracene ions are formed as a result of photoionzation of
anthracene molecules adsorbed on the adenine surface. This
suggests that ions of both the molecules constituting the
crystals and of adsorbed molecules are formed by the same
mechanism.

Figure 20 presents the dependences of the ionic signals
on the energy flux of laser radiaton <P for anthracene ad-
sorbed on the surface of adenine or rhodamine 6G. For anth-
racene adsorbed on adenine (Fig. 20a) at T = 200 K, the de-
pendence is approximated by u oc <t>8, and at T = 300 K it is
close to the dependence of the ioni/ation yield 77ion (<t>) of
anthracene vapor on the energy flux. These facts can be ex-
plained as follows. At low temperature of the specimen the
number of ions is determined by the number of molecules
desorbed during the pulse and by their ionization yield. The
rate of desorption depends very sharply on the temperature
of the surface and, therefore, on the energy flux of the laser
pulse. At T = 300 K all molecules are desorbed at the begin-
ning of the laser pulse, so that the ionization yield is deter-
mined primarily by the ionization efficiency in the gas phase.

For anthracene on rhodamine 6G (Fig. 20b), the expo-
nent in the dependence u<x<P" varies from « = 9 at T = 200
K to « = 4.5 at T= 300 K. At T= 200 K and 0 = 16 mJ/
cm2 the signal due to anthracene ions, when the rhodamine
6G surface is irradiated, is a factor of 103 greater than with
irradiation of the volume above the surface. Therefore, the
method of adsorption of molecules on a surface can greatly
increase the sensitivity of detection of molecules in the pho-
toionization mass spectrometer.

2 3
Energy flux, J/cm2

FIG. 20. Dependence of the ion signal on the energy flux of the laser pulse
<l> upon irradiation of anthracene adsorbed on the surface of adenine (a)
and rhodamine 6G (b) at two different temperatures.93

Comparison of the amplitudes of the ionic signals corre-
sponding to irradiation of a surface and of the volume above
the surface permits estimating the lifetime of the adsorbed
molecule on the surface rads and the energy of adsorption
£ads. Indeed, for a "gas-surface" equilibrium the concentra-
tion of molecules adsorbed on the surface ns and in the gas
phase ng are related by the expression

i
»s = -4-'W:ads' (4.4)

where v0 is the average velocity of molecules in the gas. As-
sume that all molecules on the surface are desorbed by the
first laser pulse (Pdes = 1). Then the number of ions forming
under the action of the second laser pulse equals N*
= nsSrjioa, where S is the irradiated surface area from

which desorption occurs. When the volume K above the sur-
face is irradiated, the number of ions formed equals JVf
= «g P^um • Therefore, the ratio of the integrated ionic sig-

nals corresponding to irradiation of the surface and of the
volume equals

"' 4 - S-. (4-5)

The experimental ratio N\/N* in the case of naphthalene
molecules adsorbed on rhodamine 6G is 2-103 at T = 200 K.
From here it is possible to determine the lifetime of the mole-
cule on the surface rads = 0.18 s and to estimate, from (4.1),
the energy of adsorption of naphthalene on rhodamine 6G:
£ads -0.6 eV.

e) Nonequilibrium processes accompanying picosecond
irradiation of a large molecule on a surface

In experiments with nanosecond and even 30-picose-
cond pulses, the electronic excitation energy relaxed to ther-
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mal energy and gave rise to nonselective thermal desorption
and subsequent photoionization of molecules. The search
for nonequilibrium processes of detachment of the molecu-
lar ion of an excitable chromophore of a large molecule on a
surface is of great interest. This is important, in particular,
for realizing a laser photoionic projector of molecules.98"100

Of course, nonequilibrium, selective with respect to the
chromophore, detachment of a molecular ion can probably
be observed only with irradiation of a large molecule by a
subpicosecond laser pulse. Proceeding along this path, we
performed experiments101'102 with radiation pulses whose
duration varied from 20 ns to 5 ps.

The experiments were performed with fine crystalline
powder of peptide, whose molecule is a chain consisting of
three amino acids (tryptophane, alanine, and glycine) with
protective acetate and ester groups at the ends. One of the
amino acids entering into the peptide—tryptophane—con-
tains a chromophoric group—an indole ring, whose system
of conjugate bonds determines the absorption of the peptide
in the near UV region.

The experiment consisted of irradiating a peptide speci-
men with pulses of different duration: 10 ns, 30 ps (Nd.-YAG
laser, fourth harmonic) and 5 ps (Nd:phosphate glass laser,
fourth harmonic).

The mass spectra of the positive ions formed upon irra-
diation are shown in Fig. 21. The typical mass spectrum con-
sists of several intense peaks, which correspond to different
fragments of the peptide molecule. Each fragment contains a
chromophoric group and forms as a result of fragmentation
of the molecule primarily along the peptide bonds. One of
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FIG. 21. Mass spectra forming upon irradiation of peptide powder by
laser pulses of different durations: 20 ns (a), 30 ps (b), and 5 ps (c).101
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the lightest fragment ions corresponds to the ion of the chro-
mophore (it is circled in Fig. 2 la).

The mass spectra obtained are not normalized to the
sensitivity of the apparatus for ions of different masses. For
this reason, the relationship between the ion peaks within a
single mass spectrum is only of a qualitative character. How-
ever, this does not interfere with the comparison of different
mass spectra with one another.

The dependence of the total ion yield on the energy flux
of the laser pulses is very sharp, as in the case of simpler
molecules. At the same time, the ratio between the different
peaks in the mass spectrum remains practically constant in
the range of energy fluxes investigated from the threshold of
appearance (0th = (2-4)-10~3 J/cm2) to the maximum re-
corded magnitude (104 ions/pulse, <t>= 10~2 J/cm2) with
fixed pulse duration.

Comparison of mass spectra obtained with different ra-
diation pulse durations shows the following: i) a decrease in
the pulse duration leads to a significant increase in the frac-
tion of chromophore ions and with rp = 5 ps the magnitude
of the corresponding peak in the mass spectrum becomes
maximum; 2) in this case, new fragment ions do not appear in
the mass spectrum, and this indicates the absence of addi-
tional fragmentation of molecules.

The sharp dependence of the ion yield on the energy
flux of the laser radiation and simultaneously the constancy
of the pattern of the mass spectrum with fixed pulse duration
suggests that in this case the recorded ions are formed as a
result of ionization and fragmentation, above the surface of
the specimen, of neutral molecules evaporating during the
course of the pulse.

The growth of the chromophore ion fraction in the case
of picosecond pulses is probably related to the fact that the
chromophoric group can absorb two and more photons and
can become detached before total randomization of the ab-
sorbed energy in the molecule.

For picosecond pulse durations, together with intramo-
lecular nonequilibrium processes, the surface can play an
important role in the formation of the mass spectrum, be-
cause over the time of the pulse molecules have time to fly
away from the surface to distances comparable to the dimen-
sions of the molecules themselves. For example, for rp = 5
ps, the displacement of molecules over the time of the pulse is
only 7-10 A. In the case of subpicosecond pulses, detach-
ment of the molecular ion of a chromophore molecule,
which has not yet moved away from the surface, can be ob-
served. In other words, with the use of subpicosecond laser
pulses it is possible to go from photoionization spectroscopy
of free molecules, which is the subject of the present review,
to photoionization spectroscopy of molecules on a surface.

5. APPLICATION OF RESONANT LASER PHOTOIONIZATION
TO DETECTION OF POLYATOMIC MOLECULES

Analysis of substances by the mass spectrometric meth-
od consists of transforming the molecules of the specimen
into ions followed by separation and analysis of the ions ac-
cording to the mass-to-charge ratio. Mass-spectrometrists
have always made great efforts to create sources of ions with

Antonovefa/ 98



high ionization efficiency with moderate fragmentation of
molecules. Successes achieved in this direction make the
mass-spectrometric method of analysis one of the most sen-
sitive methods. Under favorable conditions, it is possible to
analyze an amount of matter as small as 2.5-10~14 g.103 The
characteristic efficiency of transformation into ions, fol-
lowed by detection of the ions, in modern mass spectro-
meters constitutes 10~5 of the number of molecules103 and,
therefore, is still far from the limit. The situation with selec-
tivity is much worse. Mass spectra of molecules, as a rule,
consist of a set of fragment ions, and molecular ions often are
completely absent. In spite of the fact that analysis of frag-
ments gives valuable information on the structure of mole-
cules, it is very difficult to analyze a multicomponent mix-
ture. Due to the superposition of mass spectra, analysis of a
molecular component with a low fractional content is espe-
cially difficult. This is overcome to a large extent by prelimi-
nary separation of components of the mixture in a chromato-
graph,103 which, however, does not solve the problem
completely.

A fundamentally new approach to the problem of anal-
ysis of trace quantitites of complex molecules was first pro-
posed and developed in the works cited above.4'7 The essence
of the method consists of selective multistep laser photoioni-
zation of molecules followed by mass-spectrometric analysis
of the products of ionization. In this method, the selectivity
of ionization is determined by the selectivity of excitation of
molecules into vibrational and electronic states and can be
very high. With wavelength tuning of the exciting laser radi-
ation, the mass spectrum of photons is modulated by the
optical absorption spectrum and, in this manner, informa-
tion on molecules is obtained in the form of highly selective
two-dimensional mass-optical spectra. In addition, the effi-
ciency of laser photoionization can be very high. Progress
achieved in recent years in this direction makes laser pho-
toionization one of the most sensitive methods of detection
of polyatomic molecules.

a) Detection of single molecules

When molecules are photoionized by intense UV laser
radiation, there is a difficulty related to the possiblity of ab-
sorption by the molecule (or its fragments) in the intense
laser radiation field of a much larger number of photons than
necessary for simple photoionization. As a result, a strongly
fragmented mass spectrum is obtained, and information on
the initial molecules can be lost. Investigation of the mecha-
nism of formation of the photoionization mass spectrum of
molecules under the action of intense UV laser radiation (see
Sec. 2) showed that the limiting efficiencies of ionization
with moderate fragmentation of molecules are achieved un-
der conditions when the intermediate electronically excited
state is stable over the duration of the laser pulse and the
energy of the laser quantum at the second stage exceeds the
vertical ionization potential of the molecule out of the excit-
ed state. The last condition corresponds to a small probabil-
ity of dissociation of the molecule after absorption of the
second photon compared with ionization.
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FIG. 22. Dependence of the integrated photoionic signal (curve 1) and the
signal from molecular ion of naphthalene (curve 2) on the energy density
of the laser radiation pulses (A = 249 nm) and mass spectrum of the pho-
toions formed.18

An experiment on detection of single molecules of
naphthalene18 was performed precisely in the indicated opti-
mum, regime. The molecules were excited into the first elec-
tronic singlet state and the excited molecules were ionized by
excimer KrF laser radiation with A = 249 nm. The lifetime
of the intermediate electronic singlet state was comparable
to the duration of the laser pulse of 20 ns, and the energy of
the two laser photons exceeded by almost 2 eV the ionization
potential of the molecule, which is equal to 8.12 eV. The
photoions were recorded with the help of a time-of-flight
mass spectrometer. A mixture of naphthalene vapor and air
at a pressure of 10~5 torr was irradiated.

Figure 22 shows the dependences of the ionic signal,
summed over all masses (curve 1) and separately for the mo-
lecular ion (curve 2), on the energy density of the laser radi-
ation pulses, and the mass spectra of the photoions formed.
For relatively low radiation pulse energies, the ionization
yield of naphthalene is a quadratic function of energy and
practically only the molecular ion is observed in the mass
spectra (oscillogram a in Fig. 22). For laser energies exceed-
ing 0.05 J/cm2, both the molecular and integrated ionic sig-
nal of naphthalene saturate. In the region 0.15-0.20 J/cm2

the dependence of the total signal reaches a plateau, which is
accompanied by some increase in the fraction of fragments
in the mass spectrum. The small drop in the yield of molecu-
lar ions occurs due to their dissociation in the laser radiation
field.

The quadratic nature of the yield of photoions in the
low-energy range is explained by the two-step process of
photoionization of the molecule, inasmuch as the ionization
potential of naphthalene / = 8.12 eV is less than the energy
of two laser quanta 2fua =10 eV. Saturation of ionization of
naphthalene in the region 0.05-0.10 J/cm2 agrees qualita-
tively with the saturation of absorption of photons on the
first step, calculated according to the well-known cross sec-
tion of absorption in the gas phase. Attainment of the pla-
teau in the total ionic signal at pulse energies of 0.15-0.20 J/
cm2 indicates that the absorption of photons at the second
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step also saturates. Since the energy of two laser photons
greatly exceeds the ionization potential of molecules and a
nonlocalized w-electron is detached with photoionization,
the competition between dissociation of molecules and ioni-
zation acompanying absorption of the second photon can be
neglected. Therefore, the efficiency of photoionization at
such laser radiation energies is close to 100%. Under the
given conditions the sensitivity of detection of naphthalene
molecules in the experiment over the course of a single laser
pulse equalled four molecules in the photoionization vol-
ume. 18 This magnitude corresponds to a naphthalene partial
pressure of 10~14 torr and a relative concentration in air of
io-9.

The results obtained are practically limiting with re-
spect to the efficiency of detection of molecules in the pho-
toionization volume and correspond to detection of single
molecules over the course of a single pulse. We note that
achievement of high sensitivity of detection of naphthalene
molecules contributed greatly to the selectivity of laser step-
wise photoionization. The basic components of air were
completely absent from the mass spectrum of the photoions
because simple molecules do not absorb in the 250-nm range.
Even such selectivity of ionization with respect to classes of
molecules greatly increases the analytic possibilities of mass
spectrometry. In standard magnetic mass spectrometers, for
example, there is a constant background at all masses due to
scattered ions, which restricts the detectable relative con-
centrations to the level lO-MO"9.104

We note that naphthalene molecules are not unique
from the point of view of the possibilities of their detection
via photoionization. Table 1 presents experimental data on
the efficiencies of two-step photoionization of a number of
molecules in a single-frequency laser field with intensity IO7

W/cm2.35 It is significant that fragmentation of molecules
was practically absent at this radiation intensity. It is evident
from the table that when the laser radiation intensity is close
to the saturation intensity, the efficiency of photoionization
of molecules is very high and is close to 100%.

An important advantage of laser photoionization is the
possibility of detecting molecules with an efficiency close to
unity within very short time intervals T= 10~8-10~n s.
This opens up new possibilities for mass-spectrometrical in-
vestigations of rapid processes. Thus, in Ref. 92, precisely
this method was used to record desorption of neutral mole-
cules from the surface of molecular crystals stimulated by
picosecond laser pulses (see Sec. 4) and in addition the num-

ber of molecules leaving the surface within a single laser
pulse was of the order of 10-100 molecules/pulse.

The main disadvantage of the method of selective laser
stepwise photoionization, as also of electron impact, is that it
is suitable only for molecules which can be put into the gas
phase. In this respect, the experiments described in Sec. 3 on
combined formation of molecular ions under irradiation of a
surface by pulsed UV laser radiation whose wavelength falls
in the absorption band of the material are of great interest:
moderate pulsed thermal multiphoton
heating of the desorption resonance
surface with —> of neutral —>• photoionization
resonant absorption molecules.

This process is of interest for photoionization mass-
spectrometry of molecules on the surface of a material.
Moreover, experiments with molecules adsorbed on the sur-
face of a specimen,93-94 prove that the sensitivity of photoion-
ization detection of molecules can be radically increased (by
a factor of IO3). The increase of sensitivity is achieved by
accumulating molecules on the surface while their density in
the gas phase is extremely low. Thus an alternative approach
is possible to the development of a laser photoionization de-
tector of molecules based on the following sequence of pro-
cesses:
accumulation of pulsed thermal multiphoton
molecules on the desorption resonance
surface of the —>• of accumulated —> photoionization of
adsorbent molecules desorbed free

molecules.
In this approach it is possible to use lasers with low

repetition frequency. It is not difficult to imagine as well a
variant of such a detector in which molecules desorbed in
pulses enter a pulsed supersonic jet for cooling and subse-
quent more selective photoionization detection in the cooled
jet.

b) Two-dimensional mass-optical detection of molecules

Photoionization detection of single molecules of naph-
thalene in Ref. 18 was achieved with the help of a single laser
with fixed radiation frequency v = 4-104 cm~'. It is signifi-
cant that even in such a simple scheme there is a selectivity of
ionization, which permits singling out polyatomic molecules
with conjugate double bonds against a background of simple
molecules. However, in order to detect polyatomic mole-
cules in complicated mixtures, a high selectivity of ioniza-

TABLE I. Experimental values of the absorption cross sections for radiation in the first and second
steps and the efficiency of two-step photoionization of some polyatomic molecules in a single-fre-
quency laser field.42 The radiation frequency corresponded to the onset of electronic absorption of the
molecules.

Benzene
Thiophene
Toluene
Naphthalene
Aniline

< 01 >, cm2

2. 7- 10-"
1.8-10-"
6.0-10-18

4,8-10-"
4. 5- 10-"

< a j ) , cm2

3.4-10-18

2.0 -10-"
1.6- 10-"
2.0-10-"

4,t,
W/cm2

1.5-108

3.3-10'
2.8-109

2.3-10'

Ionization yield ,
/= 107W/cm2,%

3,7
0,01
6.2
0.05

25
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tion of molecules is necessary. Thus, for example, in detect-
ing naphthalene ions with a molecular mass equal to 128 it is,
in general, necessary to distinguish these ions from molecu-
lar ions of other molecules with mass 128, such as
C2H2C12O2, CgH16O, C9H20, C7H12O2, C8HOi2, and others.
In addition, with inadequate selectivity of ionization the use-
ful signal of the molecular mass can be masked by different
fragment ions from heavier molecules. The required selectiv-
ity can be achieved by adding to the known mass-spectrome-
tric methods of analyzing multicomponent mixtures103 a
channel containing spectral information on molecules with
stepwise photoionization using frequency-tunable lasers. In
this case, information on the initial molecules acquires a
two-dimensional character: the magnitude of the signal at
the output of the mass spectrometer depends simultaneously
both on the mass of the ion and on the frequency of the laser
radiation. Such two-dimensional mass-optical recording
was demonstrated in Ref. 40 for the anthracene molecule
(see Fig. 12) with a laser radiation intensity close to the inten-
sity of saturation of optical transitions, as well as under con-
ditions of multiphoton ionization.27'105 In all cases, fragment
ions, each of which can have its own, differing from other
ions, spectral dependence of the yield, appear in the mass
spectra. Thus the method of selective laser photoionization
permits obtaining very characteristic two-dimensional
"maps" of molecules. Based on the high information content
of two-dimensional mass-optical spectra, the required selec-
tivity can in principle be obtained in detection of different
molecules whose structure and molecular weight are close.

In some cases spectral selectivity of stepwise photoioni-
zation can be sufficient for detection of polyatomic mole-
cules in air with the help of a simple ionization chamber
without separation of ions by mass.106'107'33

c) Comparison of different schemes of selective laser
photoionization of molecules

We shall examine different schemes of laser photoioni-
zation from the point of view of attaining maximum sensitiv-
ity and selectivity of detection of polyatomic molecules.

1) Multiphoton ionization of molecules. The method of
multiphoton ionization of polyatomic molecules is currently
widely used for systematic investigation of the spectroscopy
of excited states of molecules, especially states forbidden for
single-photon transitions.72'73 An attractive aspect of the
method is the relative simplicity of obtaining multiphonon
spectra and the higher, compared with fluorescence mea-
surements, sensitivity. Another advantage is the possibility
of using visible and near-ultraviolet radiation to investigate
electronic states lying in the vacuum ultraviolet region of the
spectrum. Although multiphoton ionization in the mass
spectrum gives much new information on photoionization
and photofragmentation of molecules under the action of
intense laser radiation, nevertheless, systematic use of multi-
photon ionization of molecules for mass-spectral analysis is
hardly suitable due to the high degree of fragmentation and
comparatively low efficiency of ionization of molecules.

2) Stepwise photoionization of molecules through inter-
mediate electronic states. In this variant, two schemes can be

distinguished: a) stepwise photoionization in a single-fre-
quency laser field and b) independent steps of excitation and
photoionization of molecules using time-synchronized laser
pulses.

In the first case, for efficient photoionization of mole-
cules the laser radiation frequency to must satisfy the condi-
tion 2fua > I, where 7 is the ionization potential of the mole-
cule. In this case, the only restriction on the intensity of the
laser radiation is the loss of mass-spectral information due to
strong fragmentation of molecules. The efficiency of ioniza-
tion of molecules in this scheme is very high and, in many
cases, approaches 100%. However, for many molecules,
with this choice of frequency of the laser radiation and high-
lying electronic states, which can rapidly deexcite via disso-
ciation and electronic conversion which compete with pho-
toionization, are excited. The absorption spectra of
polyatomic molecules in this region often have no structure.

With respect to selectivity the second scheme with inde-
pendent excitation and ionization frequencies has greater
possibilities. When using far-UV and VUV radiation in the
step involving photoionization of molecules from an excited
state, two-dimensional spectra of molecules with wave-
length tuning of the exciting radiation in the long-wave-
length region of electronic transitions, where the molecular
spectra have greatest structure, can be obtained. An addi-
tional channel of information concerning the lifetimes of ex-
cited molecules appears in this scheme with ionization of
molecules from excited states by a delayed laser pulse. It
should be noted, however, that in this scheme extraneous
channels of photoionization, whose suppression requires re-
stricting the maximum intensity of radiation both at the first
and second steps, can in principle exist. This decreases the
efficiency of selective two-step photoionization. Indeed, in
the typical case 2fua </< 2-fta>2> where ca^ and a>2 are the fre-
quencies of laser radiation at the first and second steps, re-
spectively, two-step photoionization of molecules through
the high-lying electronic states by laser radiation of the sec-
ond step is possible (Fig. 23c). In addition, three-step photo-

I S

Tfey

FIG. 23. Schemes of the possible photoionization channels for molecules
in a two-frequency laser field, a) Selective two-step photoionization; b)
three-step photoionization under the action of laser radiation in the first
step; c) two-step photoionization of molecules by laser radiation in the
second step.
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ionization can exist with resonant absorption by the mole-
cule of a sequence of three photons of the exciting laser with
frequency a, (Fig. 23b).

Let us compare the relative contributions of each of the
three channels of photoionization of a molecule (see Fig. 23).
For an estimate, we shall assume that all cross sections of
optical transitions indicated in Fig. 23 are equal and that the
lifetimes of all intermediate levels exceed the laser pulse du-
ration. We shall assume that the statistical weights of the
upper levels for all transitions is much greater than for the
lower levels. This permits neglecting the reverse transitions
under the action of the radiation. It is clear that for an energy
density of the laser radiation close to the saturation energy of
the transitions <Pzz<PsM = fuo/a, all three channels make ap-
proximately the same contribution to ionization of the mole-
cule. Under conditions that are far from saturation, the
number of ions forming along these channels will be

<D2 (5.1)

(5.2)

(5.3)

where <Pl and <P2
 are the energy densities of the laser pulses

at the first and second steps, and N0 is the number of mole-
cules in the photoionization volume. It is evident that the
numbers of ions in channels (5.2) and (5.3) have higher-order
power-law dependences on the energy density of the radi-
ation pulses #! and <P2, so that as the energies of the laser
pulses decrease, the ratio of the useful signal of two-step
ionization along channel (5.1) to the background (5.2) and
(5.3) will increase owing to a reduction of ionization effi-
ciency. Choosing, for example, the ratio Ar|a|/(Arf>)

+ N(°]) = 10, we obtain from (5.1)-(5.3) an efficiency of se-
lective two-step photoionization equal to 0.01%.

For real molecules, the situation can be more favorable.
The principal difference from the model analysis lies in the
fact that in the highly excited electronic states, which par-
ticipate in transitions along channels (5.2) and (5.3) (see Fig.
23), the rates of nonradiative excitation relaxation processes
can be so high that photoionization from these states will be
strongly suppressed. Thus, for example, in experi-
ments19'20'54 on selective two-step photoionization with exci-
tation of a number of molecules (formaldehyde, benzalde-
hyde, benzophenone, and others) into highly excited states
with VUV radiation with photon energy 7.7 eV, the two-
stepped ionization signal was not observed.

Under optimal conditions for absence of extraneous
channels of photoionization, the selectivity of ionization is
determined by the electronic absorption spectra of mole-
cules. It is well known, however, that electronic absorption
spectra of polyatomic molecules are much less characteristic
in the gas phase than vibrational IR spectra. The selectivity
of photoionization through electronic states can be radically
increased with the use of cooled supersonic molecular
beams. The possibility of using supersonic molecular beams
to cool complicated molecules, such as, for example, phtha-
locyanine (C32NgHlg), has been recently demonstrated.108

The absorption spectrum of this molecule under the condi-
tions of deep cooling of vibrational and rotational degrees of
freedom consisted of lines with width 0.5-1 cm""1. Separate
vibrational-rotational lines were completely resolved in the
electronic absorption spectrum of the oxalyl fluoride
(C2O2F2) molecule, cooled in a pulsed supersonic beam to
0.17 K.109 In this sense, we can talk about the achievement of
limiting quantum selectivity in absorption of radiation.

Let us estimate the limiting sensitivity of the method of
stepwise laser photoionization through intermediate elec-
tronic states in combination with the supersonic cooled mo-
lecular beam for detection of impurities in the atmosphere.
The expression for the number of selectively forming ions
within a single pulse has the form

JVion = 1̂ del 5rionYnbeaml/p, (5.4)

where 77det is the efficiency of detection of photoions, yion is
the yield of two-step photoionization, 7 is the relative con-
centration of impurity molecules in air, nbeam is the density
of molecules in the beam, and Fp is the photoionization vol-
ume. Assuming that the threshold of detection of molecules
equals the detection of a single selectivity formed photon and
substituting the values ?/det=0-5,56 Yma = I,19 and
"beam =2-1014 cm~3, corresponding to a maximum gas
pressure of 5-10~3 torr with which collisionless extraction of
ions from the beam is still possible, and Vf = 0.1 cm3, we
obtain y = 10~13, which corresponds to a detection thresh-
old of 3-106 molecules/cm3 in air.

3) Stepwise photoionization through intermediate vibra-
tional states of molecules. Vibrational spectra are the most
informative for polyatomic molecules and, for this reason,
stepwise photoionization through intermediate vibrational
states is of special interest from the point of view of selectiv-
ity of detection of trace substances. The realization of this
scheme encounters certain difficulties, related to the fact
that with vibrational excitation the shift in the photoioniza-
tion limit is known to be less than the width of the photoioni-
zation band edge and a single-photon ionization of unexcited
molecules will unavoidably occur. A much worse situation
can occur with superposition of intense single-photon ioni-
zation mass spectra from molecules of another type with a
lower ionization potential. In addition, with absorption of a
short-wavelength radiation quantum &o3, the photoioniza-
tion process competes with photodissociation, because the
sum of the laser photon energies is not much greater than the
ionization potential of the molecule and the Franck-Condon
factors for the transition with ionization can in general be
small.

The sensitivity and selectivity of this scheme can be
greatly increased by using the following: a) multistep vibra-
tional excitation, which will lead to a considerable shift in
the photoionization limit from the excited state and, as a
result, to an increase in the fraction of selective ions; b) a
cooled molecular beam. In this case, the occupancy factor q
of the molecular state in resonance with the laser field can be
close to one, which will radically increase both the selectivity
and the sensitivity of detection. In this case, the efficiency of
selective photoionization will be determined only by the com
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peting process of dissociation upon absorption of a short-
wavelength photon.

4) Successive excitation of intermediate vibrational and
electronic states. This scheme is a combination of the two
preceding schemes and combines the selectivity of vibration-
al spectra of molecules with such advantages of the scheme
involving photoionization via the electronic states, as the
absence of a single-photon ionization background and the
possibility of obtaining information on the lifetimes of elec-
tronically excited molecules. In addition, as in the preceding
cases, an important component part of the technique is the
use of supersonic pulsed molecular beams. An adequate
mass-spectrometric technique must guarantee detection of
the mass-spectrum of photoions within a single pulse. The
first experiment along these lines was recently performed
with the NO molecule, which was ionized in successive pro-
cesses of vibrational excitation and multiphoton transitions
under the action of dye laser radiation.24

Summarizing the discussion of the possible schemes of
resonance stepwise photoionization of polyatomic mole-
cules by laser radiation, we emphasize that it is entirely real-
istic that a highly selective laser detector of trace quantities
of molecules, whose sensitivity will be several orders of mag-
nitude higher than the sensitivity of all existing analytical
methods, will be developed in the near future. Success along
this path will be achieved as a result of the combination of
the most diverse achievements of experimental physics: first,
the technique of low-temperature molecular jets; second, the
technique of multistep excitation of high-lying vibrational
levels by tunable IR laser radiation and subsequent pho-
toionization of vibrationaly excited molecules directly or
through intermediate electronic states; third, the technique
of time-of-flight mass spectrometric detection of the pro-
ducts of photoionization of molecules. Figure 24 shows the
simplified schemes of the quantum transitions of highly se-
lective stepwise photoionization of molecules and a possible
design of such a laser detector of molecules. Realization of
this idea should greatly expand the possibilities of analytical
spectroscopy and chemistry and should in principle solve
the long-standing problem of experimental physics: detec-
tion of "smell" by physical methods with a sensitivity which
is accessible today only to the olfactory senses of living or-
ganisms.10'110

Of course, further investigation of resonance interac-
tion of laser radiation with molecules will undoubtedly lead
to the development of new possibilities of highly selective
photoionization. For example, resonance excitation of vi-
brations of molecules in a biharmonic field due to Raman
transitions111 followed by photoionization of excited mole-
cules112 deserves attention. In this case, by selecting excita-
tion frequencies near an electronic transition it is not only
possible to increase the cross section of the Raman pro-
cess113 but also to gain additional selectivity of vibrational
excitation of a definite chromophoric group.

It should be emphasized that the high selectivity of res-
onance photoionization of molecules via vibrational states
will permit detecting not only traces of molecules of a specif-
ic type, but also single molecules containing rare isotopes.

FIG. 24. Highly selective laser detector of trace quantities of molecules, a)
Optimum scheme of multistep selective photoionization via intermediate
vibrational and electronic states; b) possible design of a detector with a
pulsed source of cooled molecules and a time-of-flight mass spectrometer.

The method of multistep resonance photoionization of
atoms is already being successfully developed for this pur-
pose. 114'94 The method of resonance photoionization of mol-
ecules also opens up, in an entirely analogous manner, new
possibilities. In particular, for detection of rare molecules
containing 14C.97
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