DAtomic units are used in this paper.

To obtain the dependence of the amplitudes on the scattering
angle, it is necessary to change over to a coordinate system
in which the polar axis is directed along the incident beam
(see, e.g., Ref. 12).

Y The dipole moment of OH equals 0.65 a.u. >D;, therefore
the cross section that follows from (14) is finite at the
threshold.
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Photoionization of molecules from the ground and
selectively-excited states by radiation from a vacuum-

ultraviolet H, laser

V. S. Antonov, |. N. Knyazev, V. S. Letokhov, and V. G. Movshev

Institute of Spectroscopy, USSR Academy of Sciences
(Submitted May 19, 1977)
Zh. Eksp. Teor. Fiz. 73, 1325-1339 (October 1977)

Photoionization laser spectroscopy based on the use of vacuum ultraviolet lasers is reviewed. Descriptions
are given of the design and parameters of a hydrogen VUV laser. Experiments are described on the single-
photon ionization of dimethylaniline and methylaniline molecules in the region of 1600 A, and the
jonization of NO molecules by radiation in the region of 1200 A. The two-step photoionization technique
has been used to investigate the kinetics of predissociation of H,CO molecules excited to the 'A, electronic
state by a pulse from a nitrogen laser. Two-step photoionization of NO, molecules with radiation
transformation on the first step has been investigated in the range 44704570 A. The feasibility of a

highly sensitive and highly selective method of detecting polyatomic molecules is examined.

PACS numbers: 33.80.Eh, 33.80.Gj, 35.80.+s

1. INTRODUCTION

Substantial success has recently been achieved in the
development of lasers operating in the vacuum-ultra-
violet part of the spectrum (VUV), The short-wave limit
of laser radiation is at present at about 400 A, and the
spectral range 1000 g x g 2000 A has now become acces-
sible to the practical application of laser methods, ™21
The high energy of the laser photon in this range opens
up new possibilities for physics experiments.

One of the most promising areas for the application
of short-wave lasers is photoionization laser spectros-
copy of molecules. 3] The method of two-step selective
photoionization of molecules, used in conjunction with
the VUV laser, opens up new possibilities for the detec-
tion of infrared absorption events with probability close
to unity. This relies on measurements of the ionization
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current. There is particular interest in the possibility
of using a laser detector of complex molecules, based
on the two-step photoionization of molecules followed by
the mass spectrometry of the resulting ions. The prac-
tical realization of this possibility would essentially re-
sult in a laser detector of trace amounts of complex
molecules, and the solution of one of the more difficult
problems in physics, 3

There is, therefore, considerable interest in the study
of one- and two-step ionization of molecules, Since the
jonization energy of most molecules lies in the range
8-12 eV, the VUV laser must be used, even in the two-
step scheme, after excitation of the intermediate elec-
tronic state of the molecule. Experiments in this area
were impeded by the absence of suitable lasers in the
VUV band. Laser radiation has so far been used mainly
for the step photoionization of atoms with relatively low
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ionization thresholds'®? and for multiphoton ionization of
atoms, (]

Two-step photoionization of molecules involving an in-
termediate electronic state can be used to investigate the
relaxation of excited molecular states, The VUV laser
pulse is then the probing pulse, and the photocurrent de-
pends directly on the concentration of excited molecules.
By delaying the probing pulse relative to the exciting
pulse, it is possible to use the fall in the photoionization
current to examine the decay of excited states. By vary-
ing the wavelength of the exciting radiation, it is possi-
ble to record the absorption spectrum of molecules due
to an electronic transition by measuring the current as-
sociated with two-step ionization.

In this paper, we report the results of experiments on
one- and two-step photoionization of molecules in a gas
by laser radiation. The radiation source was the VUV
H, laser which we have developed, '8! It was operated
in the fast repetition regime, using transitions in the
region of 1200 and 1600 A. Preliminary results of our
experiments were reported in previous papers, 910!

2. THE HYDROGEN LASER FOR THE VACUUM:-
ULTRAVIOLET

The H, laser employed in our experiments is shown
in Fig. 1. The transverse discharge was excited in a
cell with a narrow channel of 0,03 (1 to 2) cm and a
length of 30 cm, using a double shaping strip line. Gen-
eration was observed for minimum line discharge volt-
ages up to 6 kV and, for discharge voltages of 40 kV,
generation was observed at gas pressures between a few
Torr and 2 atm., We used cells with different discharge-
channel profiles. The electrodes were placed at a cer-
tain distance from the narrow part of the working chan-
nel. We used both cells with an additional “preionizing”
electrode (Fig. 1c) and electrodes with overlapping con-
figuration (Fig. 1d). This enables us to produce a suf-
ficiently uniform sparkless discharge, which was par-
ticularly important because spark discharges damaged
the inner surface of the cell after a few hundred firings.

To produce a traveling excitation wave, the strip line
was placed at the angle 6=arc sinc™/2 to the cell (€ is
the permittivity of the line insulation). The line charg-
ing voltage was usually 30 kV. The line was switched
with the aid of a gas-discharge gap operated in nitrogen

FIG. 1.
a) Overall appearance of the laser: 1—discharge gap; 2—
shaping line; 3—laser cell; b~d) types of cell (cross sections):
I—electrodes; II—glass.

Diagram illustrating the H, laser for the VUV band.
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FIG. 2. VUV generation spectrum of the H, laser: a—overall
appearance of the spectrum; b—Ilines in the region of 1610 A.

at 25 atm, The pulse repetition frequency was up to 300
Hz,

The mean generated power was measured with the aid
of a thermopile calibrated for pulsed, and continuous
operation, and the repetition frequency was measured
with a pulse counter. The exit windows of the laser were
placed well away from the electrodes because their
transparency tended to decrease under the influence of
the gas discharge and the VUV radiation. Electrical
breakdown in the direction of the windows was particu-
larly damaging in this respect. Such breakdown was
prevented by buffer volumes filled with hydrogen or ni-
trogen at atmospheric pressure. MgF, windows were
found to be more stable in relation to the effect of the
gas discharge and the VUV than LiF windows, The best
material from this point of view for laser transitions in
the region of 1600 A was quartz.

The generation spectrum was investigated with the
unique high-resolution VUV spectrograph at the Institute
of Spectroscopy of the Academy of Sciences of the USSR,
which included a concave diffraction grating with a ra-
dius of curvature of 6.5 m. The resolving power of the
instrument was sufficient to produce complete resolution
of the line spectrum of the spontaneous emission of hy-
drogen, and to identify the laser generation spectrum.
The generation spectrum was recorded with the aid of
a differentially-pumped system without intermediate
windows, Figure 2a shows the general appearance of the
generation spectrum of the H laser in the VUV. The
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spectrum consists of several tens of lines. Fourteen of
the strongest lines lie in the region of 1600 A within a
20 A interval (Fig. 2b), and four lines of comparable in-
tensity occupy a band of 80 A in the region of 1200 A,

For comparison, Fig. 3 shows the laser and spontaneous-

emission spectra of H, in the region of the L, line of
atomic hydrogen (1215, 670 A). The spontaneous-emis-
sion spectrum was obtained with the aid of a capillary
gas discharge lamp. The laser spectrum was charac-
terized by a low-spontaneous-emission background, the
intensity of which was at least two or three orders of
magnitude smaller than the intensity of the laser radi-
ation, :

Changes in the discharge conditions (charging voltage,
gas pressure, and so on) have practically no effect on
the intensity ratios of the laser lines in the region of the
Lyman or Werner bands. All that happens is that the
total intensity is altered. Generation on the Werner
transitions in the region of 1200 A was found to be more
critical in its dependence on the experimental conditions.
The strongest laser radiation corresponding to these
transitions was obtained in the cell with the “preioniz-
ing ” electrode (Fig. 1c). For the cell with the profile
shown in Fig. 1b, the spectral brightness correspond-
ing to Werner transitions was lower by a factor of 4-6
and, for the cell with the overlapping electrodes, by a
factor of 2 or 3.

£ mW A mW
4
a b

! Z
i
. 1
Z

d \U.\Zn s

v 100 200 300 4 205 o0 aq15 070

V,Hz - p, atm

FIG. 4. Energy characteristics of the VUV H, laser based on
the Lyman transitions (\=1610 A, cell d in Fig. 1). a) Mean
generated power as a function of repetition frequency (bm,
=0.06 atm, V=40 kV). b) Mean generated power as a function
of pressure for different voltages: curve 1—35 kV; curve 2—
15 KV (pulse repetition frequency 100 Hz).
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FIG. 3. Comparison of the laser (a) and spontaneous
(b) emission spectra uear 1200 A; L, is the atomic
hydrogen line at 1215.670 A.

Figure 4 shows some characteristics of the laser
based on the Lyman transitions. It was found experi-
mentally that the average radiation power was a linear
function of the repetition frequency (Fig. 4a). When the
energy per pulse was 25 WJ and the repetition frequency
of the generated pulses was 200 Hz, the maximum mean
power of the emitted radiation was 5 mW. Prolonged
operation at a repetition frequency of 300 Hz was ac-
companied by the heating of the laser cell,and the ra-
diation power fell by a factor of approximately 2 or 3.
The optimum gas pressure was about 40 Torr (Fig. 4b).
Some of the characteristics of the laser radiation as-
sociated with the Werner transitions in the region of
1200 A were measured by the photoionization method
and are reproduced in the next section.

Experiments on the photoionization of molecules by
laser radiation in the region of 1610 A were performed
with a repetition frequency of the H, laser pulses of 10
Hz and mean radiation power of about 0,1 mW, This
corresponded to 10" photons/sec, which was sufficient
for photoionization experiments.

3. ONE-STEP PHOTOIONIZATION OF MOLECULES

Methylaniline and dimethylaniline molecules with the
relatively low ionization potentials of 7.3 and 7.1 eV,
respectively, were chosen for experiments on one-step
ionization of molecules from the electronic ground state.
The NO molecule (ionization potential 9.1 eV) was chosen
for photoionization by laser radiation corresponding to
the Werner transitions at 1200 A,

3.1. Photoionization by Laser Radiation in the Region
of 1600 A

In the case of experiments in the region of 1600 A, the
photocurrent was recorded in an ionization chamber, 10
cm long, with plane-parallel electrodes, 0.5 cm apart,
The laser radiation was directed onto two identical pho-
toionization chambers (Fig. 5) through a system of buffer
volumes with BaF, windows, 0.8 mm thick, designed to
eliminate laser radiation in the region of 1200 A, The
buffer volumes were designed for the electrical decou-
pling of the chambers from the high voltage in the laser
supply system. One of the chambers (4) was filled with
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FIG. 5. Schematic diagram of experiments on one-step ioniza-
tion of molecules by VUV H, laser radiation: 1—Ilaser cell;
2—storage line; 3—buffer volumes; 4, 5~—photoionization
chamber; 6—luminescence screen; 7—discharge gap; 8—
screen; 9—to VUV spectrograph.

dimethylaniline containing 1% impurities, and the other
(5) with methylaniline of chemical purity, at the satu-
rated vapor pressure (0.5 and 0,4 Torr, respectively).
We used photoionization chambers with upper electrodes
in the form of two identical sections. This was done in
order to estimate the absorption of the laser radiation
in the cell. To do this, we recorded the photocurrent
ratio for each section. The mean current in the photo-
ionization chamber circuit was measured with the F116/
2 microammeter or a galvanometer. A luminescence
screen was used to monitor the transmission of laser
radiation through the system and to adjust the cells,
TNlumination of the electrode surfaces by laser radiation
was prevented by introducing the necessary stops into
the laser beam,

Figure 6 shows the photoionization saturation current
curves for dimethylaniline (1) and methylaniline (2).
The mean photocurrent in dimethylaniline was 0,05 pA.
Control experiments were carried out with nitrogenla-
ser radiation (3.7 eV), and by filling the chamber with
helium or oxygen and using the H, laser radiation, There
was no photocurrent in the photoionization chamber cir-
cuit in these experiments. The ratio of the photocur-
rents in the sections of the chambers for dimethylaniline
and for methylaniline was roughly the same and equal to
0.9+0, 05.

We must now estimate approximately the photoioniza-
tion current in our experiments, The laser radiation

i, nA
100 — ———— T
L _,/+—‘+—_-+—’ ;
f’/i- +—2
i/
12+ 4
i .
—t +=J
L +/+/+
A +/ s
A R S|
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FIG. 6. One-step photocurrent due to the ionization of mole-

cules as a function of voltage across the photoionization cham-
ber. Curve 1,2—dimethylaniline and methylaniline, ionization
by 1610 A laser radiation at repetition frequency of 10 Hz and
mean generated power of 0.1 mW, 3-~NO, ionization by 1200
A radiation.
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absorption coefficient at a pressure of 0.5 Torr was
measured by determining the photocurrent ratio for the
identical sections of the cells and was found to be K

=0, 02 cm", i.e., there was very little absorption in the
cell of length L=10 cm. The photoionization current
could therefore be represented by the simple expression

I=eyKLP,,/heo, 1)

where 7 is the photoionization yield and P,, is the aver-
age laser radiation power in the cell. If we take into
account the radiation losses at the three windows sepa-
rating the laser from the photoionization chamber (about
60%) and the beam stops (50%), we find that P,,~0.03
mW, The photoionization yield of dimethylaniline for A
=1600 A is, to within an order of magnitude, y=0,1. [
Equation (1) then gives a photoionization current of I
=0.1 pA for dimethylaniline, which is in satisfactory
agreement with the experimental values if we bear in
mind the approximate nature of the original data. The
relatively low current in the cell containing methylaniline
can be explained by additional losses of laser radiation .
at the two intermediate windows, the absorption of radi-
ation in the cell filled with dimethylaniline, and the
stopping down of the laser beam. The photoionization
yield for methylaniline is also probably reduced because
of the higher ionization potential.

3.2. Photoionization of NO in the Region of 1200 A

In the experiments on laser photoionization in the re-
gion of 1200 A, the signal due to the photoelectric effect
produced by scattered VUV was reduced by making the
cathode of the photoionization chamber in the form of a
thread and the anode in the form of a plane., The cell
was 6 cm long and the windows were cleaved lithium
fluoride crystals with a transmission of about 50% at
1200 A, With this particular illumination geometry,
about 25% of the laser radiation entered the cell. The
NO was purified by repeated freezing in liquid nitrogen.
Figure 6 shows the photocurrent saturation curve at NO
pressure of 0,2 Torr (curve 3).

The threshold photoionization wavelength for NO is
1350 A. ™21 In the region of 1160 A, which contains the
strongest laser line, the total absorption cross section
of the molecule is 2% 107® ¢m for a photoionization quan-
tum yield of 80%. 12! This enables us to perform an in-
dependent determination of the laser generation power
near 1200 A. Figure 7 shows the mean laser power cal-
culated from the photocurrent as a function of the voltage
and pressure of hydrogen in the laser cell. The radi-
ation power plotted as a function of voltage has a maxi-
mum near 20 kV, which is probably due to a change in
the geometry of the discharge in the cell, Under opti-
mum conditions in the laser cell employed, the average
power generated by the H, laser in the region of 1200 A
is up to 1 uW at a repetition frequency of 10 Hz.

The above results demonstrate the value of the hydro-
gen laser operating in the VUV as a means of producing
photoionization of molecules and, in turn, as a method
of using photoionization for absolute measurements of
the VUV power produced by the H, laser,
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FIG. 7. Some characteristics of the H, laser using the Werner
transitions (1200 A), measured with a photoionization chamber
containing NO: a—mean generated power as a function of the
laser supply voltage. Hydrogen pressure in the laser chamber
0.12 atm, repetition frequency 10 Hz; b—mean generated
power as a function of hydrogen pressure in the laser cell.
Line charging voltage 40 kV, repetition frequency 10 Hz.

4. TWO-STEP PHOTOIONIZATION OF MOLECULES

The two-step photoionization experiments were per-
formed with H,CO and NO, molecules using intermediate
excited electronic states. We measured the lifetime of
the H,CO molecules in the intermediate electronic state
and recorded the electronic absorption spectrum of NO,
by the two-step photoionization method.

4.1. Photoionization of H,CO

The photoionization of the H,CO molecules was per-
formed by the combined application of a nitrogen laser -
pulse (A\=3371 &), which excited the 4, electronic state,
and the hydrogen laser radiation (in the region of 1600
R) producing ionization of the excited molecules. The
ionization potential of the formaldehyde molecule is
10. 87 eV and the combined energy of the two-laser pho-
tons is 7, +7,=3.7+7.7 eV=11,4 eV, which is sufficient
for the photoionization of this molecule.

The experimental setup is shown in Fig. 8. The ni-
trogen (7) and hydrogen (1) laser pulses were sent in
opposite directions into the ionization chamber 9 filled
with formaldehyde. The nitrogen laser radiation was
focused by the quartz lens 8 with a focal length of 10cm.
The nitrogen laser pulse energy was 0.3 mJ and that of
the hydrogen laser 1 uJ. The N, laser pulse length was

FIG. 8. Schematic illustration of experiments on two-step
photoionization of formaldehyde by VUV radiation from the H,
laser: 1,2—storage line and H, laser discharge gap; 3,5—
discharge cable; 4—discharge gap in the pulsed charging cir-
cuit; 6, 7—storage line and discharge gap of N, laser; 8—Ilens;
9—photoionization chamber; 10—shunt; 11—oscillograph
12-7; 12—amplifier and S8-2 oscillograph.

701 Sov. Phys. JETP 46(4), Oct. 1977

measured with the FEK-15 coaxial photocell and the 12-
7 oscillograph. It was found to be 2 nsec. The windows
were made from quartz with a transmission at 1600 A of
80%. The length of the ionization chamber was 10 cm
and its diameter was 5 cm. The cathode was a platinum
wire, 0.1 mm in diameter. The ion-current pulse was
amplified by an amplifier with an input capacitance of 8
PF and an input resistance of 1 G2. The result was re-
corded on the S8-2 oscillograph. The noise in the re-
cording system corresponded to the noise charge of 1000
ions. The voltage across the ionization chamber was
varied within 1-80 V. The formaldehyde was prepared
from paraform and was purified by the method described
by Spence and Wild, "3 The gas pressure was varied in
the range 0.001-2 Torr and was measured with the VT-
3 thermocouple gauge.

The design of the hydrogen and the nitrogen lasers
was the same and was similar to that employed previous-
ly. 81 The generation delay time of one laser relative
to the other was measured by determining the time be-
tween breakdown in the laser cells. The trailing time
of the voltage across the laser cell was 2 nsec. Since
laser generation was produced on the front of the dis-
charge, the uncertainty in the time shift between the
generated pulses did not exceed +1 nsec. The locking
system for the laser pulses operated as follows. When
the triggering discharge gap 4 (see Fig. 8) was fired,
the storage capacitor C became connected across the
charging cables 3 and 5. The laser shaping lines were
charged in a time of about 15 nsec and the discharge
gaps 2 and 6 fired when the maximum voltage was
reached. To stabilize the breakdown time, the discharge
gaps were illuminated by an auxiliary spark. The time
of firing of the discharge gaps could be varied continu-
ously within 5 nsec by varying the nitrogen gas pres-
sure. The delay time was varied by varying the length
of the charging cable in the hydrogen laser. The voltage
across the laser cells was measured with the aid of the
coaxial shunt 10. Voltage pulses from the two lasers
were applied simultaneously to the shunt with different
polarities, and were recorded by the I2-7 nanosecond
interval meter.

Figure 9 shows the number of ions produced as afunc-
tion of the delay time A¢=ty, - ty, between the laser
Rulses at a formaldehyde pressure of 0.9 Torr. When
At >0, the decay of the ion current is not a simple ex-
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FIG. 9. Photocurrent due to two-step photoionization of form-
aldehyde as a function of delay time between the nitrogen and .
hydrogen laser pulses.

Antonov et al. 701



ponential. For A#<0, i,e., when the pulses appear in
the opposite sequence, the two-step photoionization pro-
cess is not observed in formaldehyde. The character-
istic size of the two-step photoionization signal is 10°
ions/pulse.

‘The excited state !4, of formaldehyde predissociates
with a quantum yield of about unity, and the main disso-
ciation products resulting from the absorption of radia-
tion in the region of 3371 A are (H, +CO). 4! The ion-
ization potentials of H, (15.4-eV) and CO (14 eV) are
higher than the VUV laser photon energy and, therefore,
the only source of ions can be the ionization of formalde-
hyde from the excited state. The ion-current decay
curve is then found to repeat the decay of the excited
states. The lifetime of the 14, state of H,CO has been
determined™®’ from the decay of luminescence during the
excitation of the molecule by nitrogen laser radiation,
and was found to be 27 nsec. Another measurement was
subsequently carried out''®! and the result was (18 +1)
%107 nsec. This value was found to be independent of
pressure in the formaldehyde pressure range 1-10 Torr.

The nonexponential decay of the 4, excited state of
formaldehyde has been observed by Young and Moore™"
and was ascribed to the vibrational relaxation of the ex-
cited state. Another reason for the nonexponential de-
cay may be the simultaneous excitation of two-vibra-
tional states of the electronic A4, state.™” Houston and
Moore™®? have reported that the time at which the dis-
‘sociation products H, + CO appear under excitation of the
lAz state by the nitrogen laser pulse is greater by al-
‘most two orders of magnitude than the luminescence de-
cay time, i.e., the dissociation occurs through an in-
termediate and relatively long-lived state. The nature
of this state is at present unclear. One cannot there-
-fore unambiguously conclude that the measured decay
curve (Fig. 9) is exclusively due to the lAz state or that
the intermediate state provides an appreciable contri-
bution to the photoionization. The answer to this ques-
tion, and further information on the intermediate state,
must await studies of the decay kinetics of excited states
by the method of two-step ionization in a broad range of
time intervals and gas pressures. We note that the
method of two-step photoionization of molecules through
an intermediate electronic state can be effectively used
“for investigating the excited states of many molecules.
Its main advantage is that it can be used to investigate
predissociating and nonradiating quantum states of mol-
ecules.

-4,2. Photoionization of NO,

We have investigated experimentally the two-step pho-
toionization of the NO, molecule in which the interme-
diate electronic state was excited by a tunable dye laser
working in the region of the electronic transition 24,
-—zBl (4470-4570 A). Ionization was produced by a VUV
pulse from the H, laser in the region of 1600 A. The
ionization potential of NO, is 9.78 eV and the combined
energy of the two laser photens is 2.7+7.7 eV=10.4
eV, so that the NO, molecule can be ionized only in the
two-step fashion. The electronic excitation of the NO,
molecule was achieved with a laser using the 4.7-meth-
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FIG. 10. Schematic arrangement of experiments on two-step
photoionization of NO, molecules: 1—hydrogen laser; 2-——dye
laser; 3—ionization chamber; 4—hydrogen laser; 5—amplifier;
6—storing system and strip-chart recorder; 7—pulse generator.

ylumbelliferone dye with nitrogen laser pumping. The
nitrogen laser pulse energy was 3 mJ at a generation
length of 12 nsec. The dye laser pulse energy was 60
ud which corresponded to a conversion coefficient of
2%. The spectral width of the radiation was about 1 A.
In the case of the hydrogen laser, the energy per pulse
was 1 uJ. The laser pulse locking was achieved by
charging the Blumlein line of the hydrogen laser and the
storage capacitor of the nitrogen laser (Fig. 10) from
‘the same voltage pulse generator incorporating the TGI1-
1000/25 thyratron.

The lifetime of the excited electronic state of NO, lies
in the microsecond range*®? and, therefore, the delay
of the hydrogen laser pulse relative to the nitrogen pulse
was held constant at 10 nsec during these experiments.
The repetition frequency of the laser pulses was 10 Hz.
"The ions were recorded by a previously described cy-
lindrical ionization chamber. The amplifier output was
received by a storage system using averaging steps of
100 pulses in order to reduce the spread in the output
signal due to instabilities in the hydrogen-laser genera-
tion energy. Part of the dye-laser emission was di-
verted into a cell containing NO, at a pressure of 2 Torr.
The length of this cell was 10 cm and absorption of the
radiation was measured by spectrum scanning.,

Figure 11 shows the current resulting from the two-
step photoionization of the NO, molecule as a function of
the wavelength of the exciting radiation. The maximum
current corresponds to 30000 ions produced in the cham-
ber per pulse. For comparison, curve 2 in Fig, 11
shows the absorption spectrum of the same molecule ob-
-tained with the dye laser. It is clear from the figure
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FIG. 11. Photocurrent due to two-step ionization (1) and
absorption (2) as a function of the dye laser wavelength in the

case of NO, molecules.
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that the two-step photoionization signal repeats to with-
in experimental error the absorption spectrum at the
first step.

The method of recording electronic absorption spec-
tra of molecules with the aid of two-~step photoionization
is distinguished by high sensitivity. It will be shownbe-
low that it can, in principle, be used to detect individ-
ual photon-absorption events in the visible and ultra-
violet parts of the spectrum. This will require a suf-
ficiently powerful VUV laser for the second step in order
that the excited molecules can be ionized with probabil-
ity close to unity. However, in our experiments, the
two-step ionization process was found to be accompanied
by one-photon photoionization by the hydrogen-laser ra-
diation of the residual gas in the ionization chamber and
the impurity in the material under investigation. In all
the experiments, the background was about 10000 ions/
pulse per 1 uJ of H, laser energy. A consequence of
this was that the signal-to-noise ratio did not improve
when the VUV laser energy was increased.

5. SENSITIVITY OF SELECTIVE DETECTION OF
MOLECULES BY SELECTIVE STEP PHOTOIONIZATION

We must now estimate the potentialities of the method
of selective step photoionization as a means of detecting
polyatomic molecules with the aid of laser radiation.
We shall consider a simple model of the two-~step pro-~
cess when laser radiation of frequency w; selectively
excites vibrational (or, for some molecules, electronic)
states of the molecule (Fig. 12a).

Owing to excitation, the long-wave edge of the photo-
jonization band of the molecule is shifted toward the red.
In reality, the deformation of the photoionization band
under vibrational (or electronic) excitation has a more
complicated character which depends on the particular
structure of the electronic terms of the molecule, How-
ever, for rough estimates, it is sufficient to assume that
the excitation of the molecule into an intermediate state
is accompanied by a change in the photoionization cross
section o,y by an amount A¢. Having chosen the fre-
quency of the additional laser radiation in the region of
maximum change in the photoionization cross section
(Fig. 12b), we can photoionize the molecules that have
been selectively excited by radiation of frequency wj.
Since the shift of the photoionization limit under vibra-
tional excitation is known to be less than the width of the
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FIG. 12. Molecular levels (a) and photoionization cross sec-
tions of the molecules near the threshold (b).
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edge of the photoionization band, one-step photoioniza-
tion of the unexcited molecules will unavoidably take
place. Moreover, during the absorption of the short-
wave photon 7w,, the photoionization process will com-
pete with the photodissociation process with cross sec-
tion oppg(ws).

The optimum situation for the detection of molecules
is that where laser radiation of frequency w,; excites the
maximum number of molecules. The energy density in
the first laser pulse must then satisfy the condition

& (w,) ?5’.(.:: =A01/20 exc , (2)

where 0., is the cross section for the excitation of the
molecules into the intermediate state, and the length of
the laser pulse is assumed to be less than the relaxation
time of the excited states. The number of molecules
taken up to the excited state under condition (2) is N,
~Noq/2, where N is the number of molecules in the
ground state in the illuminated volume and q is the rela- .
tive fraction of molecules in resonance with the exciting
radiation, For maximum photoion yield, the laser pulse
at frequency w; must have the following energy density:

& (0,) SE o =10/ (O pp; +0p4) - 3)
Each excited molecule will then decay with probability

close to unity along the photoionization and photodisso-
ciation channels.

3

The increase in the number of ions produced by selec-
tive two-step photoionization under the optimum condi-
tions (2) and (3) is given by the following simple expres-
sion:

Ao q Ac ( 4)

AN =Nexe ———— = Ny~ .
excaphi+aphd 2 OphitOpha

The number of ions produced as a result of nonselective
one-step photoionization is

NN, 2 (5)
Ophi +Cphd

The problem in the detection of molecules is to record
a small number of selectively produced ions, AN,
against the background of fluctuations (N{")!/2 in the
large number of nonselective ions N{’. Hence, we have
immediately the following estimate for the minimum
number of detectable molecules:

Tona ) ' (6)

min__ 1 l : ‘ﬂl_ll ophi/ !+
e ﬁ_n(q)(Aa)( Ac ’
where 7 is the efficiency with which the resulting ions
are recorded.

Under the optimum conditions of maximum possible
change in the photoionization cross section of the mole-
cules after excitation (Ao =0,,,), a small contribution of
photodissociation to the breakup of the molecules (Oym
< 0,), and a high ion-detection efficiency (7=1), the
sensitivity of the method corresponds to the detection of
individual molecules in quantum states interacting with
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the exciting laser field, i.e., the limit of sensitivity.
This sensitivity can be achieved in practice in the case
of selective two-step photoionization of atoms for which
the above conditions can easily be satisfied. !*! These
conditions are completely satisfied for molecules in the
case of excitation of a suitable intermediate electronic
state when it is possible to ensure a large shift of the
photoionization band edge and to ensure that Ag=o,y,

R Opnae

However, for selective detection of polyatomic mole-
cules, the maximum interest is in the excitation of mol-
ecules into vibrational states because this type of ex-
citation is much more selective. The diffuseness of
the photoionization band edge in this case ensures that
the condition Ao <oy, is satisfied and, as a rule, pho-
todissociation with o,,4 > a,,; competes with photoion-
ization. This reduces the limiting sensitivity of this
method of detection, but the sensitivity is still better
than that of other ways of detecting polyatomic mole-
cules, "7 A particularly fundamental point is the possi-
bility of combining the method of selective photoioniza-
tion of molecules, which provides information on the
optical spectrum of the molecule, with the mass spec-
trometer which provides information on the mass of the
detected molecule and its photoionization products.

6. CONCLUSIONS

In the vacuum ultraviolet, research efforts have until
recently been concentrated on the solution of the rela-
tively complicated problem of producing working laser
systems. The above series of experiments on one- and
two-step laser photoionization of molecules demonstrates
the practical value of the VUV laser (in the present case,
the H, laser) in physics experiments, and its importance
in the development of new methods of investigation.

The use of the medium under investigation in the
gaseous phase at relatively high pressure (about 1 Torr),
and of ordinary ionization chambers, in these experi-
ments was justified largely by simplicity. However,
this type of experiment is subject to many characteris-
tic difficulties. The main difficulty in the two-step pho-
toionization experiments is the “background” one-pho-
ton ionization of the residual gas in the ionization cham-
ber, or of the impurity in the medium under investiga-
tion, by the VUV laser radiation. This undesirable phe-
nomenon is frequently eliminated by using a mass-spec-
trometric technique for ion detection. The accompany-
ing reduction in the sensitivity of the method due to the
substantial reduction in the pressure of the gas under
investigation, is compensated by the fact that it is then
possible to use secondary-electron multipliers capable
of recording individual ions. From the point of view of
developing a laser detector of complex molecules, there
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is particular interest in using molecular beams, since
this is capable of producing a considerable improvement
in the selectivity of the above photoionization method.
The first experiments on one-step photoionization of
molecules in the beam of a mass spectrometer have
demonstrated the effectiveness of using VUV lasers for
this purpose. 297 The next development should be to
achieve two-step photoionization of molecules through an
intermediate vibrational state in the beam of a mass
spectrometer.
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