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Laser induced impedance changes in hollow cathode lamps containing sputtered metal atoms have been employed 
to measure the spectroscopic properties of metal. This technique, known as optogalvanic spectroscopy, has been shown 
to be a powerful and inexpensive technique for the investigation of atomic and molecular species. Characteristic 
optogalvanic signals from hollow chthode lamps (HCL) made of different metal species and induced with a pulsed 
dye laser were observed, and the dependence of the optogalvanic signal on the discharge current and wavelength 
of laser was measured. Based on the results obtained, the mechanisms involved in evoking the optogalvanic signals 
were consisted of single-photon absorption, multi-photon absorption, and photoionization. Moreover the current depen
dence of the optogalvanic signal indicates that the optogalvanic technique could be one of the most sensitive optical 
methods of detecting atomic species.

Introduction

It is well known that the electric properties of a glow 
discharge change when it is illuminated with radiation that 
is resonant to the transitions of atoms contained in the dis
charge. This perturbation which is called the optogalvanic 
effect (OGE) is observed as changes in the electric conduc
tivity of the discharge. The main advantage of applying OGE 
as an analytical tool comes from its simplicity and ease of 
use. The changes due to OGE can be converted readily into 
measurable electrical signal, thus, no other complicated opt
ics are required.

The OG effect was first observed by Penning.1,2 Others 

reported the same effect in different discharges,3,4 but the 
practical application of the OGE began with the introduction 
of the laser. This effect in relation to the laser was first 
discovered in a gas discharge laser. When a gas discharge 
laser was operated, changes were observed in the discharge 
current as the laser came over the threshold.5-9 The actual 
development of the OGE as a useful spectroscopic tool start
ed with the work of Green et al. who used a tunable dye 
laser and obtained highly sensitive spectra of the species 
present in the discharge.10 They have shown how this techni
que could be studied with commercial hollow cathode lamps. 
Zalewski et al. also used commercial hollow cathode lamps.11 
Wide-ranging applications of the OGE followed, such as the 
detection of low concentrations or trace element analysis, 
isotopic analysis of lanthanides, OG spectroscopy with a pulse
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I H.V.

Figure 1. Schematic diagram of the experimental layout for the 
pulsed optogalvanic spectroscopy. Rb is 5 kD and H. V. is about 
400 volts.

laser, and applications to laser calibration and laser stabiliza
tion.12,13

It is interesting to find the possibilities of applying the 
OG spectroscopy to element analysis. As a first step, OG 
signals with commercial hollow cathode lamps were studied. 
Previous investigators have noted the following. The best 
achievable signal with commercial hollow cathode lamps and 
a c.w. laser was tens of millivolts in the most sensitive cases. 
However, adopting a pulse laser, the voltage changes across 
the discharge was tens of volts, which had never been known 
to other methods involving optical detection.12

This study reports the OGE with commercial hollow ca
thode lamps and several types of pulsed lasers. The charac
teristic shape of each OG signal with a tuned laser, and 
the wavelength scan around the absorption maxima of a sput
tered metal were studied. We were able to elucidate some 
part of the whole process responsible for evoking impedance 
changes in discharges from the dependence of OG signals 
on discharge current and laser intensity. Analytical aspects 
of applying the OGE for sensitive detection of metal atoms 
are also discussed.

Experimental Section

The set-up employed to measure impedance changes is 
described in Figure 1. Several commercially available hollow 
cathode lamps (Hamamatsu T.V. Co., Japan) were used as 
the discharge cell. Every lamp used in this study contained 
approximately 5 torr of Ne to sustain the discharge. These 
lamps were operated at constant currents from 3 to 20 mA.

Figure 1 shows the circuit for detecting impedance chan
ges contained a ballast resistor (5 k£l) in series with the 
discharge cell. This resistor maintains the discharge current 
nearly constant. A wire-wound resistor was used to reduce 
noise.

Three laser systems were adopted depending on the pur
pose of the experiment. Commarine 480 (Exciton, OH, USA) 
dye was u옹ed for the shorter wavelength region (460-500 
nm) and rhodamine 590 (Excition) was used for the longer 
wavelength region (550-580 nm). PDL-2 (Spectra Physics, CA) 
and PDL-11 (Spectra Physics, CA) Nd: YAG lasers and a 
Questek model 2440 (Questek, MD) excimer laser with XeCl 
gas were used as pump lasers. Each laser had distinct cha
racteristics of intensity and pulse width. DCR-2 (Spectra Phy
sics), DCR-3 (Spectra Physics) and FL 3002 (Lambda Physik, 
Germany) dye lasers were used in combination with these

Figure 2. Optical alignment of the experimental apparatus.
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Figure 3. Shape of OG signals from different elements, (a) Ti; 
564.414 nm and (b) Ba; 577.700 nm. The discharge current was 
5 mA for (a) and 10 mA for (b).

respective pump lasers.
The optical configuration of the measurement is shown 

in Figure 2. The laser beam is aligned axially to the center 
of the hollow cathode, and is focused with a convex lens 
in order to have the focal point located inside the hollow 
cathode.

The OG signal is monitored and averaged with a Nicolet 
4096C (Nicolet, WI) digital oscilloscope. A high pass filter 
at the input stage is used to eliminate the large d.c. back
ground signal. The RC time constant of the filter is long 
(20 卩s) enough to prevent any significant distortion of the 
short-lived signals.

A d.c. power supply was built in the laboratory using an 
MC1466L (Motorola, AZ) regulator and used in a constant 
current mode.

Results and Discussion

Shapes of OG signals. Figure 3 shows a typical shape
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Wavelength (nm)
Figure 4. OG spectrum of Ti around 564 nm. The discharge 
current was 5 mA.

of the time dependence of OG signal. All the OG signals 
from different metals had similar patterns consisting of a 
positive peak after a short negative swing. Those two parts 
of the signal might be explained as Allows. Considering IR 
drop at the ballast resistor, a negative signal corresponds 
to an increase in voltage across the resistor caused by an 
increase in current. The initial negative peak is therefore 
due to an increase in current caused by sudden increase 
in electrons produced by the laser pulse. These extra elec
trons are produced when the laser excited an analyte atom 
that is just about to collide with a metastable atom. The 
collision causes the excited atom to ionize. Any extra elec
trons and ions quickly disappear as they are collected by 
the electrodes or recombine at the walls of the cell. The 
negative signal is therefore of short duration. The collision 
also causes the metastable atom to become a ground state 
neutral atom thereby reducing the metastable atom popula
tion. It takes a relatively long time for the decreased popula
tion of metastable atoms to return to its higher equilibrium 
valus. Until the metastable atoms are replenished by electron 
collisions, the conductance of the plasma decreases because 
collisions with metastables help to produce the ions and elec
trons needed to maintain the discharge at its equilibrium 
current. This decrease in conductance causes the relatively 
long positive part of the OG signal.

The positive part of the OGE signal in Figure 3(b) is short
er than in Figure 3(a) because the d.c current for Figure 
3(b) is higher than for Figure 3(a). Higher plasma currents 
produce higher electron collision rates so that the depleted 
metastable population r아urns to equilibrium more quickly, 
causing a shorter positive OGE peak. The positive peak was 
taken as the OG signal in this work.

The duration of each OG signal is obviously different. This 
is due to the fact that the signal width depends on the mobi
lity of positive ions involved and the properties of laser pulse 
such as pulse width, intensity, and the bandwidth of frequen
cy. The pulse widths used in this study were 5 ns (Nd: 
YAG pumped dye laser) and 25 ns (XeCI excimer laser pum
ped dye laser). The OG signal of Ti was obtained with excim
er laser and that of Ba was measured with Nd: YAG laser. 
The pulse width certainly effected the shape of the signal. 
However, it was clear from our results that pulse width influ
enced little to the height of OG signal

Wavelength Dependence. The wavelength scan near
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Figure 5. Effect of the pulse energy on the OG signal with 
titanium. The discharge current was 5 mA.
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Figure 6. OG signal of Ti vs. pulse energy at different discharge 
current, (a) 3.8 mA, (b) 6.8 mA, (c) 12.4 mA, (d) 17.2 mA, and 
(e) 20.1 mA.

the absorption maxima is shown in Figure 4 for a Ti lamp. 
Three narrow peaks near 564 nm were observed above a 
broad background, and this point will be discussed in uPow- 
der broadening”. The wavelength scan suggested the prese
nce of other transitions of the Ti atom (564.4 nm, 564.8 nm) 
and of Ne (565.3 nm).

Energy Dependence. Figure 5 illustrates the energy 
dependence of OG signal of the Ti 564.414-nm transition 
at a fixed discharge current using the Nd: YAG laser. The 
discharge current was 5 mA as recommended for routine 
operation for atomic absorption by the manufacturer. All 
available levels of pulse energies of the Nd: YAG laser were 
utilized. Clearly the OG signals depend linearly on the pulse 
energy. Therefore a single photon transition seems to predo
minate in evoking the OG effect under these experimental 
conditions.

Current Dependence. Other OG signal오 from the 564. 
414-nm transition of Ti are presented in Figure 6. Those 
data were obtained over wider range of discharge current 
from 3.0 to 20 mA and for laser pulse energies up to 3.4 
mJ. The trends of the OG signals changes depending upon 
the ranges of laser pulse energies. The OG signal tends to 
saturate at lower laser energies when the lamp current is 
low. This may be caused by the metastable population becom
ing almost totally depleted by collisions with laser excited 
atoms during the first part of the OG signal. Higher plasma 
currents produce more metastables so that saturation (total 
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depletion) requires higher laser energies as shown in Figure
6. At an extremely high current of 20 mA, a plateau region 
of signal with increasing the laser energy was observed. The 
OG signal increased again after the plateau region as the 
irradiation energy became higher. This is, perhaps, due to 
photoionization by a second photon. In fact, two processes 
compete for ionization, i.e„ collision induced ionization and 
photoionization. The collision induced ionization is found to 
be proportional to the number of collisions, the number of 
excited atoms, and the states that excited atoms occupy.14 
It is more efficient that the highly excited atoms transfer 
the internal energy to other atoms than the atoms in lower 
states. In a high discharge current, the discharge contains 
a large number of excited neons. The collision number in
creases according to the discharge current. So the transition 
by the collision becomes important in higher current value. 
Consequently, the number of ions generated by the collision 
induced ionization should be increased. Therefore OG signal 
is also increasing.

The photoionization is much faster than the collision in
duced ionization.14 The excited states of analyte atoms are 
perturbed by the collision and the atoms are allowed to ab
sorb another photon. Photoionization occurs via those proce
sses. So the results exhibits the second increase of OG sig
nal. The collision induced transition also participates in the 
photoionization. This is why the photoionization is observed 
only at high current values.

Power Broadening. The frequency bandwidth of the 
laser output becomes wider as the power increases, which 
is called laser power broadening. The broadening depends 
on the first power of laser intensity?4,15 Consequently the 
power broadening causes unintended transitions, which are 
absorptions by discharge gas and by ions produced in the 
discharge. Ions ejected from the laser induced ionization can 
also absorb the broadened irradiation. Furthermore, single
photon or multiphoton processes could induce the transition. 
Intense transitions of Ne I, and Ne II exist widely in the 
visible region. Comparing the concentration of Ne to that 
of the sputtered analyte metal atoms in the discharges, the 
impedance changes caused by Ne are large enough to disturb 
the OGE seriously. Moreover, power broadening encourage 
those types of transitions. As a result, the background OG 
signal increased as the intensity of the laser increased. So 
it was necessary to consider the background signal to have 
more meaningful signals.

Two-Photon Process. A two-photon process has so 
small of an absorption cross section that the concentration 
of the absorbent is much more responsible for producing 
a detectable signal. Generally, a two-photon process occurs 
easily in species with dense energy levels such as organic 
molecules and heavy metals, in transitions between highy- 
excited states, and in an environment where intermolecular 
vibrational-coupling takes place easily.16 In other words, the 
processes are observable at relatively high partial gas pres
sures. Therefore a two-photon OG signal is largely due to 
species that have a high concentration in the discharge. Mo
reover, a two-photon process is predominant with a high 
intensity pulse laser because the transition probability de
pends on the second power of laser intensity. Since the hollow 
cathode lamps used in this investigation were filled with 
about 5 torr of Ne, the number of collisions is about in the
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Figure 7. Current dependence of emission intensity of Fe hol
low cathode lamp (人= 372.0 nm).

order of 108 per second, which is quite sufficient for inter- 
molecular energy transfer. Therefore the experimental data 
in Figure 6 must have some contribution from the two-pho
ton process.

Photoelectric effect. The photoelectric effect was un
avoidable with the hollow cathode lamps we employed be
cause of their geometric configuration. It is inevitable to 
cause the direct exposure of the cathode surface to the laser 
in our optical alignment since the focused beam was placed 
axially down the center of the hollow cathode. The ejected 
electrons move toward the anode, collide with the species 
present in the discharge, and eventually affect the discharge. 
The impedance change by photoelectrons, therefore, could 
contribute to the OG signal. The Ne ions also participate 
in collision-induced ionization in the OGE, but a different 
mechanism must be followed when the photoelectron is eject
ed into the plasma. It is very difficult to quantify the effect 
of photoelectron because the detailed local structure of the 
cathode surface as well as its physical properties should be 
considered.

Considering all the troubles that may be induced by pho- 
toelectrons, it seems better to make the cathode in a pipe 
shape and to place it in the middle of lamp tube instead 
of using commercial ones so that the cathode surface is not 
directly exposed to laser light.

Analytical Aspects. Figure 7 shows the emission inten
sity of hollow cathode lamps measured with a photomultipli
er tube. The emission intensity at different discharge current 
implies the presence of self absorption. This is, for example, 
one of the problems associated with the emission spectros
copy in element analysis. On the contrary, as shown in Fi
gure 5, the OGE data reveals a linear dependency on the 
certain range of laser power at a given concentration of 
atoms in the plasma. Since the concentration of sputtered 
atoms is dependent on the discharge power and the OG 
signal reflects only the electrical variations in the discharge, 
the OG effect must not be affected by self absorption which 
weakens the emission intensity and perturbs the linearity 
between the concentration and the net analyte signal. Very 
sensitive signals is obtained with such a simple electronic 
device for OG spectroscopy, which are responsible for the 
presence of electrons and ions produced by light energy from 
neutral atom. Lock-in amplifier or 2-channel box car integra
tor measurements could be employed with chopped dye laser 
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for the OGE measurement to get even better quality signals.17

Conclusions

We have studied laser induced impedance changes obtain
ed with a Ti hollow cathode lamps. We were able to acquire 
big OG signals from Ti lines with high intensity pulsed la
sers. In addition to narrow peaks, the spectral profile showed 
a broad background and additional lines that may have been 
caused by such things as two-photon transitions by discharge 
gas and atoms, a photoelectric effect from the cathode sur
face, photoionization, a wide spectral laser bandwidth, and 
laser power broadening of the atomic transitions. The devel
opment of optogalvanic spectroscopy as a potential analytical 
technique requires that these problems be solved.
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The photoacid generation efficiency of four N-hydroxyphthalimide sulfonate derivatives was studied by photo-crosslin
king reaction of poly (glycidyl methacrylate) in solid film state. The relative photoacid generation efficiency was increa
sed in the order of N-hydroxyphthalimide methanesulfonate> -toluenesulfonate > -nitrobenzenesulfonate > -dinitrobenze- 
nsulfonate, and the reaction was efficiently sensitized by benzophenone suggesting that this photoreactions is likely 
to proceed through its triplet excited state.

Introduction

Photoinitators play an essential role in the light induced 
polymerization process. They are widely used for photocur- 
able coatings, UV inks, paints, printing plates, and adhesives.1 
Photoinitiators can be classified into two types on the basis 
of the reaction mechanisms i.e., free radical and cationic pho
toinitiators. Most of the technically applied photochemical 

processes are based on free radical photoreactions at present. 
The cationic photoinitiators, however, have several advanta
ges over radical photoinitiators such as no oxygen inhibition, 
induction of ring opening polymerization, and no volume con
traction during polymerization and it appears that in addition 
to free radical also cationic photoinitiators will be increasing
ly applied in the future.2 5

Crivello et a/.,6-9 have discovered that onium salts are effi-


