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The Stark splitting of the second excited level of atomic hydrogen �with principal quantum number n=3� has
been measured by pulsed laser spectroscopy in order to determine small electric fields by optical means.
Doppler-free excitation with two counterpropagating laser beams at 205 nm allows us to measure the n=3
Stark spectra either by an optogalvanic signal after ionization by a third laser photon or by detection of the
Balmer-� fluorescence photons emitted by the excited atoms. Three different cases of laser polarization have
been investigated in order to evaluate the possibilities and limitations of this one-step laser excitation method
for electric field determination, especially at field strengths below 200 V/cm. The method provides the best
field sensitivity achieved with lower excited levels that can be reached directly by two-photon absorption from
the ground state �in contrast to the more sensitive Rydberg levels�. For this purpose, an advanced tunable
pulsed uv laser with narrow bandwidth almost at the Fourier limit has been used. The high spectral resolution
allowed us to deduce electric field strengths as small as 50 V/cm from the frequency shift between two
selected isolated Stark components. As a main advantage, this simple analysis of the measured spectra does not
rely on knowledge of the line intensities which may be strongly affected by the measuring conditions.
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I. INTRODUCTION

One of the major requirements of gas discharge diagnos-
tics is the determination of electric field strength distribu-
tions, which are often the key to understanding and control-
ling the plasma behavior. As the driving force accelerating
the charged particles, the electric field is closely connected to
other parameters such as charge density, energy distribution,
flux of ions and electrons, and surface conditions. Therefore
a knowledge of the field distribution is of particular interest
for glow discharges, plasma switches, flames, and edge re-
gions of high-temperature fusion plasmas, and also for opti-
mizing the processing parameters of technological low-
temperature plasmas.

Many techniques have been developed for electric field
measurement, but nonintrusive optical spectroscopic meth-
ods provide the best sensitivity. In particular, pulsed laser
spectroscopy allows for measurements with spatial and tem-
poral resolutions of a few micrometers and nanoseconds, re-
spectively. The electric field is optically determined from the
changes in the structure of atomic or molecular spectra in-
troduced by the Stark effect �1�. With laser photons, mea-
sured species are usually excited to a selected field-sensitive
Rydberg state from the ground state or from a long-living
metastable state. As their Stark effect is easy to calculate,
helium atoms are often applied as field-sensitive “specta-
tors,” using, for example, the n=11 Rydberg state and opto-
galvanic detection �2,3�. Higher states are observed for better
field sensitivity �4,5�. The spatial resolution is improved with
laser-induced fluorescence detection �6–10�. Another method
based on the change of polarization of fluorescent light in
helium has been proposed for the edge region of a tokamak
plasma �11,12�. Measurements are also performed with Ar

atoms using calculated �13,14� or calibrated field dependence
�15–17�. Heteronuclear diatomic molecules such as BCl
�18,19�, NaK �20–23�, or BH �24� have also been used.

The hydrogen atom is probably the most prominent can-
didate as an optical probe for electric field detection: Its ex-
cited levels are highly sensitive to electric fields, the theory
of its Stark splitting has been well known for a long time
��25� and references therein�, and it is present anyway in
many plasmas of industrial interest. Several different mea-
surement techniques have been developed for atomic hydro-
gen. For instance, Doppler-free laser polarization spectros-
copy �26� was demonstrated by observing the Stark splitting
of the hydrogen Balmer-� line. The Stark structure of the
Lyman-� transition �27� was studied with a pulsed laser sys-
tem. With �2+1�-photon excitation �28� the Stark spectra of
the n=6 level were measured by observation of indirectly
induced Balmer-� fluorescence. An even more sensitive
method �29–31� first uses Doppler-free two-photon excita-
tion to the n=3 level, and then observes the decrease of the
Balmer-� fluorescence by depopulating this level with an
additional infrared laser tuned across high-lying Rydberg
states. Two other methods have recently been presented, the
first one using two-photon polarization spectroscopy of the
Stark-split n=2 level of deuterium �32� and the second one
observing two-step-resonant excited Stark spectra of the n
=8 level of hydrogen �24�.

The measurement scheme used here, with two 205 nm
laser photons exciting hydrogen from its ground level to the
n=3 level and observation of the induced Balmer-� emission
�Fig. 1�, gives the largest number of fluorescence photons per
incident laser photon in comparison with other schemes �33�.
This scheme was previously applied for various measure-
ments mostly determining atomic number densities in differ-
ent plasma sources and flames �34–43�. In Ref. �44� the
scheme was also applied for electric field measurements. The
authors used laser beams linearly polarized parallel to the*Electronic address: Andreas.Steiger@PTB.de
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external electric field for their measurements, but expected
better sensitivity with laser beams polarized perpendicular to
the field.

In this paper, we present a detailed investigation of this
approach which provides an easily applicable method for
detecting local electric field strengths. In particular, we de-
termined a single field-sensitive parameter of the two-photon
absorption spectrum and studied its dependence on the laser
polarization by experiment. In addition to linear polariza-
tions parallel and perpendicular to the electric field, we also
employed circular polarization of both beams, which yields a
two-photon Stark spectrum independent of the field direc-
tion. For the detection of two-photon absorption, two concur-
rent subsequent processes depopulating the excited n=3
level were used �Fig. 1�: ionization by a third laser photon
and radiative decay to the n=2 level, i.e., Balmer-� fluores-
cence �34,39,43,45�. The current pulse of charged particles
produced by the laser pulse is measured by an optogalvanic
�OG� detection scheme simultaneously with the laser-
induced fluorescence �LIF� signal. Another minor concurrent
process is stimulated emission �39,45� sporadically seen by
eye in this experiment.

The narrowband pulsed radiation at 205 nm for two-
photon excitation was produced by a special solid-state laser
system developed in our laboratory �46�. The idea was to use
advantages of this precisely tunable system with nanosecond
pulse duration and nearly Fourier-limited bandwidth in this
experiment in order to yield directly the Stark-split spectra.
At the cost of a small loss in sensitivity, the simple measur-
ing scheme avoids any extra excitation with an additional
laser and the complexity of the Rydberg spectra �29� as well.

II. THEORETICAL BACKGROUND OF THE
MEASURING METHOD

In general, the higher excited atomic levels are more sen-
sitive to external electric fields than the lower levels. For the
hydrogen atom, the Stark splitting scales approximately with

the square of the principal quantum number n. Therefore the
observation of highly excited �Rydberg� levels seems to be
most suitable for the determination of electric field strengths.
However, the excitation of these levels from the hydrogen
ground state is experimentally rather demanding: Even two-
photon laser excitation gives direct access only to n=2 and 3.
Higher levels would require laser wavelengths below
200 nm in the vacuum ultraviolet spectral range, where tun-
able laser radiation cannot be generated with good perfor-
mance. Because of this, the higher levels are usually excited
via n=2 or 3 with an additional second laser �28,29�. This
increases the complexity of the experimental setup signifi-
cantly. In addition, the Stark spectra of highly excited levels
consist of many components, and since single components
are seldom resolved, whole spectra have to be compared with
theoretical results in order to obtain electric field values.

These disadvantages are avoided if the electric field is
determined from the Stark splitting of the n=2 or 3 level. Of
these, the n=3 level is more difficult to excite, but provides
the better field sensitivity and the favorable possibility of
laser-induced-fluorescence detection in the visible spectral
range �Fig. 1�. Doppler-free spectra exhibit clearly resolved
Stark components and offer the opportunity of choosing an
individual pair of components the frequency splitting of
which is field sensitive. Such a frequency difference can be
measured precisely and allows for electric field determina-
tion by direct comparison with theory.

The properties of the Stark spectra of the n=3 level rel-
evant for the desired application are briefly summarized here.
The corresponding calculations took into account the hyper-
fine splitting of the ground level, but neglected the small
hyperfine splitting of the excited n=3 level. With this sim-
plification, all spectral line components have the same dou-
blet structure: a weak hyperfine component on the high-
frequency side of each strong component with a 1:3 intensity
ratio, the frequency shift being the hyperfine splitting of the
ground level, namely, 710 MHz at the laser wavelength of
205 nm. This is consistent with the measured spectra �see
Sec. IV�. Because the splitting is the same for all Stark com-
ponents, the hyperfine components are not shown separately
in Fig. 2 for the sake of greater clarity.

The Stark splitting is illustrated in Fig. 2 for the electric
field interval of interest. In addition to the Stark-split energy
eigenvalues �Fig. 2�a��, the effect of the mixing of the n=3
states on the two-photon absorption rate �or “relative prob-
ability” of two-photon absorption� from the ground state is
also shown. This probability depends on the polarization of
the laser beams used for excitation. Results are shown for the
three cases of laser polarization investigated in this work:
linear polarization either perpendicular �s polarization� or
parallel �p polarization� to the electric field, and circular po-
larization exciting the �m=0 transitions. The results are
shown in Figs. 2�b�, 2�c�, and 2�d�, respectively. For zero
electric field, only transitions to 3S and 3D states are allowed
by the two-photon-absorption selection rule �l=0 or 2. Due
to the mixing of unperturbed states with increasing electric
field, the Stark component corresponding to the transition to
the states evolving from the original 3P1/2 states �denoted as
the “3P1/2 component” for brevity, and similarly for other
components� appears and increases at the expense of the

FIG. 1. Energy levels of atomic hydrogen and the transition
schemes important for the measuring method.
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3S1/2 component. Because of the fine-structure splitting these
two components are clearly separated from the other ones,
and their frequency separation, increasing from the Lamb
shift at zero electric field, is suitable for electric field deter-

mination. This applies to circular and s polarization, Figs.
2�b� and 2�c�. The Stark components of the other n=3 fine-
structure levels originating from 3D5/2, 3D3/2, and the �zero-
field-forbidden� 3P3/2 are close together in frequency, Fig.
2�a�. Since almost all components of this manifold have sig-
nificant intensities in the electric field range of interest, Figs.
2�b� and 2�c�, they cannot be easily separated.

In the case of linear p polarization, Fig. 2�d�, the situation
is completely different. The originally forbidden 3P1/2 com-
ponent remains very weak in the whole electric field range of
interest. On the other hand, only two of all the 3D5/2, 3D3/2,
and 3P3/2 components are significant, namely, 3D5/2,1/2 and
3D3/2,1/2. The first one decreases and the second one in-
creases with increasing electric field. Their frequency sepa-
ration, Fig. 2�a�, increases with the field strength from the
fine-structure value at zero electric field and can be used as a
field measure.

The Stark components selected for the measurement of
electric field strengths are emphasized with solid lines in Fig.
2. Their calculated frequency splitting values are used for
comparison with the experimental results.

III. EXPERIMENT

A. Laser system

The main principles of tunable pulsed solid-state lasers
based on a special concept of efficient frequency conversion
into the ultraviolet spectral range are described in Ref. �47�.
The laser system generating 205 nm radiation �Fig. 3� was
developed in our laboratory. Some improvements of the first
setup �46,48� had to be implemented to obtain the high per-
formance necessary for precise, high-resolution two-photon
spectroscopy. As the laser is the key element for our measur-
ing method, it is briefly described.

Tunable pulsed radiation is generated by frequency split-
ting of the second harmonic of a Q-switched, injection-
seeded neodymium-doped yttrium aluminum garnet
�Nd:YAG� laser in a pulsed optical parametric oscillator
�OPO�. The wavelengths of signal and idler photons are de-
fined by the phase-matching condition of the parametric pro-
cess. Because of its favorable nonlinear properties, angle-
tuned potassium titanyl phosphate �KTP� was chosen as the
OPO crystal. The short OPO resonator for the signal radia-
tion consists of the KTP crystal placed between two plane
mirrors highly reflective for the signal radiation. Single-
longitudinal-mode pulsed operation is achieved by injection
seeding with an external-cavity cw diode laser operated at
the signal wavelength. The special feature of the OPO is its
frequency tuning performed by changing the cavity length in
a controlled way. One resonator mirror is mounted on a
translation stage with frictionless flexure guidance at a con-
trolled distance variable with nanometer precision by capaci-
tive sensors. In contrast to other approaches the diode laser is
frequency locked to the cavity length. In that way, good lin-
earity of the frequency tuning is provided by changing the
position of the mirror. The OPO generates nearly 1 mJ pulse
energy in 5.5 ns at 820 nm, continuously tunable over a
range of 50 GHz.

FIG. 2. �Color online� Calculated Stark splitting of the n=3
level of hydrogen as a function of the electric field. �a� Energy
levels are presented as offset of the laser frequency from the unper-
turbed 3P1/2 component. Individual Stark components are labeled
by the absolute value �mj� of the projection of the total angular
momentum to the field direction. �b�, �c�, and �d� Relative probabil-
ity of all Stark components for the different cases of laser polariza-
tions. The components selected for field determination are empha-
sized with solid lines.
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The OPO pulse is amplified in two Ti:sapphire crystals
pumped by the major part of the second harmonic of the
Nd:YAG laser. In the improved setup, six-pass amplification
in the first crystal is followed by two-pass amplification in
the second crystal.

The amplified 820 nm radiation with up to 60 mJ pulse
energy is converted into its fourth harmonic by stepwise
sum-frequency generation via the second, third, and fourth
harmonics using three Beta-barium borate �BBO� crystals.
This is about ten times more efficient than frequency dou-
bling of the second harmonic, because phase matching of the
latter process would require a BBO crystal with an unfavor-
able cutting angle of nearly 90°. With the stepwise sum-
frequency generation, 5 mJ pulse energy in less than 4 ns
with a spectral bandwidth of about 300 MHz are achieved at
205 nm. In addition to the high pulse energy and the narrow
bandwidth, the modified system provides good pulse-to-
pulse reproducibility and scan linearity, which are important
for precise Doppler-free two-photon laser spectroscopy.

A moderate pulse energy of 1.5 mJ is used in the experi-
ment. The 205 nm laser beam is divided by a beam splitter,
and the two beams are directed to counterpropagate into the
measuring cell. Both beams are focused with 1 m lenses, and
the measurement volume is 20 cm before the foci of the
beams. In the center of the measurement volume, the beam
diameters are about 1 mm, resulting in a laser irradiance of
about 50 MW/cm2, which is sufficient for the Doppler-free
excitation of hydrogen atoms, but does not cause significant
power broadening or dominant photoionization.

B. Hydrogen cell

The measurements were performed in a small vacuum cell
filled with hydrogen gas at a pressure of about 300 Pa. The
design of the cell is shown in Fig. 4. Hydrogen molecules are
thermally dissociated by a tungsten filament 1.5 mm in di-
ameter, heated by a dc current of about 90 A. The hot wire is
connected to a dc voltage defining the electric field together
with another grounded wire mounted in parallel at a distance
of about 8 mm. In the case of optogalvanic detection, the
grounded wire also serves as pickup electrode for the hydro-
gen ions produced by the laser pulse directly after resonant

two-photon excitation of the atoms. The exactly counter-
propagating laser beams are aligned parallel to both wires in
their midplane, where the electric field strength is constant
due to the symmetry of the arrangement.

The quartz windows of both end caps of the cell are
mounted at the Brewster angle for linearly polarized laser
beams �Fig. 4�. In the case of circular polarization, the end
caps are replaced by quartz windows nearly normal to the
beams. On the side of the cell, a window allows to observe
the laser-induced fluorescence signal perpendicular to the la-
ser beams. In order to reduce the stray light from the hot
filament, a slit aperture is mounted inside the cell at the
height of the laser beams.

C. Measurement procedure

Absorption of two counterpropagating 205 nm photons
results in Doppler-free excitation of ground-state hydrogen
atoms to the n=3 level. Some of the excited atoms emit
Balmer-� radiation at 656.3 nm �n=3 to n=2 transition�
with a high branching ratio. A lens collects this laser-induced

FIG. 3. Scheme of the laser system at 205 nm and the experimental setup. Simultaneous detection of the LIF and OG signals and the laser
pulse energy is denoted. PM denotes the photomultiplier, Ti:Sa a Ti:sapphire laser, and SHG, THG, and FHG second-, third-, and fourth-
harmonic generation.

FIG. 4. Schematic sectional drawing of the low-pressure hydro-
gen cell made of an aluminum housing �light gray� covered with
water-cooled brass flanges �dark gray�. The electric field between
the hot filament �top� and the pickup wire �bottom� is established by
applying a variable dc voltage U of up to 300 V through a 16 k�
load resistor. The fluorescence signal is observed through a window
on the back side of the cell �dashed rectangle�. The optogalvanic
signal is produced by the ion current to the pickup wire as it flows
to the ground level through the resistor R.
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fluorescence radiation into a parallel beam, which passes
through two subsequent interference filters ��=656 nm, ��
=10 and 5 nm� and is refocused by a second lens to a spatial
slit filter improving the spatial resolution of electric field
measurements �Fig. 3�. The narrow slit width is aligned to
image the center of the laser beams, and the slit length limits
the optical detection volume to a region of homogeneous
field strength inside the cell. Behind the filter, the diverging
light illuminates the photocathode of a photomultiplier opti-
mized for linearity in pulsed operation.

Another part of the excited hydrogen atoms is ionized by
absorption of a third laser photon, a nonlinear process en-
hanced by the two-photon resonance. The charged particles
resulting from this are separated by the electric field. The
ions are collected by the pickup wire. The resulting charge
pulse is amplified and measured as optogalvanic signal.

Both signals �from the photomultiplier and the OG ampli-
fier� and the laser pulse energy at 205 nm �measured by a
photodiode� are sampled and recorded by a computer at the
10 Hz repetition rate of the laser. Each data point represents
the recordings of a single laser pulse while tuning the laser
frequency. The final spectrum is obtained as the mean value
of a forward and a backward scan of the laser.

OG and LIF measurements were performed simulta-
neously for the three different cases of laser polarization ap-
plied. The laser polarization was varied by introducing half-
wave or quarter-wave plates in the counterpropagating laser
beams.

IV. RESULTS AND DISCUSSION

Results of the measurements are shown in Figs. 5 and 6.
In Fig. 5, examples of the measured spectra are presented for
the three cases of laser polarization and three different elec-
tric field values. Both of the spectra obtained by fluorescence
�LIF� and optogalvanic detection are shown. The OG signal
detection requires a certain minimum electric field for
charged particles to be collected by the pickup wire. LIF
measurements are possible also for zero fields.

In the case of very weak fields, the spectra consist of 3S
and 3D components only. The weak component on the low-
frequency side corresponds to the 3S1/2 and the stronger
components correspond to the 3D3/2 and 3D5/2 fine-structure
sublevels of the n=3 level. The hyperfine structure, largely
due to the hyperfine splitting of the 1S ground level, intro-
duces an additional weak component on the high-frequency
side of each component. Only five components show up in
the spectra because the weak hyperfine component of 3D3/2
is hidden under the strong 3D5/2 component. With zero elec-
tric field, the spectra should be identical for p and s polar-
ization. The small difference of OG spectra in very weak
electric fields is attributed to slightly different measuring
conditions and the fact that ions produced in such weak
fields are only partly collected. The 3S1/2 component is much
stronger for �m=0 circular polarization, as expected. In the
OG spectrum, the 3S1/2 component is always stronger than in
the LIF spectrum �with the 3D components normalized to the

FIG. 5. �Color online� Measured spectra of the two-photon excited n=3 level of hydrogen for different electric field strengths and three
different laser polarizations. Dots indicate the OG signal and open circles the LIF signal. The frequency scale is in GHz at the 205 nm
wavelength of the laser. The two selected components for field determination are indicated by arrows.
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same intensity�. This is due to the different transition prob-
abilities for the LIF and OG processes taking place after
two-photon absorption. For the LIF signal �Balmer-� emis-
sion�, the radiative transition probability from 3S to 2P is ten
times smaller than the transition probability from 3D to 2P
�34�. In contrast, ionization by a third laser photon leading to
the OG signal has practically the same probability for all
sublevels.

Comparing OG and LIF detection, we point out that OG
detection has higher sensitivity �signal-to-noise ratio�. On the
other hand, LIF detection perpendicular to the laser beams
provides better spatial resolution: While the OG signal is
averaged along the whole overlap region of the two laser
beams or the region from where charged particles can reach
the pickup wire, LIF is detected only from the restricted area
defined by the spatial filter in the fluorescence detection
channel. The line widths were not found to be significantly
broader in the OG spectra than in the LIF spectra, in accor-
dance with a similar comparison �9�.

The measured spectra were found to be consistent with
the theoretical predictions. For circular and s polarization,
the originally forbidden 3P1/2 component appears on the
low-frequency side of the 3S1/2 component, its shift and in-
tensity increasing with the electric field. These two compo-
nents stay separated from the 3D3/2, 3D5/2, and 3P3/2 com-
ponents which are unresolved in the fields of interest. The
frequency shift between the 3P1/2 and 3S1/2 line components
is compared with calculated results for the electric field de-
termination �Fig. 6�. The lower field detection limit of about
50 V/cm is reached when the 3P1/2 component is just dis-
tinguishable from the 3S1/2 component; hence the laser band-
width plays a key role.

As predicted in the case of p polarization, the 3P1/2 com-
ponent does not appear in the spectrum. Also the 3D3/2,
3D5/2, and 3P3/2 manifold is reduced to only two clearly
resolved Stark components with their well-known hyperfine
structure. For p polarization and electric fields of about
200 V/cm, we can even resolve the weak hyperfine compo-
nent between the two observed strong components �Fig. 5�.
The frequency shift between the 3D3/2 and 3D5/2 components
is a suitable measure for the electric field strength. Although
both components remain allowed at zero field, the weak de-
pendence of the frequency shift on small electric fields �Fig.
6� sets a practical field detection limit similar to the 50 V/cm
limit for the other cases of polarization.

To obtain the exact frequency position of the interesting
components in the measured spectra, all components were

fitted with Gaussian profiles of the same spectral width. The
weak hyperfine components are always included in the fit
procedure with a fixed frequency separation of 710 MHz and
an intensity ratio of 1:3, even if they are unresolved. The
Stark shift values are evaluated from the positions of the
strong components.

The dependence of the frequency shift on the electric field
strength is shown in Fig. 6 for the three measured polariza-
tion conditions. The solid lines represent the calculated val-
ues, the dots are the results extracted from the measured
spectra. The solid diamonds represent the LIF data and the
empty circles the OG data. There is no significant difference
between the results of the two detection methods. Discrep-
ancies of the OG and LIF data and deviations from the the-
oretical curve are attributed to residual field inhomogeneities
and imperfections of the laser frequency tuning. The data
evaluation contributes additional noise by the fit procedure
used to determine the frequency position of the Stark com-
ponents in the measured spectrum. The total estimated rela-
tive uncertainty varies from 8% for medium field values to
20% for weak fields when components are hardly resolved
and 15% for high fields when components are broadened due
to the field inhomogeneity.

V. CONCLUSION

In this paper the practicability of a simple, sensitive opti-
cal method for local electric field measurements in plasmas
containing hydrogen atoms has been investigated in detail.
The method requires only a single laser for Doppler-free
two-photon excitation of ground-state atoms and direct ob-
servation of the Stark splitting of the excited level.

The Stark splitting of n=3 level of hydrogen is well
suited for this purpose, but a laser system with high perfor-
mance providing pulsed radiation with narrow bandwidth
tunable around 205 nm is essential for its successful applica-
tion. Such a system was developed in our laboratory, and the
measurements described here prove its applicability for high-
resolution nonlinear laser spectroscopy.

The spectral dependence of the resonant two-photon ab-
sorption was measured simultaneously by two different tech-
niques: Balmer-� fluorescence and an optogalvanic signal.
Both fluorescence and optogalvanic spectra give good results
in comparison with theoretical values for the Stark splitting
of the n=3 level. Therefore, the detection method can in
principle be chosen according to the requirements of the gas
discharge to be examined. In general, fluorescence detection

FIG. 6. Measured and calculated frequency separation between the two selected components suitable for electric field measurements at
different electric field strengths and the three cases of laser polarization.
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is considered to be more advantageous, because optogalvanic
detection has only limited spatial resolution and may disturb
the discharge.

Analysis of the measured spectra revealed the frequency
separation of two Stark components as the parameter most
suitable for electric field determination in the three cases of
laser polarization investigated. As compared to other meth-
ods which require comparison of the whole measured spec-
trum with a set of theoretically calculated spectra, our ap-
proach is more simple and straightforward without
significant loss of sensitivity. The main advantage of deter-
mining the electric field strength from the frequency differ-
ence is that this does not rely on critical line intensity infor-
mation such as varying fluorescence yields or collisional
quenching of different Stark components.

A lower field detection limit of about 50 V/cm was veri-
fied for each of the three measured cases of laser polariza-
tion. Compared to linear p or s polarization, circularly polar-
ized beams exciting the �m=0 two-photon transitions lead to
a sensitivity independent of the field direction.

Based on the results of this investigation, we recommend
the one-step laser excitation method presented here for fur-
ther use in plasma diagnostics for sources containing hydro-
gen. The high pulse energy of the laser even opens the pos-
sibility for sheet diagnostics with nanosecond time resolution
and a spatial resolution defined by an appropriate fluores-
cence detection system. The narrow bandwidth of the laser
allows the electric field to be determined with an uncertainty
of about 10 V/cm.
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