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Abstract. Subpicosecond pulses from a synchronously pumped dye laser were
used to collinearly probe the absorption of laser breakdown plasmas formed
by focusing longer (60 ps) 532 nm pulses from a regenerative amplifier into a
cell containing helium, argon or nitrogen. The absolute time delay between the
532 nm pulses and the probe pulses was varied in order to measure the initiation
time and the rate of growth of the plasma for different pressures and breakdown
pulse energies. In general, at the higher pressures, for whlch cascade ionization
processes are expected to dominate, the onset of the plasma is found to be quite

abrupt compared with the duration of the breakdown pulse. The initiation time is
earlier and the rate d growth is faster if the breakdown pulse energy ff pressure
is increased. For argon and nitrogen at lower pressures, slow growth ofthe
plasma o n continue for hundreds of picoseconds after the breakdown pulse has
passed, indicating that relaxation from a non-equilibriumstate occurs.

1. introduction

Breakdown at the focus of a pulsed laser beam has been
observed since the advent of the ruby laser nearly 30
years ago, and a considerable body of literature aimed
at understanding the physical mechanisms for optical
breakdown in transparent media has since been written [1,2]. Breakdown in gases can be caused by direct
ionization or, when the prcssure is suliicicntly high, by
cascade or avalanche growth of ionization due to inverse
Bremsstrahlung abs’orption of energy by free electrons
followed by collisional ionization [?-SI. Direct ionization is generally due to multiphoton absorption [6,7l
but at longer laser wavelengths, where a larger number
of photons would be needed, or at large laser intensities, it may be due to the N n n e h g of the electrons
in the presence of the strong laser field [S-111. Photoionization of excited intermediate atomic or molecular
states and molecular dissociation are also important for
certain gases [3,12-141.
tIb date, experiments have centred largely on the
measurement of the brcakdown threshold for various
conditions [IS-191. ‘Breakdown’ is usually defined by
the optical detection of the luminous plasma emission
or the acoustical detection of the shock wave.
For longer, Le. nanosecond, laser pulse lengths, thc
threshold is generally found to be inversely dependent
on the pulse length and on the pressure, indicating that
a collisional mechanism for the onset of breakdown
is predominant. For shorter laser pulses (Glops) or
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low pressures, the breakdown threshold is considerably
higher and only weakly dependent on pressure, indicating that direct ionization by the laser pulse is the
predominant mechanism.
It is well recognized that the various mechanisms
may act simultaneously and that their relative contributions not only depend on the initial conditions but also
change during the growth of the plasma. Indeed, theoretical modelling of the laser-induced breakdown has
developed to quite a sophisticated level [19-211 and
may include all these effects and predict the growth of
the plasma with time. However, the point of “paring theoly with experiment is generally the dependence
of the breakdown threshold on the initial conditions of
pressure, laser wavelength and intensity and t p e of gas.
In some experiments, the temporal evolution of the
breakdown process has been followed with nanosecond resolution [22,23]and Schlieren images of a laser
plasma -2Ops [24]and many nanoseconds [2S]after
breakdown have been published. Laser breakdown plasmas have been used to produce ultrafast shutters [26291.
In this article, we give the results of pump and probe
experiments which permit the growth of a plasma in a
gas to be followed with a time resolution of a few
picoseconds. In addition, we have monitored the relaxation time of the plasma by measuring the absorption
of probe pulses which pass many nanoseconds after the
plasma is formed.
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Figure 1. Pump and probe experiment to measure the initiation d laser-induced
plasmas. (X/2 : half-wave plate, pol.: Gian-Taylor polarizer, PD: photodiode, PM:
photomultiplier, ND: neutral density filter.)

2. Experimental apparatus

The experimental set-up, as shown in figure 1, consists
of a standard collinear ‘pump and probe’ configuration.
The laser-breakdown plasma is formed by the 532nm
pulses from a Nd:YAG regenerative amplifier (Continuum RGA-60-50) while the subpicosecond pulses, from
a synchronously pumped hybrid-modelocked dye laser
(Coherent 702-I), are used to probe the absorption of
the plasma versus temporal delay.
The dye laser produces pulses tunable from 565 nm
to 605nm at a repetition rate of 76MHg each with a
pulse energy of about 2 d and with an autocorrelation
width of 1 . 0 ~ . The regenerative amplifier produces
pulses at a repetition rate of 5OHz with a pulse energy
of about 4OmT at 1064nm and with a width of about
SUPS. These pulses pass through a variable attenuator
consisting of a rotatable half-wave plate and a dielectric
polarizer before being frequency doubled in a KDP
crystal to yield 532nm pulses with energies of up to
12mT. Because both the regenerative amplifier and the
synchronously pumped dye laser are pumped by the
same acousto-optically mode-locked Nd:YAG oscillator
(Coherent Antares 76-s), the pulse trains have a well
defined timing with respect to each other, even though
they have considerably different repetition rates.
The 532nm beam from the regenerative amplifier
is collinearly combined with the dye laser beam using
an uncoated quartz substrate. Both beams are vertically
polarized and the substrate acts as a 10% : 90% beam

splitter at 45‘. The portion of 532nm beam which
is split from the first surface passes through a neutral
density filter to a photodiode @P-4203), which is a l i brated with respect to a pulseenergy probe (Lasermetria IU-7200/RJP-734) placed immediately after the first
window of the sample cell. The pulse-to-pulse energy
fluctuations are found to be 510%.
Approximately 80% of the 532nm pulse intensity
and 10% of the dye laser pulse intensity reflected from
the second surface of the quartz substrate are passed
through the aperture to the sample cell. The beams
are focused by a plano-convex lens with focal length of
7.84~11. The diameter of the beams at the lens is approximately 0.46~11resulting in an effective f number
of f /17. A razor edge is transversery translated across
the focal plane of the 532nm beam and the transmitted
pulse energy is well fitted by a Gaussian error function,
yielding a beam waist of 7.8 f 0.2 p m The beam divergence of the dye laser beam at the focusing lens is
adjusted by passing it through a pair of lenses so that
it focuses at the same plane as the 532nm beam and
with about the same waist. Thus at the sample, the
peak intensity of the probe pulses is approximately five
orders of magnitude less than that of the breakdown
pulses.
Following these initial set-up measurements, the
sample cell is installed. The cell consists of an aluminium block with uncoated quartz Windows at each
end and a third window on the side for Visual observation of the plasma. A digital pressure gauge (Omega
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DPG-500)is used to measure pressures from 7 to 150
psi while a vacuum gauge (Edwards 8800) is used for
lower pressures. The inlet port is attached through a
cold nap and needle valve to a regulator and gas supply, and the outlet port is attached through another
needle valve to either a liquid nitrogen trap and roughing pump or a molecular diffusion pump, which is used
for completely purging the cell.
Research grade gases with < 30 ppm impurities were
used. Our early experiments indicated that it is important to take considerable care to remove impurities
from the cell and gas lines as these may influence the
breakdown thresholds and the behaviour of the breakdown [30]. In addition, because the accumulation of
metastable states can influence breakdown, m all experiments the gas was circulated away from the focal volume
by letting gas in through one port and out through the
other [22].
The transmitted laser beams are recollimated as they
emerge from the cell and the dye laser probe pulses
are separated by a dispersion prism and aperture and
are eventually focused onto a fast photodiode (Antel
ARS2). If there is no plasma present, this photodiode
simply sees a train of dye laser pulses at a repetition rate
of 76MHz. However, when the regenerative amplifier
is turned on, every “s a plasma is formed and the
dye laser pulse which arrives at this time (the diagnostic
pulse) is absorbed, as shown schematically in figure 2
Because fluctuations in the dye laser power occur on
a time-scale no faster than tens of milliseconds, the
pulse that arrives immediately prior to the formation
of the plasma can be used as an accurate reference
for the measurement of the transmission ratio of the
plasma. Thus, as shown in figure 1, the signal from
the fast photodiode is split at a 50R power splitter
and is directed to two separate channels of a boxcar
integrator (Princeton Applied Research 4402 with 4422
integrators). The boxcar is triggered by the sync-output
pulse from the regenerative amplifier and is used in
static gate mode with 2ns windows and time delays
set to capture the amplitude of the diagnostic pulse in
channel 1 and that of the refercnce pulse in channel
2 In addition, the amplitude of the photodiode pulse
which monitors the pulse energy of the regenerative
amplifier is recorded in channel 3.
The time delay of the dye laser pulses with rcspect
to the regenerative amplifier pulse can be changed by
an adjustable optical delay line, using a motorized translator (Burleigh 700OflW-712). As shown in figure 1, a
compensating delay is used so that pulses from the Cast
photodiode always arrive at thc boxcar with the same
time delay with respect to the trigger signal. Thc transsteps and
lator is programmed to take 2ps (0.3”)
at each step the plasma transmission ratio from five
breakdown pulses is averagcd. The final result is obtained as the average of four bi-dircctional Scans or the
translator, with a 1 ps delay oBet between the forward
and backward scans.
In order to find the position of the translator for
which there is zero absolute time delay between the
224

.-

532 nm pulse

Figure 2 liming relationship between the 532 nm
breakdown pulse and the dye laser pulses.
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Figure 3. Cross correlation between the 532 nm
breakdown pulses and the dye laser diagnostic pulses.

dye laser diagnostic pulse and the Centre of the breakdown pulse (as shown in the inset in figure 2), the
cross-correlation of the two beams is measured using a
nonlinear crystal. The regenerative amplifier is considerably attenuated and 10% of the 532nm beam together
with 80% of the dye laser beam, obtained from the opposite output of the quartz substrate, are combined at a
KDP (71O cut) crystal, which is angle-tuned so as to obtain the sum frequency. The same data acquisition and
averaging scheme used to collect the pump and probe
data is also used to obtain the cross-correlation hnction, except that the photomultiplier which measures
the sum-frequency signal gives relatively slow microsecond output pulses so that a lps gate width is used on
the boxcar integrator. As the translator scans, the crosscorrelation between the (< Ips) dye laser pulses and
the 532 nm pukes is obtained, as shown in figure 3. A
gaussian fit to this curve allows the position of the translator corresponding to zero delay to be determined. It
also yields the pulse width of the 532nm pulse, which
on average is 58ps full width at half maximum (FWM).
Rmporal jitter and short term drift between the

Evolution of laser breakdown in gases
532nm pulses and the dye laser pulses also contribute
to the width of the cross-correlation signal. Moreover,
such effects determine the time resolution of the pump
and probe experiments. They are due largely to cumulative pulse shaping effects in the operation of the synchronously pumped dye laser, and are ultimately caused
by intensity fluctuations of the pump laser [31]. This
was measured to be < 2% RMS and the temporal jitter
and drift over the course of a single cxperiment are
estimated to be no more than a few picoseconds RMS.
However, over a longer period of time, the zero delay
point is found m drift by up to ZOps, most probably due
to a drift in the pump laser intensity. For this reason, in
order to accurately measure and compare the absolute
initiation times for breakdown under different conditions, the crosscorrelation between the laser pulses is
collected before and after each 6 min experimental run.
Experiments are performed with helium, argon and
nitrogen, over a range of pressures from a few ?brr
to several atmospheres, for probe wavelengths from
565 to 605nm and over a range of 532nm pulse energies, corresponding to peak intcnsitics from lOI3 to
2 1014 w a - 2 .
In addition to measuring the 'rise-time' of the
plasma in each pump and probe experiment, the relaxation time of the plasma was also recorded by collecting
the amplitude of dye laser pulses subsequent to the diagnostic pulse. This was achicvcd by using the boxcar
in waveform mode. All data acquisition was automated
by controlling the boxcar and vanslator controller by a
personal computer.
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Figure 4. The effectivebreakdown volume, calculated
by equation (1) showing contours af Ill hOm 0.9 to 0.2,
and the 1/e2 waist of the focused beams. Note that the
aspect ratio of r :z has been scaled by 503 in this graph,

and that the breakdown volume has a long thin cylindrical
shape.

formation of a plasma, the probe pulses show some absorption even when the plasma is not strong enough to
be visible through the viewing window.
One disadvantage of this high aspect ratio collinear
optical configuration is that the overlap volume of the
long thin focal regions of the beams is quite dependent on alignment. Consequently, the interaction of
the probe pulses with the breakdown region is affected
by the pointing stability of the lasers and optical delay
line. By averaging the transmission ratio over many
laser pulses and scans of the optical delay line, the effects of jitter in the pointing alignments of the lasers
3. Experimental conditions and data
are somewhat averaged. Note that the coupling of the
interpretation
probe pulses onto the photodiode is not so sensitive to
alignment since the beam passes through the prism and
The beam mode of the 532nm pulses is a close to gamaperture without clipping and is focused tightly into the
sian, so that the intensity near focus may approximately
centre of the photodiode. Note also that the transit
be expressed in cylindrical coordinates as
time of a light pulse through the long breakdown region is longer than the lengths of the pulses, and for
I ( T - , . Z , O , ~=) P exp(-tJ2/2u:)
each plasma event the pump and probe pulses simultax exp[-2~-~/w02(1 a2r2)]/(1 u Z r Z )
(1)
neously sweep through the region with a fixed relative
time delay.
theJ ~ )
where t i = t - t / c , 1 = E / ( C T ~ ~ - ' / ~ is~ %
The maximum pressure used is 73501brr, and if
at this pressure all atoms were singly ionized to yield
peak intensity, E is the pulse energy, ut = A t / 2 m
an electron density of ne = 2.6 x 102"
the
where A t = 58ps is the FWIiM pulsewidth, wg =
plasma frequency would be wp = (4in.ez/m)'la =
7.8 p m is the beam waist, and 1 / a = i w i / X =
9.1 x lot4s - l , whereas the frequency of the laser pulses
0.036cm is the Rayleigh length.
is w > 3.1 x 1015s-1. Thus all experiments are perBecause the beam waist is considerably smaller than
formed in the regime with w above the critical damping
the Rayleigh length and because intensity falls expofrequency.
nentially (exp(-?)) in the radial direction but only
Although absorption of the probe pulses by the
quadratically ( z - ~ )in the axial direction, the effective
plasma can be due m molecular dissociation, excitavolume of the breakdown region is expected to be a
tion of metastable states and the many other mechlong thin cylindrical shape, as shown in figure 4. By
anisms discussed in section 1, in most of our exarranging the probe beam to be collinear to the 532nm
periments absorption is expected to be due largely
beam, the probe pulses sweep through the full length
to inverse bremsstrahlung, whereby incident radiation
of the breakdown region and are a sensitive indication
induces electronic oscillations, which are damped by
of the presence of the plasma. Indeed, as the pressure
electron-ion collisions. If thermal equilibrium does
inside the cell is gradually increased, so as to allow the

+

+
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not prevail, this interaction of the laser pulse with the
plasma must be obtained from a dctailcd computation
which takes into account the actual encrpy distribution
function of the Bee electrons 119,201. However, if local
thermal equilibrium can be assumcd, the complex index
of refraction of the plasma will be

I

where vei,the electron-ion collision frequency, depends
on the electron density ne and temperature T, [2]. From
equation (2.37) of reference [2], with ne in
and
Tc in eV, we find

For the most dense plasmas used in this work, even
if the boundary of the plasma were abrupt and the
electron-ion collision frequcncy were taken to be very
large, (vei 6 x lOI5 s - l ) the rcflection coefficientrrom
the boundary, R = ( n - 1)(n* l ) / ( n t I)(n* -k 1).
would be less than a few per cent.
On the other hand, the radial gradient of the electron density may cause the developing plasma to act as
a weak concave lens which could give rise to refraction
of the probe pulses. While refraction clearly occurs for
the more dcnse plasmas, as seen by an increase in the
size of the 532nm beam transmittcd by the plasma, for
experiments at lower plasma densities, refraction is not
expected to significantly effect the encrgy of the probe
pulse which is collected onto the photodiode. Also,
for the long, thin focusing geometry used in these experiments, the plasma expansion shock wave is largely
in the radial direction so that interaction Of the probe
pulses with the shock wave is expected to be minimal
[32]. Thus the major causes for the attenuation of the
probe pulses are expected to be absorption within the
bulk of the plasma, and for the more dcnse plasmas,
refraction of the probe beam due to the lcns cffcct of
the radial gradient of the plasma density.
If refraction is ignorcd, thc extinction cocliicient, tc
in equation (Z), would cause the probe pulse intensity
to decay exponentially with propagation distance with a
linear absorption coelficient

-

-

I< = 2wt;/c.

( 4)

The net transmission ratio, T, of a plane-wave probe
beam, after propagation through a uniform slab of
plasma of electron density n, and effective tcmpcrature
Te would then be found from equations (2)-(4) and is
shown in figure 5 for a slab thickness of 2/a = 0.072 cm.
For the expected range of ne and T,in our experiments,
the predicted transmission ratio is comparable to our experimentally observed values prescntcd in section 4 below. Thus by making simplifying approximations about
thermal equilibrium and the plasma gcometry, and assuming a particular plasma tempcraturc and thickness,
it becomes straightforward to transform the expcrimcntally measured probe-pulse transmission ratio to give
226

Figure 5 Predicted transmission ratio versus ElEctrOn
density over a range of electron temperatures for a slab of
plasma d thickness 0.072em (i.e. twice the experimental
Rayleigh length). Note that at me atmosphere the
10'' uW3 if there is one free
electron density is 2.7~
electron for each molecule.
the growth in the electron density with time, thereby
permitting a comparison of the predictions of existing
models [1%21] with the experimental results.
In reality, however, the evolving breakdown plasma
does not have a constant temperamre or thickness and
moreover it is not uniform or in thermal equilibrium,
but the electron density and energy distribution evolve
as functions of space and time and mechanisms other
than inverse bremsstrahlung also contribute to the absorption. A more detailed understanding of laser initiated breakdown in realistic but simple experimental
geometries will thus require an extension of the existing numerical models [18-21] to the three-dimensional
cyIinddcally-symmetric geometry described by equation
(1). An extended model could also be used to evaluate
the absorption and refraction of the probe pulses by the
developing plasma, since the probe pulses are collinear
and have almost the same gaussian beam parameters as
the 532 nm breakdown pulses.
Thus the experimental transmission ratios presented in the following section should serve as mluable points of comparison with the predictions of future
computationally-intensive models. In addition, the experimental data exhibit interesting features which confirm that thermal equilibrium should not be assumed for
model simulations at low pressures and this is discussed
with the results below.

4. Results and discussion

In figure 6 we show the transmission ratio of 590nm
probe pulses due to the breakdown in nitrogen gas at a
pressure of 50 'Ibrr for a range of 532 nm pulse energies,
as given in the figure. The initiation time of the plasma
is seen to occur at earlier times for larger pulse energies.
The rate of growth of the plasma as indicated by the rate
of change of the transmission ratio is Seen to be larger
for larger pulse energies. Also, the transmission ratio is

Evolution d laser breakdown in gases

j

Pulse

/
-50.

.2

I

1

\
50.
150.
Absolute Delay I ps 1

250.

Figure 6. Breakdown in nitrogen, at a pressure of 50 Torr,
for varying pulse energies. At me ma%imLmpulse energy
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Figure 7. Breakdown in nitrogen, at varying pressures,
for a mean pulse energy of 9.5 mJ. This corresponds to a
peak intensity of 1.6 x 10'4Wcm-z.

seen to continue to fall for times after the breakdown
pulse has passed, indicating that the plasma continues
to grow due to its internal energy rather than externally
supplied energy.
In figure 7 we show the transmission ratio of 590nm
probe pulses due to the breakdown in nitrogen gas
for a 532nm pulse energy of 9.5mJ over a mnge of
pressures up to 3670'lbrr. At the lower pressures the
plasma continues to grow after thc breakdown pulse has
passed. Even for a pressure as low as 0.1 'lbrr, some
decrease in the transmission ratio of the probe pulse
is seen hundreds of picoseconds alter thc breakdown
pulse has passed. At this pressure and at a pressure
of l'lbrr, the plasma was not visible. That this change
in the transmission ratio is due to a phenomena within
the nitrogen rather than a nonlincar cffcct at the cell
windows or other optics is demonstrated by the absence
of change when the cell is completcly evacuated.
The production of the first energetic electrons is
expected to be due to multiphoton ionization caused
by the breakdown pulse. Above threshold, ionization
and ponderomotive acceleration of the electrons can
result in highly energetic elcctrons [33]. For pressures

Figure 8. Breakdown in argon, at a pressure d 1570TorC
for varying pulse energies. At the maximum pulse energy
d7.9mJ, the peak intensity is 1.3 x 10"Wcm-2.
as low as O.llbrr, the electron-ion collision frequency,
which largely determines the rate of electron energy
loss, and the electron-neutral collision frequency, which
determines the mte of cascade growth, are expected to
be very slow [19]. Thus it is quite reasonable to expect
that a condition of non-equilibrium persists and that this
is responsible for the continued growth of the plasma
after the breakdown pulse has passed.
In figure 7, as the pressure is increased, the rate of
growth of the plasma increases and the initiation time
of the plasma moves to earlier times. At a pressure of
3670lbrr, we see a 66% change in transmission ratio
over a timescale of only U)ps, whereas the breakdown
pulse has a width of Zut = 50ps ( m M = 58ps), Le.
the breakdown is considerably faster than the 532nm
pulse.
The temporal characteristics of the breakdown in
argon appear similar to those in nitrogen, although the
pressure or pulse energy required to obtain breakdown
is higher. The transmission ratio of 590nm prohe pulses
for breakdown in argon at a pressure of l570'Ibrr and
for a range of 532 nm pulse energies is shown in figure
8. The observation of an earlier breakdown initiation
time for higher pulse energy is in agreement with the
predictions of the model calculation for the growth of
ionization in argon given in 1211. A similar shift to
earlier initiation times for higher pressures is seen in
figure 9 which shows the probe pulse transmission ratio
for breakdown in argon over a range of pressures up to
1500Torr, for a 532nm pulse energy of 10.3mJ.
Breakdown in helium was only found to occur at
higher pulse energies and pressures. We were not able
to observe the very weak absorption of the probe pulses
which occurs after the breakdown pulse has passed and
which initiates in the trailing edge of the breakdown
pulse, as was observed for nitrogen and argon. Hgure 10 shows the transmission ratio versus delay of a
590nm probe pulse through a helium plasma caused
by a 9.5mJ 532nm pulse over a range of pressures.
At the higher pressures the growth of the plasma is
seen to be quite abrupt, consistent with the expectation
227
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Figure 9. Breakdown in argon, at varying pressures, for
a mean pulse energy of 10.3mJ. This corresponds to a
peak intensity d 1.7 x 10'4Wcm-2.
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Figure 11. Breakdown in helium, at a pressure of
1570Tcq for a mean 532 nm pulse energy of 7.1 mJ,
corresponding to a peak intensky of 1.2 x 1014W UTI-',
as seen by picosecond probe pulses at four different

wavelengths, There is a steady increase in the absorption
of probe pulses as the wavelength is increased, except
at 586 f Znm, for which an enhanced absorption is
observed.
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Figure 10. Breakdown in helium, at varying pressures,
for a mean pulse energy of 9.5 mJ, This WrCesDOnds to a
peak intensity of 1.6 x 1014Wcm-2,
that growth proceeds by cascade ionization under these
conditions.
Experiments were performed over a rangc of dye
laser probe wavelengths, A, for a fixcd 532nm pulse
energy and gas pressure. These cxperiments did not
detect an appreciable change in the shape of the curves
of the transmission ratio versus delay, but, in gencral,
the absorption of the probe pulses was found to be
considerably greater at longer wavelengths. For invcrse
bremsstrahlung, the absorption is expccted to increase
at longer wavelengths approximatcly as X2. This does
not fully a m u n t for the observed wavelength depcndence, and a stronger wavelength depcndencc has been
attributed to the increasing importance of multiphoton
ionization and ionization from excited Statcs for visible
wavelengths [19].
Figure 11 shows tbc case of brcakdown in hclium
probed at four different wavclcngths. Hcre we find
that the probe pulse absorption incrcascs stcadily as
the wavelength is increased, except [or a sharp peak
in absorption at 586 i2 nm, which corresponds to the
587.8~12p3P"
3d3D transition in thc spectrum
of neutral helium. At 5S6nm the absorption is about

-
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the same as that at 590nm, whereas at 585nm the
absorption is found to be about midway between that
at 580nm and that at 590nm.
In addition to measuring the transmission ratios versus delay, at each condition of pressure, breakdown
pulse energy and diffcrent gas type, the waveform from
the dye laser pulses is collected up to 20011s following breakdown. From the change in the absorption of
the dye laser probe pulses over this period, we can
monitor the relaxation of the plasma. Figure 12 shows
the waveform collected from a helium plasma at moderate pressure showing an incomplete recovery of the
plasma with a half-lifetime of about Sons. While some
of the pulse-to-pulse fluctuations of the transmitted dye
laser pulses shown in this waveform arc due to radiofrequency pick-up of noise from the regenerative amplifier flashlamp discharge, most of the fluctuations are
found to be critically dependent on the collinear alignment of the pump and probe laser beams. If this alignment is deliberately misadjusted, clear oscillations in the
transmission of the dye laser probe pulses can be seen.
This is possibly due to refractive loss of the probe beam
from the shock wave which develops after breakdown.
Such effects would make quantitative measurements of
the relaxation of the plasma absorption by this method
very difficult.
Nevertheless, qualitative features of the plasma relaxation can be discerned and appear to be consistent
with a more comprehensive published account of the relaxation of hydrogen plasmas [34]. For all three gases,
the relaxation time is found to be approximately linearly dependent on pressure and may be as short as
10ns or longer than 100 11s. In the case of helium plasmas, when the probe pulse wavelength is changed to
586 f2 nm, corresponding to the 2p 3P0 -+ 3d 3Dtransition, as shown in figure 13, the absorption of the probe
pulses continues to increase for about lOns and while
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Several features in the temporal response of the
breakdown and plasma growth have been noted. For
example, at low pressures in argon and nitrogen, growth
of the plasma continues after the breakdown pulse has
passed, while at high pressures, in all gases, the breakdown is seen to be quite abrupt compared with the
duration of the breakdown pulse. The relaxation time
of the plasma absorption was also measured and this is
found to be pressure dependent with a half-life of up
to 100N for a pressure of several atmospheres.
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