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ABSTRACT

The challenge faced in finding new sources of energy to bridge the gap between the
availability and demand of energy is difficult to be overemphasized. Nuclear fusion seems
to provide a potentially limitless source of energy which offers a bright prospect for solving
this problem.

Although an elaborate programme in fusion may be beyond the economic reach of most
third world countries, some modest experiments are necessary to provide an indigenous
expertise capable of enhancing international fusion studies.

In order to initiate experimental research sufficient for plasma studies at an affordable
cost to developing countries, this paper illustrates the construction of a simple, lowcost,
highpower nitrogen laser and investigates some of its performance characteristics. Also,
the laser is utilised as a source of illumination in the techniques of shadowgraphy. A series
of shadowgrams depicting the temporal development of the plasma discharge is presented.

The constructed laser is found to be cost-effective and useful in small-scale researches
in laser-plasma diagnostics.
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1 Introduction
Energy has been an important resource in the advancement of civilization. The amount
of energy necessary to sustain industrial nations and improve the state of less-developed
countries is quite substantial. A nation needs large amounts of energy to develop suffi-
cient food for its citizens, provide material resources for industries, and offer a suitable
environment to its citizens.

However, it has been determined that in another 25 to perhaps 100 years there will be
a need for large new energy sources because the present energy resources - hydrocarbon
fossil fuels and U235 fission - will have been depleted1. Thus, the challenge faced in
finding new sources of energy to bridge the gap between the availability and demand of
energy cannot be overemphasized. Furthermore, these large new energy sources should,
and perhaps must, be developed in the next few decades.

Presently, nuclear fusion seems to provide a potentially limitless source of energy
which offers a bright prospect for solving this problem. Worldwide effort to develop
fusion process as a major new source of energy has been going on for more than three
decades and has proved to be a very difficult task because of deficiencies in understanding
the behavior of very high temperature gases known as plasma. However, research in
fundamental plasma physics has increased the level of understanding and there is little
doubt that controlled thermonuclear fusion can be achieved. Now, the challenge lies in
whether fusion energy can be generated in a reliably economic and socially acceptable
way.

Consequently, with greatly increased plasma-physics understanding and some out-
standing experimental successes in laboratories around the world, attention has turned
toward engineering aspects of fusion energy. Preliminary designs of numerous types of
fusion power plants have been made, and these have highlighted some of the practical
problems of fusion systems. Simplicity as well as reliability and maintainability are new
challenges for plasma scientists and fusion engineers to conquer.

Notwithstanding, fusion has its own imperatives of temperature, density, confinement,
and so on, which can still provide surprises. Thus, much of the effort in experimental
plasma physics is devoted to devising, developing, and proving techniques for diagnosing
the properties of plasma: plasma diagnostics2. The overall objective of plasma diagnostics,
therefore, is to deduce information about the state of a plasma from practical observations
of physical processes and their effects.

Although an elaborate programme in fusion may be well beyond the economic reach
of most third world countries, some modest experiments are necessary to provide an
indigenous expertise capable of enhancing international fusion studies.

In order to initiate experimental research sufficient for plasma diagnostics at an afford-
able cost to developing countries, this paper demonstrates the construction of a simple,
lowcost, highpower nitrogen laser and investigates some of its performance characteris-
tics. Also, the laser is utilised as an illumination source for shadowgraphy and a series of
shadowgrams depicting the temporal development of a spark plasma is illustrated.

The laser is found to be cost-effective and useful in small-scale researches in laser-
plasma diagnostics.



2 Design Features

The entire system may be divided into two main sections, namely, the electrical and
optical units. The electrical units are mainly components of the laser while the optical
units are basically parts of the shadowgraph system.

The laser consists of a channel, two parallel plate capacitors, and a spark gap as
shown in Fig. 1. The laser channel is connected electrically to the capacitors by two brass
electrodes 20cm long with cross-sectional dimensions of 1.3cm x 2.5cm and extend from
the middle of the channel separated by a 3mm gap. The channel is capped with a perspex
plate screwed on top of the laser electrodes. The plate is fitted over the top with an inlet
which admits nitrogen gas at atmospheric pressure while the ends of the channel serve as
exits for the gas. Also, a 500-ohm resistor is connected across the laser channel to both
sides of the electrodes in order to have the capacitors initially charged to the same voltage
when the high voltage is supplied.

The two capacitors C\ and C2 are made using ordinary kitchen aluminum foils 22 x
17cm and 22 x 40cm, respectively, with a common ground plate of 22 x 60cm. Three sheets,
each of 2 mil mylar, serve as dielectrics for the capacitors. The edges of the capacitor
plates {aluminum foils) are allowed to protrude beyond the edges of the electrodes into
the laser cavity to act as corona blades for preionization. A similar aluminum foil-mylar
combination is placed between the electrodes and the perspex cover.

The laser spark gap is developed using a swinging cascade configuration3. The swinging
cascade spark gap (SCSG) is essentially a three electrode device forming two gaps in
series. The central (or trigger) electrode is positioned asymmetrically between the main
electrodes. The gap ratio is 3:2 (4|mm to 3mm), with the gap near the high voltage
main electrode being larger. The gap length is such that there is no self triggering at the
operating voltage.

Other components of the laser system include a unit for triggering the spark gap
discharge and a high voltage power supply for charging the capacitors. The trigger module
provides a 17.5kV high voltage trigger pulse to induce the plasma discharge across the
spark gap. It is controlled remotely by a two way switch which is selectable for continuous
and manual switching modes. In either mode, a UJT supplied by a 20V battery produces
a pulse via a 1:1 pulse transformer triggering the gate of SCR 2N4444 which is holding
a peak mains voltage of 340V across its anode and cathode. The SCR output trigger
pulse appears across the primary of a TV transformer which produces the 17.5kV pulse
that triggers the spark gap and thereby operates the nitrogen laser. In order to charge
the capacitors, a high voltage transformer is used to step up the voltage from a 0-250V
variac connected to the mains rms voltage of 230 volts. The transformer output voltage is
full-wave rectified using a diode bridge consisting of 4 x 41 pieces of lkV-lA (IN 4007)
diodes in parallel with a 4.7Mfi ±W resistor across each diode. In each branch of the
bridge, the diodes are connected in series and inserted into a plastic garden hose filled
with transformer oil.

The optical part of the shadowgraph system comprises a beam expander, an imaging
system, and a camera. The beam expander, which is simply a magnifier, collimates the
input laser beam and magnifies it to an optimum size at the output without affecting the
irradiance of the beam. The expander essentially consists of two lenses, input and output
lenses, having focal lengths 25.4mm and 101.6mm respectively. There are three major
criteria for the design of the expander4. The input lens diameter must be at least the
width of the laser beam so that the full beam may be used; the distance between the two



lenses equals the sum of their focal lengths; and, for maximum system aperture, the ratio
of output lens diameter to the width of the beam is the same as the focal lengths ratio
of output to input lenses. In this work, quartz lenses having diameter 25.4mm and focal
length 25.4mm are used for the input lens while the output lens has a 50.8mm diameter
with focal length 101.6mm.

The imaging system which merely functions as a telescope comprises an imaging lens of
diameter 51mm with focal length 30cm, a pinhole placed in the focal plane of the imaging
lens, a bandpass filter centered at 340mm having a bandwidth of 12nm at FWHM, and
an objective lens of diameter 51mm with focal length 10cm. A PVC box containing
Polaroid 660 films is used for recording the plasma event. An external spark gap which
produces the event to be shadowgraphed is placed between the imaging system and the
beam expander. The pinhole reduces the highly luminous plasma light falling on the film
whilst not stopping the laser light. A reduction ratio of 7 xl0~4 at the pinhole has been
calculated4. The filter reinforces the pinhole by selectively transmitting the nitrogen laser
beam while rejecting any fraction of plasma luminance. The experimental set up for the
nitrogen laser shadowgraph system is shown in Fig.2.

3 Nitrogen Laser Parameters

Several parameters play an important role in the optimum operation of the nitrogen
laser. A uniform discharge throughout the length of the laser discharge channel and
a sufficiently high rate of energy absorption in the laser gap plasma during the main
discharge are required for good operation. The uniformity depends on how fast the laser
gap voltage rises as well as on laser surface conditions and gap setting while the energy
absorption is characteristic of the nitrogen gas and achieved through the use of the flat
plate capacitors. Experimentally, it is very stringent to achieve the required rise rate of
laser voltage sufficient to cause the laser to breakdown uniformly.

In order to achieve suitable design parameters that meet the minimum rate of rise of
laser gap voltage, a parametric model which employs an analysis of the laser circuit before
and after uniform discharge has been developed for the nitrogen laser5.

The following equations describe the discharge sequence before laser gap breakdown
at some time 0 < t < ta:

h = 0 (1)

where IL is the laser current; IeiLe, and re are the laser spark gap current, inductance
and resistance, respectively. C? and Li are the capacitance and inductance of the second
flat plate capacitor. Vo represents the initial voltage of the capacitor and t3 is the time
at which the laser gap breakdown. Initial conditions are obtained for Eq.(2) by setting
Ie = 0 at t = 0.

After laser gap breakdown, i.e. at t, < /, Eqs.(l) and (2) are replaced by the following:

and,
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where Ln and rg are the laser inductance and gap resistance respectively; L\ and C\ are,
respectively, the inductance and capacitance of the first capacitor. At t = tt the initial

values of Ie, —— and / Ie dt are obtained from numerical integration of Eq.(2) whilst the
dt

other values necessary for the integration in Eqs.(3) and (4) are obtained by additionally
setting II = 0.

Eqs.(l) through (4) are then non-dimensionalised so that scaling parameters are iden-
tified. These scaling parameters are varied to cover a wide range of operation of the
nitrogen laser. The computations are used to determine the rate of rise of laser gap volt-
age dVg/dt and the rate of energy absorption at the laser gap as a function of the scaling
parameters.

The following relationships are used in the normalization process:

r = i/f0, ie = j - and iL = —

where,

This normalization procedure gives the following governing equations:
For 0 < r < Ta (before laser gap breakdown)

( J W (5)
where the scaling parameters are

(3e — ~ and ae =

For T > TS (after laser gap breakdown)

and
diL jijr -(1+6) j iLdr - acax%L + - ^ /(I + A + pg) (7)

where the scaling parameters are

0i = —, & = -^-, oti = — and /3g = — .
L2 C\ re L2

Other quantities obtained from the normalization process include:
(a) Laser gap voltage



For T < T.

and, for r > r3,

— \- I te dr
dr J

(8)

(9)

where, 7 is the ratio of channel inductance on either side of the gap to the laser inductance.
(b) Power absorbed by laser gap
The power absorbed is related to the average discharge

(10)

(c) Effective parameter controlling discharge modes
For spark gap circuit,

= a, (11)

For laser gap circuit,

6)
(12)

Computation for this model is performed by numerical integration using the Euler ap-
proximation method which proves sufficient accuracy if a time step of 0.001 is used.

4 Results and Discussion

For maximum power transfer, one would hope to design the laser so that re has a value
such that the spark gap circuit is fairly oscillatory; whilst, rg should have a value such
that the laser discharge circuit is nearly critically damped.

Typical value of aeff-e — 0-1 ls found in the literature for external circuit lightly
damped5. Thus, from Eq.(l l) , ae = 1.34 since 0e ~ 178. Also, aeff-L = 2 for laser gap
critically damped. Using Eq.(12) and typical values of 0i ~ 2.2, 0g = 10, and S ~ 0.5,
yields at — 6.6.

Results for this case (QI = 6.6) is presented in Fig.36. The voltage v2 falls from 1.0
through i/2 = 0 at r = 21.5 to i/2 = —0.7 at r = 34.5 when the laser gap breakdown. On
breakdown, the voltage v2 rises sharply to —0.1. However, as i^ rises quickly the voltage v2

drops once again to about —0.5 before rising again in a damped oscillation with periodic
time of about 61<o, as the capacitors C\ and C2 eventually discharge through the external
spark gap. Between the time r = 34,1 and r = 51, the laser gap current i^ flows in its
critically damped mode. The corresponding power goes up to a peak of about 0.7 in 3f0

and drops backdown with a FWHM value of 5.5i0-



Although the critically damped case may be the mode for maximum power, it became
of interest to examine the performance behavior of the system when subjected to 25%
change, that is, ax = 1.7. This is physically obtained by increasing the spark gap to about
four times as much as the size of the laser gap.

Results for this case (QI — 1.7) are computed and shown in Fig.4. In this case, Vi also
drops from 1.0 to -0.7 at r = 34,0, then rises sharply to zero on laser gap breakdown
and continues with an oscillation of periodic time ~ 17.5io superimposed on the slower
periodic time of ~ 70io of the external circuit. The laser gap current IL rises to a peak
value of 0.25 in a time of about itQ and oscillates in a damped mode with a periodic time
of ~ 19.5f0 with modulation. The corresponding power developed across the laser gap
resistance has a peak value of 0.65 and a FWHM value of S.Oio-

For both cases above, the voltage um that may be measured across the laser channel
(i.e. outside the laser channel) is shown in comparison to the actual voltage vg. The
difference in their values is due to the fact that the measured voltage includes the voltage
drops across the channel inductances on either side of the laser gap. Also, the variation
in the laser spark gap current is also shown for both cases.

Fig.5 shows a series of shadowgrams depicting the temporal development of a spark
plasma6. In these pictures, it is seen that there is a sharply denned front which is the
shock front moving outward axially as well as radially (axial means from left to right and
radial means from up to down). At t < 0.2/zs, the shape of the spark plasma is elongated
in the axial direction. At QMfis < t < 7.6^5, the growth in both axial and radial
directions becomes more pronounce. Moreover, an examination of the shadowgraphs also
reveals an interesting phenomena. There is a well defined intersection of the shock fronts
at 7,0fis < t < 7.6/4S with no indication of reflected shock waves. These shadowgraphs
could be used in plasma diagnostics.

5 Conclusion

This work demonstrates that it is simple to build a nitrogen laser system which could be
used to obtain quick and authoritative results.

Acknowledgments
This work was done in part at the Njala University College, University of Sierra Leone

and at the Plasma Research Laboratory, University of Malaya. The author expresses
sincere gratitude to Professor Lee Sing and Dr. Augustine J. Smith for many discussions.
Special thanks are due to W. Usada and S. Kumar for their collaboration. He would
also like to express his appreciation to Professor Abdus Salam, the International Atomic
Energy Agency and UNESCO for hospitality at the International Centre for Theoretical
Physics, Trieste and the Swedish Agency for Research Cooperation with Developing Coun-
tries, SAREC, for financial support during his visit at the ICTP under the Associateship
scheme.



References

1. R.A. Gross, Fusion Energy, John Wiley & Sons, 1984, p2.

2. I.H. Hutchinson, Principles of Plasma Diagnostics, Cambridge University Press, 1987,
p.l .

3. A.J. Siimh et al., "A simple high current switch", in Laser and Plasma Technology,
eds. S. Lee et al., World Scientific, 1988, p.467.

4. S. Lee et al., A Simple Shadowgraphic System and Some Results, J. Fiz. Mai. 11, 1
(1990).

5. S. Lee et al., Parametric Study of the Nitrogen Laser Circuit, J. Fiz. Mai. 6, 165
(1985).

6. G.C. Ishiekwene, M. Sc. Ed. Thesis, University of Sierra Leone (1991).

- «•• ' I f l



+H.V.

Capacitor C.

Laser output
Trigger
spark gap

Fig.l Perspective view of the nitrogen laser channel with
parallel plate capacitors and spark gap.
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Fig.2 Experimental set-up of Nitrogen Laser Shadowgraphy System.
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Fig.5 Composite shadowgrams showing the temporal growth of
a spark, plasma.
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