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A KrF discharge laser (248 nm)} has been used to laser trigger, by volume preionization, a
spark gap switch (38-65 kV, > 10 kA, 100 ns pulse duration) filled with 20 different gas
mixtures using various combinations of air, Ar, CH,, H,, He, N, SF,, and Xe. A pulsed laser
interferometer is used to probe the spark column. Characteristics studied include the internal
structure of the column, the arc expansion rate, and evidence of any photoionization precursor
effect. Our results show that the rate of arc expansion varies depending on the average
molecular weight of the mixtures. In this experiment, pure H, has the highest rate ( = 9.5 1¢°
cm/s) and air has one of the lowest (=7 X 10% cm//s) for the same hold-off voltage. A
computer model of the spark column formation is able (o predict most of the structure
observed in the arcs, including the effect of mixing gases with widely different molecular
weights. The work suggests that, under proper circumstances, the spark gap switch
performance may be improved by using gases lighter than conventional switch gases such as

SF,.

i INTRODUCTION

Laser triggering of high voltage spark gap swiitches is a
method by which controlied, low jitter breakdown can be
achieved.'? Laser volume preionization triggering™™ (axial
mid-gap illumination) of the gas mixture with ultraviolet
(UV) laser light is one of several approaches™ for initiating
breakdown of the gap. Typically, SF, is used as the switch
gas mixture because of its excelient voltage stand-off proper-
ties and because it also has a low breakdown threshold at UV
wavelengths.>” Organic additives to the switch gas mixtures
have also been studied’ as a way to improve laser triggering
performance; however, they have the disadvantage of being
dissociated by the spark and UV laser light, which generally
results in coating the interior of the spark chamber with or-
ganic products. In addition, these organic additives are often
toxic and/or carcinogenic. S8F, also has the disadvantage of
coating the inside of the switch chamber with suifur prod-
ucts resulting from dissociation, which can cover the win-
dows used for the laser beam access unless care is taken to
constantly purge the window surfaces. The breakdown
products of SF, are aiso deleterious and toxic. A less obvicus
disadvantage with SFy is that it is a fairly heavy molecule
(molecular weight = 146 amu) which hinders the rapid ex-
pansion of a spark columun and can lead to higher switch loss
than if a lighter molecular weight gas is used.’

This paper presents resuits which demonstrate that reli-
able laser triggering (volume preionization) at 248 nm of 2
high voltage spark gap switch is possible in a wide variety of
gas mixtures, many of whick had not been investigated be-
fore this study. The gas mixtures studied are summarized in
Table I. The mixtures consist of various combinations of air,
Ar, CH,, H,, He, N, SF,, and Xe, with total absolute gas
pressures ranging from 0.25 to 3.0 atm. The peak voltage,
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¥ pens » @CFOSS the spark gap (i.e., the voltage at breakdown)
varies from 38 to 65 kV.

Gas mixtures studied during this program were chosen
ior the following reasons. Those mixtures containing SF, are
of interest for the reasons described above and because SF,
provides a baseline by which the results of this study can be
compared to others. Mixtures of SF; and N, have also been
examined before.” Likewise, dry air was studied because it is
also a common switch gas and, in addition, contains oxygen
which is an electron attaching gas. Helium and H, were
studied because of the interest in possibly improving switch
performance by using a gas with a low molecular weight.
{Low molecular weight gases have higher sonic velocities,
and therefore expand to form the spark channel more rapid-
ly.} Argon and xenon were studied as additives to the gas
mixtures. The objective was to use the relatively low ioniza-
tion potential of these noble gases as a way of possibly accel-
erating the spark column growth via a photoionization pre-
cursor effect. Methane was also tested as an additive because

TABLE L. Gas mixtures and parameter space investigated.

Gas mixtures:

1. He 11. CH/H,
2. Ny/He 12. Ar/H,

3. H,/He 13. Xe/H,

4. 8F,/He i4. Xe/N,/H,

5. 8Fy/N,/He 15. Xe/CH,/H,
6. Xe/SF./He 16. Air (dry)
7. Xe/N,/He 17. He/Air (dry}
8. Xe/SF/N,/He 18, Xe/Air {(dry)
9. H, 19. 8F,/N,/Ar
10. N,/H, 20. SF,
Total pressures: 0.25-3 atm abs
Peak voltage across gap: 38-65 kV
© 1988 American institute of Physics 1882
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it is known to have a fairly low breakdown threshold at 248
nm.’

Under the proper conditions, most of the gas mixtures
listed in Table I can be successfully laser triggered. The fact
that these mixtures can be laser triggered with 248-nm light
requires a multiphoton ionization process to occur. Since
each photon is 5.0 eV, three or four photons are needed to
ionize a typical gas molecule. An exception is pure He which
could not be laser triggered at 248 nm; however, this mixture
was not studied extensively during this program and, under
the proper conditions, it may be possibie to successfully laser
trigger it via resonance enhanced muitiphoton absorption.
Each mixture has a range of concentrations for its gas con-
stituents for which successfu! laser triggering can be ob-
tained.

Section I describes the experimental results of our sur-
vey of gas mixtures for laser triggering. The predictions from
a computer model'® of the spark column formation are ex-
aroined in Sec. IIL. Section IV summarizes the conclusions of
this study.

il EXPERIMENTAL RESULTS

The apparatus used to trigger and study the spark gap
has been described elsewhere.>'!? A KrF laser (248 nm) is
focused coaxially between two hemispherical copper elec-
trodes separated by 1.2 em with I-mm-diam holes in their
centers through which the laser beam passes. The laser in-
tensity at the gap is =3 X 16*° W/cm?. A pulse-forming line
delivers 38-65 kV, > 10 kA, 100 ns pulses to the spark gap.

The spark column is located in one branch of & Mach~
Zehnder interferometer whose light source is an excimer
pumped dye laser. This diagnostic is used to obtain time-
resolved interferograms of the arc formation. The interfer-
ence fringe pattern is imaged onte a vidicon and recorded on
video tape for later analysis.

The dye laser of the interferometer, with a pulse length
of <5 ns, probes transversely across the spark column and
provides two-dimensional images of the spark column struc-
ture. A shot-by-shot temporal history of the evolution of the
spark column is obtained by varying the delay time between
laser triggering the switch and triggering of the interferome-
ter laser. It should be emphasized that the accurate temporal
data obtained during this experiment would not be possible
without the use of laser triggering. The low jitter, high reli-
ability, and spatial control provided by laser triggering
makes it possible to adjust accurately when the interferome-
ter probe beam iilluminates the spark column relative to
breskdown and ensures that the spark column forms in the
field of view of the interferometer detector system (vidicon
camera ). When the switck is allowed to self-break, it is diffi-
cult to obtain interferograms of the spark due to uncertzin-
ties of when and where breakdown will oceur.?

A. Interpretation of spark column interferograms

Figure 1 is a schematic drawing of a typical fringe shift
pattern seen in interferograms of the spark column. The in-
terferometer is adjusted so that fringe shifts in the upward
direction correspond to increasing heavy particle density
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FIG. 1. Schematic drawing of a typical fringe shift pattern from an interfer-
ogram of the spark column. The column is oriented vertically.

(i.e., compression of the gas}. Fringe shifts in the downward
direction then correspond to decreasing heavy particle den-
sity {i.e., rarefaction of the gas) or increased electron den-
sity.

The fringe shifts caused by the electrons and heavy par-
ticles kave reciprocal wavelength dependencies; hence, it is
possible to separate their contribution to the total fringe pat-
tern by obtaining interferograms at the same time during the
arc, but at two different wavelengths. Figure 2 shows an

a} 392.9 nm, w = 0.88 mm

b} 616.0 nm, w = 0.837 mm

IG. 2. Typical interferograms obtained at two different interferometer
wavelengths. The gas mixture is 1% Xe/99% H, at 2 atm total pressure;
Voo =48 kV; and Ar = 42 ns. (a) 2 = 3929 A; (b} 1 = 6160 A.
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example of interferograms taken under the same conditions,
but with two different laser wavelengths. In Fig. 2(a), the
laser probe wavelength 4 is 3929 A; in Fig. 2(b) itis 6160 A.
The gas mixture is 1% Xe/99% H, at 2 atm abs (all pres-
sures in this paper are absolate} with ¥, =48 kV. The
deiay time, indicated by A¢, is the time that the interfero-
gram is obtained after the start of the current pulse. For these
examples, Ar = 42 ns. The diameter of the column measured
from the interferogram, indicated by w (see Fig. 1), is =0.9
mm for both interferograms.

The interpretation of the interferograms is that the
spark column consists of a shell of compressed gas, mostly
neutral at the leading edge, surrounding a core of high efec-
tron: density and low neutral density. Note at the longer
probe wavelength [Fig. 2(b) ], which is more sensitive to
electron density, that the center of the column has 2 greater
downward fringe shift indicating a large concentration of
electrons in this volume. The fringe shift caused by the heavy
particles is more sensitive to the blue wavelengths, and, as
expected, the upward fringe shift at the edge of the column is
more pronounced in Fig. 2(a). An analysis of the interfero-
grams, such as those depicted in Fig. 2, can yield the electron
and heavy particle density profiles.?

All the mixtures studied are amenable to dye laser inter-
ferometry, except for mixtures with SF; concentrations
greater than approximately 40%. It is difficult to probe mix-
tures with a high fraction of SF, with the dye laser and ob-
tain any details of the internal structure of the spark column.
The relatively high index of refraction of SF, and the high
electron densities (10'®-10" cm 2} inside the spark column
when using SF, cause the laser light probing the arc to re-
fract away from the column, thereby reducing collection ef-
ficiency. This loss of light causes a reduction in resolution of
the interferogram. The high electron densities also create
very large fringe shifis that are difficult to measure because
the fringes become very faint and narrow. Spark columns in
SF, also emit large amounts of broadband light, and may
alsc absorb a significant amount of the laser probe light.
Even with narrow-band filters, it is difficult to distinguish
laser Hight from spark column emission. The net effect is that
interferograms of high SF, mixtures are essentially schlieren
photographs of the spark column. Although details of the
interior of the spark column cannot be resolved, the diame-
ter of the column as a function of time can be accurately
measured.’

B. Axisymmetric versus chaotic cofumn formation

Three types of spark column formation behavior can be
identified. The first is laser triggered arcs that are character-
ized by axisymmetric columns. The second is laser triggered
arcs that often form nonaxisymmetric columns with chaotic
internal structures. The third is arcs that are not successfully
laser triggered and exhibit chaotic column formation behav-
ior similar to self-breakdown sparks.

The first two behaviors are demonstrated in Fig. 3
which shows interferograms of two different SF, /N, /He
mixtures. In Fig. 3(a), there is no N, in the mixture (the
SF, is held fixed at 5%) and the resultant spark column
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{a} at = 112 nsec, 5% SFg/0% N3/95% He

{b} &t = 97 nsec, 3% SFg/10% N3/85% He

FIG. 3. Dependence on N, concentration of spark column formation in
SF,/N, /He mixtures. The SF, concentration is held fixed at 5%. Total
pressure is 1.5 atm; ¥, =40 kV; and A = 3929 A. (a) 0% N,; (b} 10%
N,.

formation tends to have a chaotic intertor siructure. When
10% N, is added to the mixture [Fig. 3(b} ], the spark col-
umn formation is consistently axisymmetric.

The chaotic interior structure indicates that breakdown
is only laser assisted as opposed to laser triggered. By laser
assisted we mean that precursor seed electrons are provided
by laser photoionization; however, the spark column is
formed from streamers originating from the seed electrons
much like seif-breakdown. In contrast, laser triggering pro-
vides sufficient preionization electrons so that the spark col-
umn is formed by a uniform avalanche of an initially axisym-
metric column.

With gas mixtures of SF,/He and N, /He, the mini-
mum amounts of additives in He needed to achieve reliable
laser triggering with consistent axisymimnetric column for-
mation are 20% SF, /80% He and 40% N, /60% He. Less
SF, compared to N, is required to obtain reliable triggering,
in spite of the fact that SF, will rapidly attach low-energy
electrons. The initial density of photogenerated electrons is
therefore likely to be larger in the SF, /He mixture.
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To summarize the results of our study of SF, /N, /He
mixtures, Fig. 4 shows the SF; and N, concentrations in
helium necessary to achieve axisvmmetric column forma-
tion. It should be emphasized that all the mixtures tested
{except pure helium) can be reliably laser triggered—that is,
breakdown is initiated by the preionizer laser and the col-
umn appears to be concentric with the laser beam. It is the
subsequent axisymmetric or chactic column formation that
is sensitive to the specific composition of these gas mixtures.

Guenther and Bettis’ have shown the importance of
keeping the delay time between the arrival of the laser trigger
pulse and the onset of spark breakdown less than the effec-
tive laser pulse duration in order to obtain low jitter perfor-
mance. [t is interesting fo note that the axisymmetric and
chaotic columns have similar delay times. This delay time is
of the order of a few nanoseconds and is less than the pulse
length of the laser { =~ 5 ns). This may explain why the chao-
tic columns are still guided and temporally controlled by the
laser despite the nonaxisymmetric formation inside the co-
Iumus.

Little change in the voltage and current characteristics
between axisymmetric and chaotic columns is also observed.
These preceding observations seem to indicate that spark
gaps need only be laser assisted, as opposed to laser triggered
{using our definition for laser triggered), to provide usefol
spark gap triggering.

€. Spark column expansion rate

Gas mixtures such as He/air, CH,/H,, He/H,, and
pure H, can be reliably laser triggered under essentially the
same conditions as the SF, /N, /He mixtures. The ability tc
laser trigger these other mixtures is important because of the
flexibility it offers with regard to designing spark gap switch-
es. The differences one sees between these mixtures is the
rate of arc expansion, denoted by v. A high expansion rate
means the diameter of the column grows quickly and there-
fore its impedance decreases more rapidly than for a column
with & smaller diameter. This behavior reduces the switch
foss,” making the switch more efficient. Figure 5 shows the
spark column diameter as a function of time after the start of
the current pulse. These results are for nearly the same vol-
tage at the time of triggering (3640 kV). Mixtures consist-
ing of lighter molecular weight gases have the highest expan-
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FIG. 4. SF¢ ané N, concentrations in helium buffer mixtures which pro-
duce axisymmetric column formation. Total pressure is 1.5 atm and
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sion rates. The rates are proporticnal to the sound speed
which scalesas (7, /M) Hence, hot sparks in light gases
will have the lowest switch loss. During the first 50 ns, the
rate of expansion for air is =7 X 10° cm/s, whereas for H, it
is =9.5x 10° cm/s. Recall that the arc resistance wiil vary
inversely proportional to the area of the column. Therefore,
the arc resistance varies as 1/0%, and the spark in H, can be
expected to have oniy half the resistive loss of the spark in
air.

Although using mixtures containing H, and He may
speed up the arc expansion rate and thereby reduce the
switch loss, these gases have lower voltage stand-off capa-
bilities® than strong attaching but heavier gases such as SF,.
One must therefore use 2 higher pressure of the lower molec-
wlar weight gas to obtain hold-off. However, this high pres-
sure reduces the arc expansion rate because the increased
pressure reduces the specific heating and, therefore, the gas
temperature. Fortunately, this reduction in expansion rate is
not sufficient to negate the advantage of using lighter molec-
ular gases to reduce switch loss. (The gap separation can
also be lengthened to increase hoid-off, but this increases the
length of the discharge which increases inductance losses. )

The advantages of the light molecuiar weight gases can
be seen more clearly in Fig. 6, which shows the switch loss as
a function of the hold-off voltage and the molecular weight
of the gas. The curves drawn in Fig. 6 are based upon empiri-
cal data obtained on this spark gap device.® Note that at a
hold-off voltage of 80kV/cm a pure H, mixture must be at 4

SWITCH LOSS (%)

‘? £=3.0 Ha (Ma2) -
0 N -
: [ T ¢ 1
[+] 20 40 80 80 100
HOLDOFF VOLTAGE {kV/cm)

I
120 140

FIG. 6. Scaling map for switch energy loss as a percentage of circuit energy.
The average circuit current is 15 kA and the pulse duration is 100 ns.
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atm, whereas 2 pure SF, mixture must be at less than ! atm.
However, at these pressures the switch loss of the SF, mix-
ture is ~~27% and the H, mixture is only =7%.

From an engineering design point of view, using light
molecular weight gases does have the disadvantage of requir-
ing higher pressure switch housings. Issues, such as dealing
with mechanical stresses, must be addressed. Therefore, use
of light molecular weight gases may be more appropriate in
situations where switch losses and/or the need to avoid pro-
ducing deleterious breakdown products are more critical
than mechanical design considerations.

B. Photoionization precursor effect

Gases with low ionization potential, in particular Xe
and Ar, were investigated to see if any significant accelera-
tion of the spark column expansion could be induced due to
the photoionization of these gases outside the column by UV
radiation emitted by the arc.

The effect of adding xenon to H, is shown in Fig. 7.
Figure 7(a) is a typical interferogram for pure H,, and Fig.
7¢{b) is the result of adding 3% Xe to H,. Comparing Fig.

{a) £00% H,, st = 52 nsec, w = 1.14 mm

{b} 3% Xe/97% Ha,
At = 5& nsec, w = 1.06 mm

FIG. 7. Effect of adding xenon to hydrogen. Total pressureis 1.5 atm; V.,
~38kV;and A = 3929 A. (a) No xenon added; (b) 3% Xe added.
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7(b} with Fig. 7(a}, we see the shape of the column is dra-
matically changed. Not only is the high density shell wall
thicker in Fig. 7(b) than it is in the pure H, case, butithasa
very different internal structure.

Another difference is that the fringes on the outside of
the coelumn no longer appear contiguously straight across
the column, but instead seem to be tilting downward away
from the column (indicating an upward fringe shift occur-
ring outside the column). This tilted fringe behavior cutside
the column has only been observed in Xe with either pure
H,, CH,/H,, or N,/H, mixtures. The measurements
shown in Fig. 7 are at a magnification where it is not possible
to observe the full extent of the tilted fringes. Results ob-
tained at a lower magnification, where the fringe shift out-
side the column can be clearly seen, of a 3% Xe/20%
CH,/77% H, mixture {¥ ., ~40 kV, P= 1.5 atm) indi-
cate that the curved fringes outside the column extend
220.22 mm beyond the outer radius of the channel at
At = 65 ns. The maximum shift of the curved fringes is ap-
proximately one guarter of a fringe space.

The fringe shift outside the column is in the upward
direction and is most proncunced at UV wavelengths; this
indicates it represents increased gas density or an equivalent
effect. This effect is therefore apparently not due {0 any pho-
toionization precursor although it is still not well under-
stood. It may be due to a thermal expansion wave that pre-
cedes the high density shell of the column. As will be
discussed in the next section, the primary difference between
the pure H, and the 3% Xe/97% H, mixture is the forma-
tion in the xenon mixture of a high density electron shell just
interior to the shell of high gas density. This electron shell,
which carries a large fraction of the current, may be 2 heat
source that affects the high density gas shell. In any case, no
photoionization precursor effect is observed for any of the
mixtures or conditions studied during this experiment.

il MODEL PREDICTIONS

Before discussing some of the model predictions of the
spark cotumn formation, the basic characteristics of the in-
terferograms will first be reviewed. Recali that the undis-
turbed fringe pattern is at the extreme right or left of the
interferograms. Upward fringe displacements are due to
positive Ap/p,, where Ap is the change in the gas density and
Po 1s the initial gas density while downward displacements
are due to negative 8p/p, and electrons. Also recall that the
interferogram 1s a line of sight (LOS) measurement; that is,
the probing laser beam transverses across the width of the
column, which means the probe light travels through differ-
ent lengths of the spark column plasma depending on its
position with respect to the column center. The LOS dataare
converted to radially dependent data by performing an Abel
inversion.”

As noted above, the different appearance of the fringe
patterns for a relatively small change in gas mixture is dra-
matic for Xe/H, gas mixtures. In the LOS data of Fig. 7(a)
{100% H, ) there appears to be a rather wide but fairly well-
defined shell of high gas density. The LOS fringe pattern in
the center of the arc appears somewhat circular and is char-
acteristic of a column with a fairly uniform electron density
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profile. In the LOS data of Fig. 7(b) (3% Xe/97% H,, ) the
high gas density region appears to extend further into the
column and is less distinct. The fringe pattern in the center of
the arc is flatter than that of the pure H, mixture and has
approximately twice the total shift. The transition to the cen-
ter plateau occurs steeply in a region close to the high gas
density shell. This fringe pattern is characteristic of “heavy”
gas mixtures, whereas “light” gas mixtures tend to have the
more circular fringe pattern.

Simulated interferograms for the Xe/H, mixtures, us-
ing results from a previously described computer model,®
are plotted in Fig. 8. It should be noted that the simulation is
for a 1% Xe/99% H, mixture, whereas Fig. 7(a} is for
100% H, ; however, the differences in the results are negligi-
ble and the conclusions for the 1% Xe mixture also apply to
the pure H, case. The qualitative agreement between the
simulation and the experimental results in Fig. 7 is excellent.
The striking difference in the appearance of the fringe pat-
tern is best explained by referring to Fig. 9, where the elec-
tron density and the change in gas density, Ap/p,, are plot-
ted as a function of radius for the two cases. For the low
xenon case, the electron density, confined within the high
mass density shell, is fairly uniform as a function of radius.
The electron density penetrates into the high density shell
with only 2 moderate slope. Such 2 uniform electron distri-
bution will vield a cosinelike LOS fringe pattern in the mid-
dle of the column [as seen in Figs. 7(a} and §]. In contrast,
the 3% Xe/97% H, case has a high electron density shell
interior to the high gas density shell. The LOS fringe pattern
is therefore that arising from a shell distribution; it will have
a flat center with steep sides. The high gas density shell of the
1% Xe/99% H, case is scmewhat thinner, but almost a
factor of 2 higher than that of the the 3% Xe/97% H, case.
Mass density in the interior for the low xenon case is rather
uniform as opposad to the distribetion for the high xenon
case which is both higher and has structure.

The differences in shape of the electron density profile,
and hence fringe pattern, between the 1% and 3% Xe mix-
tures results in part from the difference in the average motec-
vlar weight of the gas mixtores (3.29 amu versus 5.87 amu},
and therefore sound speed. The 1% Xe mixture is sufficient-

Xelty = 0.01/0.98 KelHo=0.03/0.87

¢ ! 4
.50 (C.28 C.0 2.25 (0.560 0.30 GO.15 2.0

¢.15 8.30

TRANSVERSE POSITION (mm) TRANSVERSE POSITION (mm)

{al {b)

FIG. 8. Simulated interferograms using the computer model developed dur-
ing this investigation (see Ref. 8). (a) Simulation of the 1% Xe/99% H,
mixture; (b) simulation of the 3% Xe/97% H, mixture. Other conditions
are the same as for Fig. 6.
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results given in Fig. 7.

Iy light that the gas responds quickly to a pressure gradient.
As a result, the convective velocity is positive (radially
outward} and the pressure gradient is negative (pressure
decreasing radiaily outward)}. The molecular weight of the
3% zxenon mixture, though, is sufficiently large, and the re-
sponse time of the gas sufficiently long, that similar condi-
tions cannot be maintained. As a result of the lower convec-
tive velocity, the high gas density region just interior to the
shell is heated thereby creating a local maximum in pressure.
This reverses the pressure gradient, slows the convective ve-
locity interior to the local maximum, and may in fact reverse
the particle flux to be radially inward. A local region of low
particle density results. This region has a correspondingly
higher E /N (electric field divided by gas density ) and there-
fore higher rate of ionization. The result is a shell of high
electron density interior to the high gas density shell.

V. CONCLUSION

Successful laser triggering of 20 different gas mixtures
using various combinations of H,, He, N,, CH,, SF,, Ar,
Xe, and air has been demonstrated. The fact that most of
these gases are inorganic eliminates the problems associated
with organic additives in spark gap devices. Reliable switch-
ing can be obtained even when the laser only assists in the
formation of streamers (as obtained in self-breaking switch-
es) as opposed to completely forming an axisymmetric spark
column. Gas mixtures using lighter molecular weight gases,
but having lower hold-off (V/atm) under proper circum-
stances can yield lower loss switches than heavier, more con-
ventional switch gases.

This work has also shown that subtle changes to the
energy transport both inside and outside the spark column
can occur in some of these gas mixtures. Although this prob-
ably does not directly impact the design of spark gap switch-
es, the data have been very useful in validating a computer
model of the spark column formation. This model has been
able to.predict the formation behavior of the spark, except
for the fringe shift seen occurring outside the column in some
of the gas mixtures. The cause of this fringe shift is still not
entirely understood.
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