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ABSTRACT

(Distribution Limitation Statement No, 1)

Single~and double-channel laser-triggered switches in high-pressure gas have
been designed and operated in the voltage range from 1 MV to more than 3 MV.
Jitter times of 1 to 3 ns were observed in most cases. Gas pressures of 150
psig and 300 psig were used. The gases were 100 percent nitrogen and a 431
mixture (by partial pressures) of Np + SFy; enriched with up to 50 percent
argon. Significant accomplishments were (1) the simultaneous firing of four
stages of a Marx generator by a multiply split laser-beam; (2) up to 40 per-
cent reduction in the risetime observed in the output pulse from a multimega-
volt dc generator when switched into a load through two simultaneously laser-
triggered channels; and (3) the design and operation of a laser-triggered,
dc-charged switch at more than 3 MV with subnanosecond jitter.
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SECTION 1
INTRODUCTION

The primary objective of thJ.s study ha.s been to extend the laser-
triggered switching technology developed by the Air Force Weapons Laboratory
into the multlmegavolt region. This objective has been satisfied; the va.11d1ty
of the predictions of low jitter switching based on the earlier work of Guenther

(1,2, 3)

and his colleagues at AFWL has been demonstratled at voltages in excess
of 3 MV. -

_ A compelling reason for investigating this form of sw1tch1ng is its
potential application in the development of dev1ces for the simulation of neclear
detonations. Such devices may require that several energy stores be switched
simultaneeusly into a load requiring power in excess of that a_,vailable from a
single store of compatible impedance. '

The magnitude of the parameters necessary to satisfy this applica-
tion would make the following demands on the switch:
- (1) Voltage hold-off > 10 MV
(2) Current > 1 MA
(3) Jitter < 2 ns
(4) Very low inductance leading to a risetime of a few ns.
A high- pressure gas—filled swifch eperated unde.r dc conditions and
triggered by means of a focused optical beam from a high- brlghtness laser has

(3) with thzs

been developed at AFWL. The experiments of Guenther and Bettls
switch at voltages extending to 1.2 MV indicate that it will be able to meet the
demands above.

A significant step toward these goals has been accomplished by IPC -
in the present study in which experiments were performed on a high pressure ’
gas-filled spark gap fed by an energy store capable of supplying current and

voltage in excess of 50 kA at more than 3 MV. The generating system used was

an IPC facility designated FX-25. The reduction of inductance and, conseguently,




risetime, by means of double-channel initiation was investigated. The effects of
‘gas composition and pressure, electroﬁe spacing, reduced electric field (E/p)
and charging polarity were examined. :

The effects of laser power density at the target and the cone angle
of the focused beam were stu&ied. Thié portion of the inv.estigation was aug-
mented by extending the time of performance of this study to coincide with a

(4)

related program in which a 2-MV gap was trigge.red by‘ a laser beam which
had traversed a 20-m path. ' | '

A demonstratioh of the effect of the simultancous switching of
se\_reral gaps by means of a multiply split laser beam was performed on a Marx
Surge Generator. The output risetime and deiay were measured as a function
of the ‘nurﬁ.ber of gaps irradiated and the gap voltage.

The ekperiméntal work is c:lescr'ibe'd in the following three sections
of this report. The first, Section 2, describes preliminary efforts with the
Marx generator and the initial multimegavoit setup on the FX-25 facility. The
apparatus, data taking and data analysis pfocedures are also described in this
section. In Section 3 the principal switc‘ning experiments are reported. Most
of the results are based on this series of ex.perim'ents. Pertinent results from
the complementary study performed during the SIEGE‘ IIM) program are sum-
marized in Section 4.

A calculation of I.)ow.er density at the target is described in the
Appendix. This calculation takes into account both t.h'e vertical and horizontal

. , 5y
beam divergence of the laser, and follows Kogelnik' _s( ) analysis of the passage

of Gaussian beams through lenses.
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SECTION 2
PRELIMINARY SWITCHING EXPERIMENTS

This section describes some of the experimental work performed
in preparation for the multimegavolt experiments as well as a demonstration of
the potential application of the simultancous laser-triggering of several spark
gaps.

A substantial effort was expended in the design, fabrication and
testing of the beam-handling apparatus and modified spark gap required for
multimegavolt experiments on the Company's FX-25 facility. In the meantime
the IPC stafflassigned to this program, with the aid of AFWL personnel, set up
and gained familiarity with the Korad K-1500 laser system provided by AFWL and
shown in Figure 1. _

This system employs ruby oscillator and amplifier rods and is
Q- switched by means of a Pockels cell. The output face of the amplifier is cut
at the Brewster angle to minimize reflections, and produces an elliptically
shaped beam approximately 2 cm by 1 cm. During these experiments an output
power of 100 MW to 300 MW was obtained in pulses ~15 ns wide (FWHM) at
6943 j;x Input energy to the flashlamps was between 10 and 15 kJ.

2.1 Multiply Triggered Marx Generator

The first 1as-e1- switching experiments at IPC were performed on a
five-stage Marx generator, each stage consisting of a 4000 pF capacitor charged
to approx1mate1y 25 kV. As many as four stages could be triggered by means of
a single laser pulse split into four focused beams on pass1ng through the array
of beam splitters, prisms and lenses s_hown in Figure 2. The beams were
incident obliquely on the grounded electrode of each gap as shown schematically
in Figure 3.

Observations were made for charging voltages of 70% to 90% of the’
gap static breakdown voltage (SBV). Laser power was varied from 10 MW to
20 MW per gap in 30 ns wide (FWHM ) pulses. A small fraction of the incident
laser pulse was sampled by an ITT FW-114A biplanar photodiode.

3
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Another small fraction of the laser output was sé.mpled by a foil
calorimeter(é) whose output voltage was monitored on a Keithly Model 150A
Microvolt Ammeter adapted for use with a Westronics Model DSA/M/D141 M
Recorder. This energy sensing device was calibrated against a TRG Model 117
Ballistic Thermopile. From the pulsewidth and energy thus obtained, the peak
laser output power was calculated. The output of the Marx was monitored by
means of a resistive voltage divider. The two pulses were combined in a
matched signal splitter® and displayed on a Tektronix 519 oscilloscope. Delay
between the incidence of the laser pulses at the gaps and the output of the Marx
was determined by correcting for cable lengths and time-of-flight of the light
beams as in Reference 3. The transit-times from the laser to all four gaps
were equal within 0.5 ns. _ .. _ : |

A sample of these data 1n Figure 4 reveals the effect of the number
of triggered gaps on both delay and r‘iéetime of the Marx output. Each stage was
charged to -27 kV which was 90% of SBV Only 10 MW laser power per gap was
required. As the operating voltage was reduced to lower percentages of static
breakdown an increase in laser’ power was requlred to keep the delay within
measurable bounds. At 70% SBV only ‘one -observat1on of the Marx output was
found. It was verified that the Marx did fire by means of a voltmeter across
one of the stages. It is likely ‘that the delay was too long to allow measurement
with the apparatus employed. Further increase in laser power to decrease
delay was not possible at this time.

The results summarized in Table 1 indicate the decrease in delay
and increase in risetime with an increasing number of triggered gaps. Although
the triggering delay of the Marx can be reduced by firing all the gaps simulta-
neously, a slower risetime is observed. It would be interesting to investigate
this behavior in more detail to determine whether the multiple overvolting of
the upper stages of the conventional Marx or the early establishment of a suitable
current in the individual Marx stages is the decisive factor which controls the

risetime of the output pulse.

* Bishop Instrument Model 080-001, Portland Maine
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Because of the difference in laser power levels it is not possible
to compare the absolute values of delay and risetime observed at the different
percentages of SBV.

Investigation of the Marx triggering was interrupted at this point
because of the failure of the Pockels shutter electronics. This failure and
an aged oscillator flashlamp were responsible for the wide pulses {30 ns) and
low powers obtained from the laser during the experiments. By the time the
laser system was repaired the apparatus for multimegavolt switching on
FX-25 was ready for installation and testing. Therefore, the Marx triggering

experiments were terminated.

2.2 Preparation of Multimegavolt Switching Apparatus

The IPC FX-25 facility provides energy storage of about 5 kJ at
voltages in excess of 3 MV. The system consists of a pressurized coaxial
capacitor dc charged by a Van de Graaff generator. The energy is transferred
to a load by switching the center conductor terminal across a gap to an electrode
isolated from ground by a 60 to 90 ohm copper sulfate load. |

A sketch of some of the apparatus we have used to study the laser
switching technique is shown in Figure 5. This drawing shows the assembly
of the laser beam entrance channel, resistive load, window and focusing lens
at the high-voltage terminal end of the FX-25 flash X-ray machine. Complete
assembly drawings and parfs lists were included in an earlier report.(”

The laser beam enters at the right hand side of the drawing, passes
through a pressure-tight window in the baseplate and is focused on a target
inserted in the terminal electrode. The baseplate assembly is shown partly
assembled in Figure 6, Three focusing lenses are rhounted on this plate

in adjustable barrels such that the beam or beams can be brought to a focus

at positions ranging from 2 cm in front of the targets to 1.5 mm inside the

10
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target(s). The targets are made from a sintered copper-tungsten composite
manufactured under the tradename™ Elkonite.
| Three focusing lenses were installed so that the apparatus could be
operated in either the single-channel or the double-channel mode without dis-
assembly. The beam-splitting optics are shown in Figure 7 mounted on the
baseplate (opposite side from that shown in Figure 6) wh:ich has been attached
to the insulating housing (rings) of the FX-25. " The geai‘_éd drive on the beam-
splitter carriage can be operated from outside the entire sealed assembly to
move the beam splitter to the left for single-channel oplération or to the center,
as s.hown, for the double-channel mode. Three 90-degree turning prisms
complete the beam handling apparatus. All optical ‘c:ofnp_‘onents are made from
GE151 fused silica, aﬁ:d all appropr.i_at_e surfaces are anti-reflection coated for
< 0. 15% reflectivity at 6943 A An exception was a thin, uncoated dust cover
of Corning 7910 glass (UV grade) which was inserted in the beam input channel
during some of the experirn.ents.. The transmission of the entire assembly was
checked with a TRG 117 ballistic thermopile and losses in the dust covers have
been accounted for in reporting the laser power into the gap.

The complete assembly of laser-switching load chamber on the
FX-25 facility is shown in Figure 8. It had been planned that the load chamber
would be insulated with oil, resulting in a load impedance of 60 ohms. However,
during the initial testing of our apparatus considerable difficulty was experienced
in eliminating all traces of air bubbles from the oil. Therefore, in the interest
of expediting the experimental work, the load chamber was insulated by pres-
surization to three atmospheres of SF6, resulting in a load impedance of 90 ohms.

The copper sulfate load resistor was modified to match this impedance.

* Mallory Metallurgical Company, Indianapolis, Indiana
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o 2.3 Data Acquisition and Analysis Techniques

The aim of these experiments was the characterization of multi-
megavolt laser switch operation in terms of gap and laser parameters. It

was necessary, therefore, to specify the following:

(1) Gap parameters:
(a) gas composition and pressure
(b) electrode separation and material
{c) static breakdown voltage
(d) operating voltage
{2) Laser parameters:
(a) output energy and wavelength
(b) pulse width (FWHM)

{c) heam di{r'ergence and focusing optics
From this information was calculated:

(1) reduced electric field (E/p)
(2) % SBV at switch firing

(3) laser power density at target surface

The data taken for each shot included a still photograph of the
breakdown and a photograph of an oscilloscope trace containing both the laser
pulse and a volta.ge pulse. An example of these data is shown in Figures 9
and 10. The bright glare in Figure 9 is due to a reflection from the electrode
during pre-exposure of the background with a strobe flash.

The pulses shown in Figure 10 were obtained from the photodiode
described earlier and a capacitive voltage probe in the terminating load housing.
Both signals were combined in the matched signal splitter and displayed on a

- Tektronix 519 oscill'oscope. Wherever possible, the 10 ns/cm scale was used.

Tangent lines were drawn along the leading edge of each pulse and the delay was

measured between their intersections at the baseline. These values were

17










corrected for differences in cable lengths and time of flight of the laser beam
from the photodiode to the target. The absolute values of delay méasured in

this way are assumed to be accurate to 1 ns for data read from the 10 ns/cm

scale. '

Usually 10 to 20 shots were taken for each set of operating para-
meters, - The resulting delay data were analyzed by meané of a computer program
which calculated the arithmetic mean delay and standard deviation, defined as |
the '""rms jitter.' Unbiased estimates of .p_'opul'a,tion para;.meters were used in the
calculation, which resulted in slightly larger jitter values than estimating

(8)

standard deviation by '"'maximum likelihood.'

2.4 Initial Operation of Multimegavolt Las er Switch

During initial operation Qf. this apparatus adjustments were necessary
in the focusing and beam alignment teé:_hniqués and minimization of the beam
divergence of the laser system. Nevertheless, even before the system was
optimized a gap was fired several times at nearly 3 MV by means of the focused
laser beam. Optimization of the system was accomplished by.minimizing the
beam divergence by means of precise positioning of the beam expanding optics
between laser oscillator and amplifier. The divergence was then measured by

9)

Winer's photographic technigue. These data, processed and analyzed at
AFWL, are presented in the Appendix together with a calculation of the spot
size and resultant power density at the electrode. For the operating range |
utilized in our experiments the full angle beam divergence waé generally less
than 1. 5 mrad.

| Initial megavolt switching was performed in 100% nitrogen at 350
psig with the geometric focal spot of the lens set 1 cm in front of the target.
Very high p.o{vers were required to switch the gap under these conditions.
Switching delay observed in a 6-cm gap operated a 2 MV (>95% SBV) was _
15.3 %= 1. 4 ns with 300 MW of laser power. Since it had already been observed

in the prior work at AFWL that more reliable results could be obtained with

20



the laser beam focused just beneath the surface of the target no further data
were taken with this focal adjustment. All subsequent measurements were
made with the geometric focal spot of the lens set 1.5 mm inside the target.
This proved to be a more efficient triggering arrangement, as is evident from
the shorter.delays observed with lower laser powers under fairly similar gap

conditions described in the following sections.
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SECTION 3
| SWITCHING EXPERIMENTS

These experiments resulted in delay and jitter values for switching
with various gas mixtures, pressures, gap separations and terminal voltages.
The approach taken was an exploratory one in which several gas mixtures were

studied briefly rather than a more detailed examination of only one or two com-

binations.

A number of data points (usually 10 to 20) were avéeraged for each
reported value of delay. Although double-channel switching was observed over
the entire voltage range, the bulk of the effort was expended Qn. singl_é-channel

observations.

3.1 Single-Channel Switching

These experiments were carried out at two operating levels of the
laser system, namely 100 MW and 200 MW. Because of transmission losses
in two uncoated dust shields, the actual power transmitted to the gap in these
cases was 85 and 160 MW, respectively. The accuracy of the power quoted is
limited by the fluctuations in laser output and the accuracy of the recording
devices to about 10%.

Smce beam divergence varies with the operating level of the laser
system, the power densﬁ:y at the electrode pr0v1des a more exact characterlza-
tion of switch operation than the 1nc1dent power The two power levels used in
this series of experiments resulted in power densities of 65 GW/cmz and
164 GW/cmz. The greater than expected increase in power density at the
higher operating level was due in part f-o a decrease in be'afn divergence at

this level, as shown in Figure A-2 of the Appendix.

3.1.1 Delay and Jitter

Some of the delay measurements in nitrogen are presented as .

histograms in Figures 11 and 12. The mean delays and standard deviations.

23
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Laser Power: 85 MW

Figure 11. Switch Delay in N2 at 50% SBV
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(rms jitter) calculated from these data are 14, 3 + 1. 6 ns for the 50% SBV
case and 6. 6 = 1. 6 ns for 95% SBV. The power densities used were 65 GW/crnz
in the former and 164 GW/cm2 in the latter.

The addition of 20% SF (by partial pressure) resulted in very poor

6
switching operation. Data obtained at the lower ?ower were too scattered to
analyze. In an effort to find a gas mixture with goéd switching characteristics
as well as good voltage holdoff capability, increasing percentages of argon were
added to the basic 4:1 mixture of nitro.gen and SF6' Substantial improvement in
switching was obtained in a 3. 25 MV gap with mixture of 50% A, 40% NZ and
10% SF6' Histograms of these data are given in Figures 13 and 14. The delays
and jitters calculated from these data are 16.8 £ 1. 1 ns for 67% SBV and

10. 0 £ 0. 7 ns at 94% SBV. These standard deviations are ﬁrery close to the

limit of accuracy for delay measurement stated earlier.

The results of the entire series of measurements in nitrogen are
presented in Table 1; those for the gas mixtures are in Table 3. For two of the
cases listed in Table 2 some misfires are noted. These shots were not counted
as measurements in the tabulations. In the cases where é.ll but one parameter
remains essentially constant, these results can be grouped so as to show the
effect of gap separation, laser power density and gas composition on delay
and jitter.

The effect of laser power density is shown for nitrogen and two gas
mixtures in Table 4. When delay is comparable to or greater than the laser
pulse width (~ 15ns FWHM )an improvement is obtained at the higher laser power.
However, when switching is complete before the laser pulse has reached its
maximum level, increased laser power brings no improvement. This is
clearly evident in the comparative delay data for a 7-cm gap in nitrogen at
150 psig. Switching is complete in this gap before the lower.power pulse has
reached half its maximum value. The values of delay and jitter observed for
the two power levels agree within the experimental limit of error.

The effect of gap separation on delay and jitter of a multimegavolt

switch is given in Table 5. As expected, delay increases with gap separation

when other parameters are held constant.
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The variations of delay and jitter with increasing percentages of
argon in a 4:1 mixture of nitrogen and SF6 are shown in Figures 15 and 16.
A reduction in delay and jitter is obtained as the argon concentration is en-
riched. This follows fron argon's smaller elastic collision prob'ability,(lo)

‘ Il
larger cross sections for photo—a’osorption( ) and ionization by electron

12 (13
impact,( ) and has been reported by Gue_nther( .).in repetitive laser switching
studies.
3.1.2 Discharge Characteristics

Photographs of the gap breakdown show the single-channel break-
down characteristics of co-axial laser switching at the smaller gap sepa,ré.tion.
However, at larger gap separations the single channel divides part way over
into many leaders to bridge the gap. Some filaments are observed 1n both
cases near the grounded electrode completing the circuit around the entrance
beam aperture. ,Th‘? size of this apértui'e'wé,s reduced from a diameter of
1-1/4 to 9/16 inch with no essential change in the channel fragmentation at
wide gaps.

A few of the discharges are shown in Figure 17. Note the different
discharge geometry at the 7-crm and 1l-cm gap separation. All of the photo-

graps have been inserted in the laboratory notebooks submitted with this report.

3.2 | Double-Channe.l SWitching”

By means of the beam splitter and prisms described earlier it was
possibie to divide the incident laser beam into two beams of equal power which
were separately focused on two additional Elkonite targets. These tai‘gets were
spaced symmetrically above and below the central target on a 25-cm diameter

circle on the high voltage terminal.

3.2.1 Observations and Data

Double channel switching was observed in nitrogen as well as in a

gas mixture of 50% A+ 40% N2 + 10% SF6. Photographs of some of these
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Figures 18 and 19.

discharges, at operating voltages from 1.1 MV to 3. 15 MV are shown in

Delay and risetime observed under various conditions are listed

in Table 6.

observations in Tables 2 and 3.

These data may be compared with equivalent single channel

The power density per channel was at least

80 GW/crn2 since the higher laser power was always used. A measure of the

actual laser power splitting performance during disassembly showed that 51. 5%

of the power went to the upper channel and 48. 5% to the lower.

This difference

in power was attributed to a slight misalignment of the turning prism in the

lower channel such that the angle of the beam at the reflecting side was not

quite large enough for total internal reflection.

3.2.2

Characteristic Times for Double-Channel Switching

Five characteristic times must be considered in describing double-

channel triggering:

(1)

(2)

g ' (3)

charge defined in nanoseconds by the relation

tg: time required for the incident laser beam to

produce the initial charge carriers at the target

electrode;

tst: streamer transit time;

tR: time duration of the resistive phase of the dis-

88 1/2
4/3 p
z
ZO + L (E) o
where:
7 = source impedance in ohms
o
ZL = load impedance in ohms
E = electric stress in MV /m
p = density of air at NTP
"o
p = density of switching gas

37
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(4) tL: time duration of the inductive phase of the discharge

defined in nanoseconds by the relation

L'd
L Zo+ ZL

where:
d = .gap separation
L' = channel inductance in nH per.unit length
(5) tsep: separation time between triggered points on target
electrode.

“In order that current can be shared equally between the two channels,
both channels must be initiated within the time for the gap voltage to drop

(15)

significantly. The following condition expresses these limits:

| . 2\ /2
N <
(tg+tst)l (g+st)2—tsep+(tR+tL)

This expression points out the importance of using equal laser power in each
channel since the formation time tg for the two gaps must be equal. In other
words, low jitter is a necessary but insufficient condition for double-channel
switching; the absolute values of the times r.equired for initial ionization and
streamer passage must be equal for each channel as well. The very low jitter
observed in the 1a_ser—triggered switch and the precisibn with which one can
control laser beams make the 1‘aser especially suitable for the initiation of

double-channel switches.
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3.2.3 Risetime Considerations

The time constants of the resistive and inductive phases of switching
determine the risetime of the signal transmitted to the load. These time con-
stants may be calculated in nanoseconds from the expresstions for tR and tL
given in the previous section.

A commonly used value(15 ) for channel inductance is 15 nH/cm.
When two channels are used the mutual inductance between the channels must
be included. The resultant switch inductance is then about 0. 6 times that of
the single channel. An experimental simulaﬁon of the inductance of multiple
channels consisting of No. 28 wire (0. 0126 inch diameter) bridging a 9 cm gap
and éfranged on a 20 cm diameter circle is described in Reference 12. Valﬁes
of 14. 2 nH/cm and 8.2 nH/cm were found for the single and double chanmels,
respectively. ‘

The driving impedance of FX-25 is 40 ohms per channel; the load
chamber used in this experiment has an impedance of 90 ohms.

These values have been used to calculate the resistive and inductive

phases for the conditions described in Table 6. The resulting 10-90% risetimes

have been calculated from:

tlo-90% = 22 'R * L
The results of these ca_.lculations are p.resented in _TaBle 7. Success-
ful double-channel switching was gene.rally more l_ikely in the gas mixture which
had a longer resistive phase than in Ithe pure nitrogen. No attempt was made to
account for the effect of multiple branching across the 11 ¢m gap Which would
further reduce tR and tL. The agreeme.nt between calculated and observed rise-
times is closer than one would expect, considering that the measurements were

made from traces with a sweep speed of 10 ns/cm. These results are encour-

aging and invite further study of double-channel switching with this apparatus.
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SECTION 4 | _
COMPLEMENTARY RESULTS FROM SIEGE II PROGRAM

During the recent study of the SIEGE II system(4) it was necessary
to simulate the operating environment by extending the effective path between
laser and switch to greater than 20 m by passing the beam fhrough an array of
" six 90-degree turning prisms. A diagram of this expefiment is shown in
Figure 20. Photographs of the apparatus in the.FX—ZS é.reé. are shown in
Figures 21 and 22. The simplicity and vulnerability to misé.lignment of this
arrangement are obvious.

_ Despite a setup which would be considered crude by optical engineer-
ing standards, our switching results are quite encouraging. Histograms of
delay measurements are shown for both a positive and a negative terminal in
Figures 23 and 24, ‘The delays are 67.6 £ 1. 8 ns for a positive terminal fired
by 100 MW of laser power and 60.2 % 1. 0 ns for a negative terminal fired by
125 MW of laser po'x{rer.

A photograph of one of the discharges observed in nitrogen switched
by laser 20 m away was shown earlier in Figure 9. A sample of the delay data
was shown in Figure 10. The measurements from these traces, after correction
for laser time-of-flight and cable length differences, are shown together with
many other measurements in Figure 23. |

The spot size at the target was calculated from Kogelnik' 5(5)
analysis to have an area of 1. 82 x 10_3 cmz. ‘This yielded power densities
of 54. 5 and 68. 2 G‘W/crn2 for the 100 and 125 MW levels, respectively, at the
Elkonite target., The laser powers quoted are those incident on the target
electrode. Note that the higher power density gave shorter delay and jitter
and was essentially equal to the 65 GW/cmz .Ievel used in the earlier work,
whereas the lower power density was 16% lower than that used earlier.

It is interesting to compare the results at approximately Z-meters
and 20-meters separation. Both the power density and jitter have remained

constant, but the delay has increased an order of magnitude. The only other
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Figure 23.

Switch Delay in NZ at 22 m
(100 MW Laser)
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factor that appears significant is the larger beam diameter entering the focusing
lens in the 20-meter case. The diameter in the latter case is at least twice that
of the 2-meter work. Hence, the focusing cone angle is also greater in the gap.
This could result in less effective pre-ionization of the gap because of the re-
duced power density away from the target.

A rough check on this behavior was made by reducing the effective
laser-to-gap path length to 10 meters in order to reduce the beam diameter
entering the lens and the focusing cone angle in the gap.. This was accomplished
by removing the middle four turning prism.s from the path shown in Figure 20.
As predicted, the delay observed had a value between that for the 2-meter and
20-meter experiments, and the jitter remained constant. In this case, however,
the power density calculated at the target was approximately double that at
20 meters, even though the input power remained constant. A summary and
comparison of these observations with the 2-meter case afe given in Table 8.

A possibility existed that the variation of the position of minimum
beam waist in the gap, calculated from Equation (A-3) of the Appendix, con-
tributed to longer switching delay observed at greater laser-to-lens distance.
This was briefly investigated by moving the focusing lens approximately l-cm
closer to the target when the laser was 20 meters away from switch assembly.
This lens position placed the minimum waist at approximately the same point
as it was when the laser was only 2 meters away. The discharge patterns
observed were very pbor, and switch operation was unpredictable. It was con-
cluded that the variation in the position of miﬁimum beam waist could not
explain the observed long delays and low jitter.

Although a great deal more study and experimentation is needed to
adequately explain these results, some observations of Basov(lé) and his co-
workers may provide some insight. This group examined the influence of laser
beam-focusing on air breakdown by varying the focal length of their lenses.
When operating their Q-switched neodymium laser in 130-MW pulses of 15-ns
(FWHM ) duration, they measured the longitudinal movement of the spark

traveling toward the lens as a function of time. The velocity of this motion
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7
during the first 10 ns increased from a value of 2. 4 x 10 cm/sec to 9 x 107

c¢m/sec when the focal length of the lens was changed from 4 cm to 20 cm.
In other words, the spark traveled faster when the cone angle was smaller,

since the beam diameter at the lens remained constant,
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SECTION 5
CONCLUSIONS

The primary objective of this study, to extend laser-triggered
switching technology into the multimegavolt region, has been realized. Both
single- and double-channel laser switching have been examined in the range
from 1 MV to more than 3 MV. Jitter times of the order of 1 to 3 ns were
observed in many cases.

Some questions concerning the effect of cone angle of the laser
radiation crossing the gap have been raised. This factor, and, consequently
the lens focal length, may be of more significance in the higher voltage regions
where the gap distance is necessarily large. The longer delays observed when
the cone angle was enlarged are consistent with the variation in spark velocity
with focal length observed in Basov's experiment.(lé)

Double-channel triggering was found to significantly improve rise-
time in some cases. Additional work on this application with even more pre-
cise power splitting would further demonstrate the advantages of this mode of
switching and provide worthwhile design information.

It would be very desirable to examine in detail the phenomena which
occur at or near the target in order to establish the most efficient design
criteria.

The most advantageous aspects of laser triggered switching from
the system engineering viewpoint are its low jitter and built-in voltage isolation.
The command jitter of the Q-switched laser itself has recently been demonstra-

(17) to be within *1 ns. The experimental work described in this report

ted
has resulted in the design of laser-triggered switches operated at more than
3 MV within a jitter time of less than %1 ns.

These features of the laser and the laser-triggered switch

make feasible the design of multimegavolt pulse generators with tight




specifications on either series or parallel synchronization. Such applications

may require either the simultaneous switching of several energy stores into
a load, or the sequential firing of several switches, as in a sophisticated

Marx genefator or a phased array of electromagnetic pulse generators.
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APPENDIX
CALCULATION OF POWER DENSITY AT TARGET ELECTRODE

The spot size at the target electrode varies with the laser beam

divergence, focal length of focusing lens, wavelength, and laser to lens distance

5
according to Kogelnik' s( ) analysis of Gaussian beams.

These variables are defined in Figure A-1. The value of the beam
waist W, is given from

e R 4-1

where 91 is the full-angle beam divergence. The distance d1 can be estimated

by finding the position of W, on a cone having an apex angle 91 and an exit face
equal to the amplifier rod.

The radius of the minimum focal spot is then given
by

1 (A-2)
> = |1 - + —_

where f is the focal length of the lens and \ is the laser radiating wavelength.

The position of this minimum is given by

{(A-3)

In the cases of interest to this study, the target was placed 1. 5 mm closer to

the lens than f. Therefore, the spot size at the target was obtained from
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Figure A-1, Gaussian Beam Transformed by a Lens
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2 ' .
[W(Z)]target =W I+ 2 (A-4)

2 = d. - f+1.5mm (A-5)

The 'full—a_ngie beam divergence as a function of laser output power
is shown in Figure A-2. ,Two values of flashlamp supply capacitance gave
slightly different diVérgeﬁce at the same power level. Since the 1ower capaci-
tance was used in the 100-MW level experiments, the corresponding,beé.m di-
vergence was chosen for spot size calculation. |

A further complication is t};e fact that the output from the Brewster
angle amplifier is elliptical and results in a lvertical and horizontal béa:m diver-
gence of substantial difference. The horizontal value is greater-becauée the
beam undergoes refraction in that plane. A separate value of beam waist was
calculated for the vertical and horizontafl. planes and an elliptical spot was as-
sumed in calculating the area of the spoi: at the cathode. The laser power
density incident at the target was then determined for the power levels and
laser-to-gap separations used in the experiment. The resulis of these cal-

culations are listed in Table A-1.
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