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ELECTRON-BEAM-CONTROLLED GAS LASERS:
PART II:

NOTICE
This report was prepared as an account of work
sponsored by the United States Governmont. Neither
the United States nor the United States Atomic Energy
Commission, nor sny of their emplcyees, nor any” of
their bcontractors, or thelr employees,
makes any warranty, express or implied, or assumes any
lo_nl Hability o r'espon:ibilily for the sccuracy, com-

plete or of sny infor apparatus,
P or p digclosed, or rep that its use
would not infringe privateiy owned rights,

Abstract

Some problem areas in the design of very high
energy electron-beam-controlled chort pulse gas lasers
are discussed. One of the prime areas of interest is
the high voltage pulse generators for driving the
electron gun and gas pumping. The use of pulse-
forming networks for improving energy transfer effi-
ciency is discussed. The use of thermionic cathode
devices will require a large AC power installation.
The properties of alternate electren sources {cold
cathode and plasma cathode devices) are reviewed.

The 1mpact of laser beam energy density limitations
?n system geometry and electrical design are discussed
ast.

Introduction

Inefficiencies which can be tolerated in the
design of the present (1 and 10 kJ) Los Alamos Scien-
tific Laboratory (LASL) short pulse CO, laser systems}
cannot be tolerated in a laser used in a fusion reac-
tor, or even in a larger experimental laser. Areas
which have been of particular interest have been the
pumping energy store, the electron gun, the electron
gun energy store, and laser beam energy density limi-
tations, which impact system size and complexity.

Pumping Energy Store

Of particular interest is the energy store used
to pump the final amplifier of the system. For exam-
ple, our 10 kJ system will consist of eight beams,
each with 1250 J. Each beam requires approximately
90 kJ deposited in the gas. Because a capacitive run-
down circuit is used, 325 kJ will be stored in the
capacitor bank with the excess energy being deposited
in the crowbar circuit. The entire bank for the 10 kJ
system will store 2.6 MJ in order to deliver 720 kJ
to the gas. This same jaob could be performed by a
pulse-forming network (PFN) storing less than 1 MJ.
At tRhis stage, the difference is not so important,
particularly because of the cost and effort required
to develop a PFN of this size. When a 10° J laser is
built, it is expected that the laser efficiency will
have been improved to 2% through the use of improved
optical and geometrical efficiency, and multiline
oscillators. The decision in this case will be be-
tween a 12 to 15 MJ capacitor bank and a 5 MJ PFN.

° The extra effort in this case is worthwhile.

The problem in the design of a PFN 1s to arrive
at a reasonable tradeoff between waveform and circuit
complexity. The ideal waveform would be a square wave
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with zero rise- and falltime. The waveshape is
important because pumping is efficient only within a
range of applied electric field. Thus, a slow rise-
time will cause energy to be deposited in the gas as
heat rather than as population inversion. Since pump-
ing stops when the voltage falls below a certain valug
a slow fall will mean that more energy is left in the
bank when peak gain is reached. In general, better
waveforms are achieved at the cost of more complex
networks. However, the goal is to minimize the cost
per joule delivered to the load witiiin the useful
voltage range. :

The constraint on voltage range means that the
PFN must be reasonably well matched to the load. This
i{s also true, however, for a capacitive run-down cir-
cuit. A capacitor may be characterized as a constant
voltage source. Thus, the power delivered to the load
is proportional to the current. For a given pulse
length (crowbar time), shot-te-shut variations in
current {due, for example, to variations in electron
gun current) will affect energy delivered to the load.
A PFN, on the other hand, is very close to a constant
power device. If Z, is the PFN impedance, the load
impedance may vary from Zo/2 to 2Z, for a + 5% varia-
tion in energy delivered. However, the variation in
load voltage over this impedance range is a more seri-
ous constraint. The highest pumping efficiency is
achieved at an E/P in the range of 3.3 to 4.6 kV/cm-
atm. Since

22L
=Y ————
Toad match ZL + 2o

v (1)

where V1oad is the load voltage, Vmatch is the matched
toad voltage, ZL is load impedance, and Z, is the PFN

impedance, if the matched PFN output is designed to
give a field of 4 kV/cm-atm, the load impedance may

be in the range of 0.7 Z, to 1.35 Z,, and the field
will sti11 be in the range given above. However, if
the peak field {s at the low end of the range, the
rise- and falltime of the pulse will be more important

There are several possible approaches to the
design of a PFN. The first comparisen will be: dis-
tributed vs lumped. Distributed networks will, in
general, give a better waveform with better rise- and
falltimes. However, for the pulse lengths required
(~ 3 usec), distributed systems do not seem appealing.
For example, a mylar stripline would be 1000 feet
long. Of course, it could be rolled up, but then a
failure at one spot could destroy the whole line. A .
water 1ine would be of reasonable size (150 feet long)
but since water cannot be DC charged, it would be
pulse charged from another energy store. Of course,
this would be a simple capacitor bank, without induc-
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tors, etc., but it‘is doubtful if any cost savings
would result.

One then turns to lTumped element PFN's. At the
beginning of our study, consideration was given to a
Guillemin network.? This network may be cast into
several equivalent forms, but each has at least one
disadvantage. The neiwork shown in Fig. la requires
several different capacitor values, while that in Fig.
1b requires that inductors be positioned for proper
mutual inductance. This may not be pructical in a
high voltage system. However, these forms have the
advantage that capacitor inductance may be compensated.
The calculated output waveform is shown in Fig. 1c.

In these studies, the major concentration has
been on the uniform (flat) L-C line, shown in Fig. 2.
This is the easiest line to design and fabricate. No
mutual inductance is required, and all the capacitors
have the same value, and only the inductors ave varied
to tailor the wavefall. An example of a five-section
line 1s shown in Fig. 2. If one uses Ly/2 for the
first inductor at the load end, the risetime will be

Lo/2 L 5\
= o/ . o
Tog - 902 = 22"k = R - (2)

Since Lo/Zs is the transit time of one section, Lo/R
is approximately 10% of the pulse length. If one
tries to reduce the risetime by using a smaller induc-
tor, overshoot will result. However, if the resistor
network shown in Fig. 3a is used, the initial Yoad
voltage is due to resistive division, and is V, except
for any load and capacitor inductance. Very fast-rise
times can result, as shown in Fig. 3b.

Capacitor inductance will affect the pulse rise-
time, and also the fall time. As discussed above, it
is desirable to stay as close to the maximum pumping
rate as possible, and thus a slowly falliny pulse will
be less efficient.

The amount of inductance which is tolerable in
the capacitors depends on the specific conditions.
an example, a five-section line was built to drive a
5 x & x 100 cm amplifier at 1200 Torr. Pumping vol-
tage was to be 35 kV at 7 kA for 4 ysec, or 10° J de-
posited in the gas. The section capacitance is 0.1
. uF at 70 kV, and the section inductance is 2.5 uH.
Some 0.1 uF capacitors were available which have a
measured internal inductance of 0.7 yH. This is al-
most 1/3 the section inductance. The predicted wave-
form using all equal inductors had a rather slow fall,
beginning rather early in the pulse. However, by
tajloring the inductors as shown in Fig. 4a, the wave-
form shown in Fig. 4b was calculated. Because of
problems getting the electron gun up to voltage, the
PFN was modified for use at 60C Torr by adding another

sixth) section. In spite of the impedance mismatch
the Toad was 3.5 ), good energy transfer was achieved,
as evidenced by small signal gains of over 4% per cm.

As

These results were encouraging enough to begin a
design of a PFN for a larger amplifier. This is being
designed as a Blumlein line. The circuit s shown (in
the form of a distributed 1ine) in Fig. 5. This ap-
proach has the advantage that, when the circuit has
matched impedances, the output voltage is equal to the

- charge voltage. The normal charged line pulser must
be charged to twice the output voltage. This causes
no great problems, except for insulation of the high
voltages. However, the lumped element Blumlein has
the disadvantage that the L-C sections between the
switch and the Toad act as a Tow pass filter, degrad-
ing the risetime of the output pulse. A ten-section
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{five on cach side of the load) Blumlein 1s shown in
Fig. 6a. The calculated waveform is shcwn in Fig. 6b.
It 1s seen that the pulse shape i{s not very good. How-
ever, this problem may be partially solved by using a
peaking switch ir series with the load. This may be a
simple overvolted two-electrode gap. The waveform
with a peaking gap is shown in Fig. 6c. 1t 1s seen
that the waveshape 1s improved, but the falltime is
still very long.

Electron Guns

General

The electron gun design 1s one of the most impor-
tant aspects of an electron-beam-controlled gas dis-
charge laser. The efficiency of the gun is important
and, because the electron beam controls the discharge,
the reliability and reproducibility of the electron
gun voltage and current must be considered. The pre-
sent CO, Tasers at LASL! use hot cathode diodes. These
give satisfactory results, when driven from capacitive
run-down circuits. However, for each shot, the i0 kJ
system will use 300 kW of filament heating power for
approximately 10 seconds. It would be desirable, for
a very high energy single shot system, to elimirate
the need for filament heating. Note, however, that
for repetitively pulsed systems considered for reactor
schemes, running at 10 pps, the filament heating power
is a small fraction of the system electrical power
requirement. Two alternates to the hat cathode diode
have been sufficiently developed to be seriously con-
sidered for use in high-energy, short-pulse laser sys-
tems. These are the "cold cathode" gun and the plasma
cathode gun.

Cold Cathode Electron Guns

In a cold cathode electron gun, the cathode con-
sists of a structure with a number of protruding sharp
poirts or edges. The emission process is not complete-~
1y understood, but probably starts with field emission
from "whiskers" on the highly field-enhanced ragions.?
The high current density leads to rapid heating and
blowup of the whiskers, thus forming a plasma sheath
which spreads over the cathode surface and provides
the electrons for the high current density discharge.
This process takes place in a few tens of nanoseconds.
The cathode current generally increases monotonically
with time, due to either further spreading of the
cathode plasma over the cathode structure field-forming
electrodes and back surface, or expansion of the plasma
across the anode-cathode gap, or both. The plasma ex-
pansion theory probably has the most supporters. Ac-
cording to this theory, the current density obeys
Child’'s Law

v3/2
J~ i (3)
where d 1s the distance from the plasma front to the
anode, and

d=dy - t (4)

vclosur!

where vclosure is the plasma front velocity, which is

1 to 3 cm/usec. The current will then increase. Fig-
ure 7 shows voltage and current traces from & cold
cathode gun at 180 kV and 10 cm spacing. Total cathode
current and current transmitted through the foil both



increase faster than t, unt{l the total current begins
to increase vary rapidly, at which time the electron
energy apparently drops to a value at which the foil
stops most of the electrons. If the power supply is
Targe enough, the current will increase until the cir-
cuit becomes underdamped. This event is termed “break-
down®, since the anode-cathode voltage becomes very
small. The time to broakdown depends on the gun geon-
etry and power supply, and has varied from a few micro-
seconds to over ten microseconds in LASL devices. Pro-
per design is extremely important, since in extreme
cases as little as 1% of the cathode current may pass
through the anode foil fnto the gas chamber of the
Taser amplifier. Several workers have regorted on
experience with cold cathode devices.**3'%*?

Cold cathode electron guns may have Several advan-
tages.

1. No filament heating power or high voitage {solation
transfer is required.

2. The cathode structure is greatly simplified.

3. High voltage vacuum bushings for filament heating
connections are not required.

4. Vacuum requirements are less stringent. Cold
cathodes function best in the range 10°* to 107¢ Torr,
miie hot filament devices require better than S x

10°¢ Torr.

5. There does not appear o be any poisoning of the
ewission process.

Some of the potential disadvantages of cold
cathode devices are discussed below.

1. UCurrent pulse shape and amplitude do not show
good shot-to-sho! repeatability.

2. The current pulse is not flat-topped. Since the
electron density in the gas is proporticnal to the
square root of the electron beam current density, the
gas current pulse will not be flat-topped.

3. The cold cathode discharge will not fnitiate {f
the anode-cathose spacing is too large. Therefore,
electron beam current density will have a minimum
achievable value for & given gun voltage, which {s
Targer than the hot cathode current density usually
run (~ 200 mA/cm?).

4. Long current pulses are harder to achieve.

5. Due to the change in current with time, the elec-
tron energy will vary with time, due to series iimit-
ing resistance and source inductance.

6. The pumping chamber power supply must be capeble
of hand1ing higher current, with a faster rise, if the
gun current is greatar.

A small CO, laser amplifier has been run with a
cold cathode controlled discharge. This confirmed that,
although the cold cathode device does lead to higher
gas current and faster pumping rate, the faster pumping

ves higher peak gain and better oversl) efficiency.
1gure 8 shows data comparing the smal) signal gain vs
anargy deposited in the gas for both a cold cathode
, and hot cathode device.®

Elzzae Cathode Electron Suns

In a plasma cathode qun, the electron source is
a plasma generated by a discharge between 3 hollow
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cathode and a grid. These have many of the advantages
of the cold cathode gun: low average power consumption
{mpuise mode, soft vacuum, rugged cathode construction
which is not susceptable to poisoning. In addition,
current pulses are relatively flat, and repestable.
However, results have only been reported® for a

device with 30 cm? emitting area operating at 140 kv,

The plasma cathode gun wil) require an isolated
power supply to drive the hollow cathode discharge.
In addition, the hollow cathode discharge has a relas-
tively high peak power requirement of 100 W/em®, com-
pared to 6 H/cm?® for a hot cathode. Since 1t only
requires a few microseconds to stabilijze the discharge,
it may be useful for single shot operation, but for a
repetitive system, it would be best to pulse the
hollow cathode discharge rather than run it CW.

Grid-Contralled Hot Cathode Electron Guns

The dicde is the simplest electron source. If the
cathode provides a sufficient number of electrons, the
current s space-charye-limited (Child's Law). How-~
ever, 1f the voltage is incressed until the cathode
cannot supply any more electrons, the current saturates
st a value given by the Richardson-Dushman equation,
and becomes independent of voltage. Figure 9 {1lus-
trates graphically this general behavior. If the
diode 1s operated in the tempersture limited regime,
and the temperature {s carefully controiled, the
current 1s easily controlled.

If it is desired to control the current with a
grid (to pulse the current on and off with & OC source,
or to control a plasma cathode device), there are some
pitfalls of which cne must be awire. Referring to
Fig. 10, if the grid 1s mairtained at constant (nega-
tive) potential with respect to the cathode, the
current will vary as £, (ancde-cathode voltage) varfes.
The variation depends on the geometry and current. At
high current, impedance s #lmost ccnstant, If it is
desired to maintain I, {anode current), constant inde-
pendent of €, , using § feedback retwork, if E, were to
decrease too far, the grid could be driven po?itlve
(grid reversal). This wiil cause the grid current to
become excessive, with catastrophic resuylts.

The sftuation with a tetrade is {1lustrated {n
Fig. 11, and is seen to be much better. The current
for fixed € rid ts almost independent of £, , and if
the desiredd™'d current is small enough, tRere is
Tittle possitiity of grid reversal,

Electron Gun Power Supplies
Ganeral

In gener:), the electron beam power supplies store
much less energy than the pumping chamber power sup-
plies. However, in a high energy laser system, th.s
will sti)] be a large supply. GBecause ft fs important
that the electron range be sufficient to cross the
céthode-anode gap in the pumping chamber, Tittle
voltage droop is allowsd in the electron beam power
supply. In our present system, 10% droop s allowed;
this means that, in a capacitive run-down circuit,
the bink must store five times the energy put into
the elactron beam. Thus, the use of 2 PFN can make
the power supply considarably smaller. This may be-
come more important {f one goas to considerably short-
er pumping times. Since our discharge is recombination
Vimited, the gas current scales as the squure root of
the electron beam current. Thus, the energy in the
electron beam is inversely proportional to the pumping

time.



Since the electron range, hence energy, is vary
important, icpedance matching is extremely important
1f a PFN 15 used. Matching a PFN to a cold cathode

will present soce difficulties for two reasons.
trst, cold cathode devices at present have poor shot-
to-shot cyrrent reproductbility. Second, the imped-
ance varies during the current pulse. The second
problem could be sclved by tailoring the PFH impedance
to match the varying fenvdance of the load, 1f the
impedance varied in - ~ojucible way.

It thus appears that, 1f a PFH {s used as the
electron gun power supply, & well-controlied electron
source 1s desiradble. The other devices which ars now
considerad tc be possible candidates are the plasma
cathode and the hot cathode. The plassa cathode cur-
rent {s controlled by the grid voltage, and thus may
be passively or activaly controlled. This device 43
suiteble for single shot cparation in a high energy
laser system. The hot cathode is not considered to
be desirable for use in a single shot, high energy
laser system because of the high filament heating
energy used per shot. Howsver, in a repetitively
pulsed systea, the hot cathode say be & suitable can~
didate. Exparience shows that the emisston tn 3 hot
cathode diode can be regulated using a saturable core
reactor to control the filament current,’ so that the
fmpedance may be set 20 match the source within the
required Timfts. It §s5 not known 1f this 1s true of
plasma cathode devices, since these heve been operated
using a grid to control the current. The character-
istics of grid-controlled electron quns {tricdes and
tetrodes) will be discussed in the next section.

Grid-controtled guns are alsc of interest becausa
with a repetitively sulsed laser system, an attractive
mode of operstion would be to apply OC (with & power
supply with sufficient capacitarce} to the cathode,
and pulse the current on and off with the grid control.
In fact, since the gas current s controlled by the
slectron bea current, OC voltage may be applisd to
the pueping chamber, with the current pulsed on and
of f with the electron beam, if the purping chazber
capacitor bank is of sufficiently low inductance so
that the “inductive kick" does not cause gas break-
domn at shut-off.

Jom Evergy Limitations

M uniformity and symmetry of target 11lum-
instion will probably require some minisum number of
output beams (probzbly no more than eight), it is de-
siradie to nintmize the nueber of output beams within
thiz constraiant. The limitations on beam energy dens-
1ty will be discussed, followed by » discussfon of the
fmplications in terms of electrical design.

The beam enerqy density 1s limited by three fac-
tors: optical frequency electrical breakdown of the
Teser gas; optical frequency electrical breskdown of
Yaser window seterial; and surface damage to windows,
wirrors, and other optical components. These effects
are related to the peak instantanecus electric fleld.

For nanosecond pulses, the optical breakdown
threshold of 3:1/4 1 ::He:Ny:COx taser mix, at the
electron densities used in our amplifiers, is some-
what greater than (5/P) J/cm?, where P s expressed in
atmosphares. Optical breskdown is devined here as the
condition when tha optical loss rate due to inverse
bramsstrahlung is equal to the gain due to stimulated
anission. HNotice that, while 0C or fmpulse breskdown
strength is gensrally proportionsl to prassure, opti-
3l breakdown strength goes inversely as pressure due
to the increase in collisfon frequency. The dielectric’

strength of NaCl, the presently used window material,
15 approximately 10° V/cm; therefore, for nanosecond
pulses, the damzge threshold is about 3 J/cm?. The
dawage threshold for reasonably prepared gold surface
mirrors {s determinad by 12R Jorses (the reflectivity
1s approximstely 0.99), and 1s about 3 J/cm? for pulses
shorter than one manosecond. For longer pulses, ther-
eal conduction reduces the surface temperatuyrs and the
damage threshold is greater.

As an example, consider a 10% J, 1 nsec, ca, laser
system, If this 5 operated at » flux of 2 J/cm® at
beam center, th: mean flux will be cbout 1.5 J/aa (the
exa e beam profile is determined by saturation effects
tn the amplifiers). It 1s desirable <0 keap the puwp-
ing voitage betow 300 kV (200 &V wouid simpilify sat-
ters considerably). [f the prassure i3 2.5 atm, and
the field 15 near the optimum of 4 kV/cm-atm, the bom
dismater wil) be 30 ta. This turns out to be close to
the maxinua windom size one would want to use. The
window ares 13 then about 700 cm?, the besw enavgy s
atout T kJ, srd 100 such beams are required far'?o‘ J.

This 1s not a very attractive sclution to the
design of & Yaser system, At present, nc way i3 seen
to synchronize multfple osciliators. Therefore, 12
would be necessary to split the beam from & single
osctlliator 100 ways. This would entail tramendous
Tosses. 1t is apparent that another approach is re-
quired. A such better georetrical arrangepent is to
use annular Taser tmplifiers. The gain redium of 2
10 iJ annutar laser amplifier for short pulses must be
approximately 200 cm long with a sajor dfaceter of 100
on and & wminor dismeter of 25 cm for the anvular optical
aperture, The osciliato pylse will then Le solit to
fors ten annular beaws for aaplification.

Consider now the puwping supplies for the power
apiifiers. Depending cn developments for improving
the efficioncy of the short pulse £0, lasers, such as
mitiTine and multibend operation, the power ampli-
fiers will need an energy input of 25 to 50 times the
Taser energy gutput, or 250 to 500 kJ per 10 kJ beam.
High voltage PFN inductance effects limit the energy
detivered to about 100 to 200 kJ for efficient transfer
on the required time scale. A powar asplifier of such
& stle as to require more than this can de driven by
paralie) PFR "modules”. Such a module might have the

characteristics:
output voltage - 300 k¥
Toad impedance - 2 Q
pulse length -~ 3 usec
stored enargy - 150 &kJ .

It is necessary to transfer the energy from the
store to the Joad through a low inductance transmis-
sion Yine. The solution to this problem today 1s coax-
181 cables, which are at best bulky, expensive, and
d'fficult to handle. The development of deiter high
voltage transmission lines is a necessity.
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FIGURE 1.
FIGURE 2.
FIGURE 3.

FIGU4E 4.

FIGURE 5.
FIGURE 6.

FIGURE 7.

FIGURE 8.

FIGURE 9.

Guillemin networks.
Straight L-C line.

Straight L-C 1ine with pulse shaping
resistor network.

PFN for laser amplifier, with actual
capacitor inductance included.

Distributed element Blumlein line.

Lumpad element Blumlein.

a) circuit
b) calculated waveform without
peaking gap
(¢} calculated waveform with
peaking gap
Cold cathode electron gun, typical
waveforms.

Comparison of smxll signal gain for
laser ampliffer with cold cathode and
hot cathode electron guns.

Hot cathode diode characteristics.

FIGURE 10. Triode characteristics.

FIGURE 11.

Tetrode characteristics.
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