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PULSED CHEMICAL LASER WITH VARIABLE-PULSE-LENGTH
ELECTRON-BEAM INITIATION AND MAGNETIC CONFINEMENT

Electron-beam initiation of pulsed HE chain-reaction lasers has been
studied by a number of 1nvestigators.1“10 Interest in the use of electron
beams has been motivated by their potential for excitation of large volumes
and by the possibility for extraction of laser energies in excess of the
electrical energy expended for initiation. In a recent demonstration,l longi-
tudinal initiation by a 7-kJ, 70-ns electron beam produced a 4.2-kJ HF laser
output of 20-ns (FWHM) duration; the corresponding intrinsic electrical effi-
ciency (laser output/deposited electron-beam energy) in this work is 180%.

2 operating at much lower current densities (20 Alcmz) and

Mangano et al.,
longer electron—beam pulse durations (0.2 us), reported intrinsic electrical
efficiencies as high as 875X at laser output energy densities of 51 J/liter.
By comparison of the experimental rate of F, disappearance with theoretical

pulsed HF laser code predictiona,3

we recently reported the efficient produc-
tion of chain carriers by an electron beam operating at relatively low current
densities.4 The present investigation extends the work of earlier investiga-
tors to longer electron-beam pulse lengths and lower current densities. We
seek to establish scale size limitations for transversely pumped electron-
beam~initiated chemical lasers and to increase the permissible limit of laser
pulse repetition frequency (as constrained by anode foil heating). We also
report the first data on the effect of a confining transverse magnetic fieldll
on pulsed HF laser performance. The purpose of the confining B-field is to
overwhelm steering effects of self-~fields accompanying electron-beam
generation and to capture foil~ and gas—-scattered electrons in Larmor spirals
to promote efficient and uniform transport of electrons across the active
laser medium.

An existing pulsed electron accelerator nylte-6 was modified for the

generation of long-duration electron—beam pulses and confinement by strong
magnetic fields. The electron gun was driven by a pulse-foraming network com-

prised of a four—stage Marx generator, a low impedance coaxial water line that
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was operated as a peaking capacitor and a high-voltage output switch (Fig. 1). :
Use of the "peaking-capacitor mode” of operation permitted the investigation
of the effect of cathode risetime on emission uniformity and laser perfor-
mance. Several cold~cathode emitter concepts were tested for their compati-
bility with strong confining magnetic flelds.1? The desired current densities

e 1Ty YA N T e gt

and beam uniformity were achieved by means of thermally conditioned carbon
felt enitters.13 A 10 x 100 cm section of felt was held by a stainless steel
cathode structure that was slotted to minimize magnetic steering of electromns
into the window—holder webbing (Fig. 2). The electron window consisted of a
pair of stainless steel rib supports of 82X transmission that clamped between
them a 76-um film of aluminized Kapton. On the vacuum side of the electron
window was located one element of a Helmholtz coil through which an electron
beam of 5 x 100 cm cross section was transmitted. A second coil element was
positioned at the rear of the laser chamber to produce a nearly uniform con-
fining B~field within the volume of the active laser medium. With this
Helmholtz coil arrangement, magnetic fields of up to 1.3 kG were produced. At
the exit of the anode window, a uniform (+ 10X) variable current-density elec-
tron beam of approximately 175 kV was transmitted across the laser cavity.
Nominal current densities of 7 and 12 A_/cn2 were produced using anode-cathode
spacings of 5.0 and 3.8 cm, respectively. A low-inductance crowbar switch
located at the output of the Marx generator was fired from a “bootstrap"
trigger to generate continuously variable electron-beam pulse lengths in the
range 0.2 to 1.2 ps. Routine diagnostic measurements of Marx current and
voltage, total diode current, electron-beam current density, and diode
accelerating voltage were obtained during each laser test.

Laser gas flows were established by conventional Iathodo.6 Commercial
purity O,, Fy, and He were premixed and flowed through a regulator to a mixer
where they were injected thruugh a calibrated sonic orifice. Metered flows of
the remaining commercial-purity gases (Dp, Hy, NP3, Ar, SFg, and/or additional
He) were introduced into the mixer through amother sonic orifice. Typically,
3 to 4 min were required to raise the laser chamber to an operating pressure
of 800 Torr. Before and immediately following initiation, nominal mixture
composition has been verified in previous studies by an in situ messurement of
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F, concentration employing an ultraviolet absorption technique.4 HP probe
laser measurements performed during an earlier unpublished study indicated
that HF/F2 <5 x 10'3; hence, prereaction is believed to be unimportant for
the data presented herein.

Laser performance was investigated using both stable and unstable optical
regonators. Three confocal unstable resonators of magnification 1.3, 1.8, and
2.8 were employed. Cavity elements consisted of highly polished oxygen-free,
high conductivity uncoated copper mirrors of high optical figure. The nominal
Fresnel number of the unstable resonators was 160. A 2.5-m stable resonator
was formed by a gold-coated concave spherical mirror with a radius of 4.5 m
and either a silicon or sapphire flat output coupler. Laser windows were un-
coated 1.25-cm thick CaF, crystals that were tilted with respect to the opti-
cal axis. The optical axis of the resonator was centered on the 5 x 5 x 100
cm volume being excited by the transverse electron beam. The clear apertures
of the cavity elements limited the optical extraction volume to 2 liters, as
verified by near-field laser burn patterns.

Laser pulse energy was measured with ballistic thermopiles of 4- and 9-cm
entrance apertures. Nearly all of the laser pulse energy was directed into
the 9-cm calorimeter on every test. A beam splitter at nearly normal inci-
dence to the laser beam diverted about 3% of the total pulse energy into the
4-cm calorimeter. The two calorimeters tracked one another, except at the
highest energy condition, where slight self-shielding of the large calorimeter
by a laser-supported combustion wave is believed to have occurred. Emission
time history of the laser was monitored with an Au:Ge detector.

The trends of laser performance with several parameters have been studied.
Using a tantalum blade emitter cathode in the absence of a confining magnetic
field, laser ocutput was measured as a function of electron—beam charge fluence

and electron-beam pulse duration. Laser mixtures containing 20X Fp: 8 Hj:
25 SFg: 43.5 He: 3.5 Oy by volume were examined in this set of experiments.
Electron-beam pulse widths were varied between 0.2 and 1.2 us, and nominal
current densities were 8 A/cm?. At a charge fluence of 10 uC/CIz, a laser
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output of 46 J/liter was measured (Fig. 3). These experiments were performed
without benefit of a confining magnetic field.

The same nixtures and electron-beanm parameters used in the preceding
paragraph were investigated with a carbon felt cathode in place of the blade

R enitter. With no B-field present, carbon-felt and blade-emitter laser

i performance were comparable. When a 1.3 kG field was imposed, laser output

: increased 100 to 200X over the zero field performance, depending upon the
value of electron-beam current density and charge fluence (Fig. 3). The major
effects of the confining B-~field are to overwhela steering effects of self-

! fields accompanying electron-beanm 3enerat16n, to capture foll and gas-

'; scattered electrons in Larmor spirals, and to slightly focus the electron beam

into the clear aperture defined by the anode -ngnec coil holder. At an

electron-beam pulse duration of 0.6 us (3.5 uC/cm?), laser outputs of 65

J/1iter were measured, and laser pulse ﬁsngth- of 0.8 us FWHM were observed

(Pig. 4). Por electron—beam pulse lengths of 0.6 us or less, laser energy

density was found to vary with the square root of initiatfon strength

! (electron—bean charge fluence), as anticipated on theoretical grounds

{ (Fig. 5).1% For electron-beam pulse lengths between 0.6 and 1.2 us, no

-§ further increasse in laser output was observed. This effect of saturation in
performance of high—energy density mixtures with increasing initiator pulsge

length has not previously been reported.

In previous unpublished experiments, we obtained 65 J/liter HF output
with a 70-ns 400-keV electron beam and incident charge fluences of

3 3.5 uC/cu?. Comprehensive rotational-nonequilibrium chemical laser modeling3

'j has predicted a 20 degradation in laser output (due to ion deactivation and
slower rate of initiation) with us~duration electron-besm initiation compared
with 70~ns initiation. Experimental results at 3.5 uC/cm? showed, however,
the same laser output (65 J/liter) with a 0.6~us electron beam as with a 70-ns
electron basam, and a somewhat longer laser pulse 1.n3th15 with long duration
electron-besm initiation (0.8 versus 0.5 us PWHM at 70 ns). These results
suggest the possibility of large volume excitation by the present imitiastor

approach.
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Laser Evergy Density Versus Pulse Length and Charge Fluence. Energy
output from 20 Fp; 8 Hy; 25 SF¢; 44 He; 3 0, mixtures at 800 Torr
pressure is plotted as a functgon of charge fluence delivered at the
electron window. The zero B-field data (A) were obtained with a
tantalum blade cathode. The single point (@) was obtained using a 70
ne electron-beam pulse. Carbon felt data employing stable (O) and
unstable(d) resonators in the presence of a 1.3 kG field illustrate
the advantage of a strong confining magnetic fieldi for these data,
laser performance reaches a plateau near 3.5 yuC/cm“. No significant
difference in performance 1s observed between short 570 ns) and long
(0.6 us) pulse electron-beam initiation at 3.5 uC/em*.
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Fig. 4. Typical Data for Long-Pulse Electron-Beam Initiation. Data are
shown for a 20 F,: 8 Hy: 25 SFg: 3.5 0p: 43.5 He mixture at
800 Torr for the case of a l.3~kG confining magnetic field. A
carbon felt cathode was used for generation of these data.
Oscillograms are shown for Marx voltage and diode accelerating
voltage, laser irradiance, total gun current, and current den-
sity at the exit of the gain region. The electron-beam pulse
length is 1.2 us (base-to-base). Laser output is 65 J/liter
with a 0.8 uys (FWHM) laser pulsewidth. The near-field burn
pattern shows that the laser beam possesses a high degree of
coherence. The fact that most of the laser energy is contained
within the first Airey disk in the far-field burn is evidence
of good beam quality.




Fig. 5.
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Laser Specific Energy Versus Scaling Parameter. HF pffgotmance is
plotted as a function of the scaling parameter (F/Fz) F,, derived
in Ref. 14. Initiation level F/F; is estimated for various mixtures
by scaling previously measured initiation igvels with measured
charge fluence and mixture stopping power. The results for 70 ns
electron-beam initiation (A) were obtained without magnetic conf}ne-
ment using an incident electron-beam charge fluence of 3.3 uC/cm“;
the extent of laser mixture dilution was varied in order to obtain
the data points shown. The data for 1.3 kG B-field using unstable
(@) and stable (O) resonators indicate a slightly lower performance
than t?7270 ns data; these data also exhibit saturation near
(F/Fy)""“ Fy = 10 Torr.
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The performance of unstable resonators was also investigated. No penalty

in energy performance was observed with the substitution of an unstable reso-
nator for a stable resonator. Moreover, near- and far-field burn patterns on
witness plates indicated evidence of good beam quality as had been anticlpated
from earlier unpublished measurements of optical homogeneity of the medium
(Fig. 4). |

The largest HF laser output, 158 J (79 J/liter), was obtained with an
electrical input incident on the extraction volume of about 350 J; chemical
efficiency relative to the initial 32 content was 4.62. The electrical effi-
clency for conversion of total incident energy to laser output energy was,
therefore, 45%. Based on the stopping power data of Ref. 16, the intrinsic
electrical efficiency for this case is calculated to be 3802. High overall
electrical efficiencies well in excess of 100X appear possible for the subject
laser device when the dimension along the axis of electron-beam propagation is
made comparable to the range of the electron bean.

The experimental results demonstrate that attractive HF chain laser
performance (79 J/liter) and good beam quality can be achieved using long-
duration, low-current density electron-beam initiation and magnetic confine-
ment. The data imply that large-volume excitation of pulsed-HF chain lasers
is feasible and should be compatible with high laser energy densities and

large overall electrical efficiencies.
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LABORATORY OPERATIONS

The Laboratory Operstions of The Aeroepace Corporstion is conductisg exper-
imental and theoretical investigstions necessary for the avaluatioa and applica-
tion of sciencific sdvances, to uwew ailitary space systems. Versatility and
flexibility have deen developad to a high degree by the laboratory persomnel in
desling with the wany prodl d fn the nation’s rapidly developiag
space systess. Expertise in the latest scientific developments s vital to the
acconplishment of tasks related to these problems. The laboratories that com-
tribute to this research are:

#mue. ulonto?: Lsunch wehicle and reentry ssrodynsaics and heat
transfer, propuleion ¢ stry and fluid sechanics, structural mechsnics, flight
dynauics; high-temperature thersomechanics, gas kinestics and radiation; resssrch
in environsental chemistry and coutamination; cv and pulsed chemicsl laser

development including chemical kinetics, spectroscopy, optical resonators and
beam pointing, atmospheric propagation, laser effects and countermessures.

Chesist and sics laborstory: Atmospheric chemicsl reactions, stmo-
spheric optics, t scattering, state-specific chemical reactions and radis-
tion tramsport im rocket pluses, applied laser spectroscopy, laser chemistry,
battery electrochesistry, space vacuum and rediation effects on materials, lu-
brication and surface phenomens, thersionic esission, photosensitive msterials
and datectors, atomic frequency standards, and biosnvironmental resesrch saod
sonitoring.

Electronics Research Ladoratory:  Microelectronics, GsAs low-noise and
pover lc—v'fuo, seaiconductor lasers, electromsgnetic and optical propagation
phencusna, quantum electronice, laser communicstions, lidar, and electro-optics;
commuuication sciences, applied electronics, semiconductor crystal and device

physics, radiomstric imaging; millimeter-wave and mictowave techmology.

Informstion Sciences Resss Office: Program verificstion, progras trans-
lation, performsnce-sensitive systen igu, distridbuted architectures for
speceborse computers, fawlt-tolérant cowputer systems, artifictial intelligence,
and microelectronics applications.

%mgu Sciences uhn‘tgrrll Development of new ssterials: metal satrix
conposites, polymers, aew forms of carbon; component failure saalysis and
reliability; fracture mechanics end corrosi evaluation of materials in

spice envirowment; materials perforeance in spsce tramgsportation systems; snal-
yois of systems wvelnerability and survivability in enemy-induced eavironmeats.

Setences Laboratory: Atmospheric and fomospheric physics, radfation
froe 2 » ty and composition of the upper atwosphere, surorse
snd ateglow; magnetospheric physices, cosmic rvays, gensration snd propagation of
plassa weves in the sagnetosphere; solar physics, {infrared astronomy; the
offects of nuclear explosions, nagnetic storms, and solar asctivity oa the
eatth's atasephers, ilonosphere, and magnetosphere; the effects of opticel,
eslectromegnetic, and particelste radlatiens in space om space systess.




