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I. INTRODUCTION

The problem of photolysis initiation of pulsed DF-CO, transfer lasers has
been studied by a number of 1.nvest:l.gat:or:s.1"14 Interest in pumping a CO,
laser by use of the Dy-F, chain reaction is motivated both by the simplicity
of photolytic initiation compared with e~beam—controlled excitation and by the
possibility of high energy-density output. In a recent demonstration, Basov
et al.l reported output energies of 150 J/£ and chemical efficiencies of 7%
from a DF-CO, amplifier system operating with nondilute mixtures. Chemical
efficiencies as high as 157 have been measured for a transfer laser, but only
for the case of highly buffered mixtures that yielded low energy—-density

outputs.2

Theoretical models of the DF-CO, system have evolved that address effects

s of initiation level and gas composition on laser performamce,3_6 short pulse

8

! generation,7 laser performance at 16 um,” and amplification by photon

branching.9 Performance of an electron-beam-initiated DF-CO, laser has been
briefly examined by Bashkin et al.;15 e-beam initiation has received little

attention in comparison with the photolytically initiated case. The present
investigation extends the work of Ref. 15 to longer e~beam pulse lengths and
lower current densities, and includes the effect of a confining transverse

magnetic field. The apparatus of this study has been previously employed to
16

investigate the performance of HF(DF) chain lasers.

3 The extension to the DF(HF)-002 transfer-laser case reported herein was

}! intended to establish scale-size and repetition-frequency limitations at CO,

wavelengths and, hence, to establish scaling limitations for multicolor laser
operation in general. Simultaneous demonstration of high energy-density

output and the potential for high electrical efficiency was an additional

objective of the present investigation.
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ITI. EXPERIMENTAL TECHNIQUE

The DF(HF)-CO, transfer laser was initiated by means of a pulsed
electron-accelerator system that was modified for generation of long-duration
e-beam pulses and confinement by strong magnetic fields.l® The electron gun
was driven by a pulse-forming network comprised of a four-stage Marx genera-
tor, a low-impedance coaxial water line that was operated as a peaking capaci-
tor, and a high-voltage output switch. A thermally-conditioned carbon-felt
emitter was found to produce uniform electron emission in the presence of a
strong confining magnetic field. On the vacuum side of the electron window
was located one element of a Helmholtz coil through which an e—-beam of 5 x 100
cm cross section was transmitted. A second coil element was positioned at the
rear of the laser chamber so as to produce a nearly uniform confining B field
within the volume of the active laser medium. Magnetic fields of up to 1.3 kG
could be produced with this Helmholtz coil arrangement. At the exit of the
anode window, a uniform (£ 10%Z) beam of 20 A/cm2 current density and 175 keV
energy was transmitted across the laser cavity. A low-inductance crowbar
switch located at the output of the Marx generator was used to obtain contin-
uously variable e—beam pulse lengths in the range 0.2 to 1.2 us. Diagnostic
measurements of Marx current and voltage, total diode current, e—beam current

density, and diode accelerating voltage were obtained during each laser test.

Energy was extracted from the active gain medium by means of a confocal
unstable resonator of magnification 2.8. Resonator elements consisted of
highly polished uncoated copper mirrors of high optical figure. The nominal
Fresnel number of the unstable resonator was 160. Laser windows were 1.25-cm-
thick ZnSe substrates that were antireflection coated at 10.6 um. The clear
apertures of the cavity elements limited the optical extraction volume to
2 &, as verified by near-field burn patterns. Commercial-grade gases were
metered and mixed in an aluminum mixer block prior to their introduction into
the laser cavity. Laser pulse energy was measured by means of ballistic

thermopiles having 4-cm and 9-cm entrance apertures. The bulk of the laser
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pulse energy was directed into the 9-cm calorimeter on every test. A redun-
dant measurement of laser output was provided by a NaCl beam splitter and a
focusing lens that directed about 4% of the pulse energy into the 4-cm calori-

meter. Emission time history of the laser was monitored with both Au:Ge and
photon-drag detectors.
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III. RESULTS AND DISCUSSION

Data obtained during a typical laser experiment are presented in
Fig. 1. A mixture consisting of 11% Fy: 11% Dy: 51% COp: 0.3%Z 05: 26.7% He by
molar volume was irradiated at an initial cavity pressure of 400 Torr. The
measured CO, pulse energy of 50 J corresponds ‘to an output energy density of
25 J/% (48 J/% atm) . The Faraday cup record of Fig., 1 shows that the peak
e-beam current density for this case was 22 A/cm2 and thr FWHM pulse duration

was 455 ns. A capacitance divider at the end of the pu* =-forming line showed

the peak cathode voltage during the e-beam pulse to bhe . V.
Time history of the laser irradiance is illustratec two dual-beam
oscillograms in the upper half of Fig. 1; both fast (50 4v) and slow

(500 ns/div) sweepspeed data were obtained for this test. The upper oscillo-
gram trace is the output of the photon-drag detector, while the lower trace is
the gold-doped germanium detector output. Poor low-frequency response of the
photon—drag detector is clearly evident when its waveform is compared with
that of the Au:Ge detector. The overall laser FWHM pulsewidth is observed to
be 1.4 pys. Each detector shows a 50-ns—-wide gain spike and the presence of

17 and are

mode-beatirg effects; both.features are characteristic of CO, lasers
absent during emission from a pulsed HF/DF chain laser.16 The observed mode
oscillation period of 18 ns agrees closely with the time for a cavity round-
trip (16.9 ns). Further confirmation of 002 lasing was obtained by inserting

narrow-bandpass filters (3.5 to 4.5 um or 9 to 11 um) into the laser beam.

Dependence of DF(HF)-COZ laser performance on several parameters has been
studied. Sensitivity of output energy to 02 concentration in the laser mix-
ture was studied first (Fig. 2) because of the strong oxygen effect observed
in our earlier HF/DF chain-laser work.16 The best performance for the DF-002
transfer laser was found to occur at an oxygen concentration of 0.3%. Lower
0y concentrations were found to give spontaneous (premature) ignition of re-
actants in our low-velocity flow-handling apparatus. The degradation of laser
output with the inclusion of a chain-terminating species, such as 0,, is

anticipated for the present laser since chain propagation is the basis upon
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Effect of 0y on DF-CO, Laser Performance.
Specific energy output from 11 Fy: 11 Dy:
51 COZ: x02: (27-x) He mixtures at 400 Torr
pressure is plotted as a function of oxygen
concentratign., E-beam charge fluence is
5-10 uCb/cm”.
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which the present laser operates. An approximate expression for the frac-
tional laser—energy degradation resulting from the presence of 0, can be

written asls

-1
E, /E0 -0 (1 + T, 0 21 ki ni) (1)

2 9 0

2

where T is the laser pulse duration, ny is the initial number density of
species i, and k; is the rate coefficient for the chain-terminating reaction

H+ 0, +M; = HOy+ M (2)

Eq. (1) has been fit to the data of Fig. 2 to obtain an estimate for the un—
known rate coefficient for Eq. (2) with €O, as a collision partner., If one
assumes!? k= 1.4 x 10732 exp [500/T (*K)] ®/s and kp, = kye = 4.1 x 10 33
exp [500/T (°K)] cm®/s, then the data of Fig. 2 imply thas kgo, = 47 % 10732
exp [500/T (°K)] cmb/s.

The effect of initiation strength (F/F,); on CO, output was studied by
holding the e-beam current density constant and varying the e—beam pulse
duration and, hence, the incident charge fluence. Laser output energy demsity
is plotted as a function of e-beam charge fluence in Fig. 3. The performance
of both DF-CO, and HF-CO, transfer lasers was examined. For the HF-CO, laser
case, specific energy is seen to be extremely low and nearly independent of
charge fluence. The poor performance of this system as a transfer laser is
consistent with the large mismatch in energy levels between HF(v) and CO,
(00°1). For the DF-CO, transfer laser case, a five-fold increase in charge
fluence produced a 502 increase in output energy density (from 17 to 25
3/2), ieee, (I/Vpp-co, ~ (ucb/ cm?) 174,
initiation level can be inferred from earlier theoretical studies of the DF-

A similar output-eners; dependence on

Co, transfer-laser system.3’5’6 The DF-CO, laser dependence on charge fluence
was found to be extremely weak compared to that of the D,~F, laser; for the
latter case, we have observed!®:20 (J/2)pp ~(qu/cn2)1/2.

The dependence of specific output energy on reagent concentration, F, and

Dy, is illustrated in Fig. 4 at a cavity pressure of 400 Torr. 1In this para-

12
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Fig. 3. Charge Fluence Scaling for DF-C0, and

HF~CO, Chain~Reaction Transfer lasers.
Speci%ic energy output from 11 Dy(Hjy):
11 F,: 51 C0y: 26.7 He: 0.3 0, mixtures
at 480 Torr initial pressure as a func~
tion of e-beam charge fluence.
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metric study, fuel and oxidizer concentrations were increased at the expense
of CO, concentration so that §F, = - §C0,/2 and F, = D,. The observed
increase in CO, output energy denmsity is believed to be caused by the increase
in energy content of the mixture. Assuming (F/Fz)i is approximately unchanged
for the data of Fig. 4, the observed dependence J/% ~ F, 0.8 is somewhat
weaker than that observed for the case of the DF chain laser. Were the data
of Fig. 4 extrspolated to 20X F, mixtures, output energy densities of 36 J/%
(68 J/% atm) would be predicted.l6’20

Laser performance data obtained at 200, 400, and 800 Torr are plotted as
a function of cavity pressure in Fig. 5. Substituting nitrogen gas for helium
gas to buffer the laser mixture is seen to have had little effect on laser
performance. Laser output was found to scale nonlinearly with pressure,
J/L ~ p0.8, suggesting that deleterious three-body processes are operative in
this chemical laser system. Taken with the data of Figs. 3 and 4, a scaling
law for a DF-CO, laser of the form J/% ~ (F/F,);1/% ¥, 08 appears to be valid
in the present operating regime. The 800-Torr performance is comparable to
that of a DF chain laser using mixtures of comparable chemical energy content
and level of initiation. Actual DF—COZ performance may, in fact, be somewhat
higher than the values reported here. Bulk inclusion damage to the central
portion of the ZnSe laser windows was observed to occur after only a few shots
at 400 Torr. Laser experiments were precipitously terminated by total frac-
ture of one ZnSe window after the third laser test at 800 Torr.

The predictions of a DF-CO, laser model are included in Fig. 5.21 The
initiation level that is required as initial data in the calculations was
obtained by matching the model pulse lengths to the experimentally determined
pulse lengths. By using this procedure it was found that (F/Fz)i = 0,006 to
0.008 for the data presented herein.

Although the numerical results are not included in the earlier figures,
we find that all the trends of the experimental data are correctly predicted
by the present code; unfortunately, the model overpredicts the measured energy
densities by approximately 50 to 100%Z, as indicated in Fig., 5. Similar dis-

crepancies have been observed by other investigators who have modeled pulsed

15
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. EXPERIMENTAL DATA:
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0 | | | J
0 200 400 600 800

CAVITY PRESSURE (Torr)

Fig. 5. Pressure Scaling for DF-C0, Transfer Laser:
Theory and Experiment. Specific energy out-
put from 1l Fy: 11 D, mixtures as a function
of laser cavity pressure., E-beam charge
fluence i1is 5-10 uCb/em”.
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HF/DF chain-laser performance.w’22 The cause for this disagreement is un-
. known at present. We speculate that incorrect values of the assumed chemical-

pumping and energy-transfer rates may be responsible for the observed

differences.

The largest DF-CO, laser output, 82 J (41 J/.), was obtained with an
electrical input incident on the extraction volume of about 350 J; chemical
efficiency relative to the initial D, content was 1.82. The electrical
efficiency for conversion of total incident energy to laser output energy was
therefore 23%Z. Based on the stopping-power data of Ref. 23, the intrinsic
electrical efficiency for this case is calculated to be 200Z., High overall

T v““"‘rfrﬁvr_rr(l Dala 2
-‘ ST - h . .

electrical efficiencies appear possible for the subject laser device when the

dimension along the axis of e—-beam propagation is made comparable to the range
of the electron beam.

17
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IV. CONCLUDING REMARKS

A combined theoretical and experimental study of a DF(HF)-~CO, transfer
laser has been reported. A rotational nonequilibrium DF-CO, laser code was
developed whose predictions are in good qualitative agreement with experi-
ment. The exploratory data here reported demonstrate that large-volume exci-
tation of DF-CO, transfer lasers is feasible and should be compatible with
high laser—energy densities and large overall efficiencies. Further improve-
ment in laser—performance is anticipated for mixtures that contain excess Fo
or when the chemical energy content of the laser gas is increased beyond
values considered in this investigation. The control of gain spiking and mode
beating, by optical injection or other means, is an important area for further

research.
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting exper-
imental and theoretical investigations necessary for the evaluation and applica-
tion of scientific advances to new military space systems. Versatility and
flexibility have been developed to a high degree by the laboratory personnel in
dealing with the many problems encountered in the nation's rapidly developing
space systems. Expertise in the latest scientific developments is vital to the
accomplishment of tasks related to these problems. The laboratories that con-
tribute to this research are:

Aerophysics Laboratory: Launch vehicle and reentry aerodynamics and heat
transfer, propulsion chemistry and fluid mechanics, structural mechanics, flight
dynamics; high-temperature thermomechanics, gas kinetics and radiation; research
in environmental chemistry and contamination; cw and pulsed chemical laser

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

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chenmistry,
battery electrochemistry, space vacuum and radiation effects on materials, lu-
brication and surface phenomena, thermionic emission, photosensitive materials
and detectors, atomic frequency standards, and bjioenvironmental research and
monitoring.

Electronics Research Laboratory: Microelectronics, GaAs low-noise and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro-optics;
communication sciences, applied electronics, semiconductor crystal and device
physics, radiometric imaging; millimeter-wave and microwave technology.

Information Sciences Research Office: Program verification, program trans-
lation, performance-sensitive system design, distributed architectures for
spaceborne computers, fault-tolerant computer systems, artificial intelligence,
and microelectronics applications.

Materials Sciences Laboratory: Development of new materials: metal matrix
composites, polymers, and new forws of carbon; component failure asnalysis and
reliability; fracture mechanics and stress corrosion; evaluation of materials in
space enviromnment; materials performance in space transportation systems; anal-
ysis of systems vulnerability and survivability in enemy-induced environments.

Space Sciences Laboratory: Atmospheric and ionospheric physics, radiation
from the atwmosphere, density and composition of the upper atmosphere, aurorae
and airglow; magnetospheric physics, cosmic rays, generation and propagation of
plasma waves 1in the magnetosphere; solar physics, finfrared astronomy; the
effects of nuclear explosions, magnetic storms, and solar activity on the
earth's atmosphere, ionosphere, and magnetosphere; the effects of optical,
electromagnetic, and particulate radiations in space on space systems.
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