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Photoinitiated F,+H,/D, chain-reaction laser with high

electrical efficiency*

D. B. Nichols, R. B. Hall, and J. Doyle McClure

The Boeing Aerospace Company, Seattle, Washington 98124
(Received 25 March 1976; in final form 3 June 1976)

Performance characteristics are reported for a pulsed HF/DF laser initiated by photodissociation of F,.
Laser energy of 292 J is obtained from a 12.8-| active volume for 2.5% HF content at 1-atm total pressure,
giving 8.1% chemical efficiency and 29% electrical efficiency. Thirty-three percent electrical efficiency is
obtained with a 109-J laser energy. DF lasing produces 144 J with 14% electrical efficiency. Far-field
measurements show a uniform beam profile with angular half-angle divergence of 5.5 mrad, in good
agreement with the value expected for multimode operation of the large-Fresnel-number stable resonator

used.

PACS numbers: 42.60.Cz, 82.40.Tc, 82.50.Et

. INTRODUCTION

A variety of methods have been used for initiation of
reaction in pulsed HF chemical lasers. For H,-F,
chain-reaction lasers, initiation is normally achieved
by dissociation of F, and has been accomplished by
electric pin discharge,! electric discharge with uv
preionization,? electric discharge with electron-beam
preionization,® direct e-beam dissociation,* and uv
photodissociation, 5=% Continuing interest has been shown
in extending several of these schemes to larger devices.
Measurements of laser energy and far-field beam prop-
erties are reported here for a 10 — 16-1 device which
produces larger output energies and higher electrical
and chemical efficiencies than photoinitiated chemical
laser reported previously. Deuterium (*H) is distin-
guished from hydrogen ('H) in Sec. III, but not in
Sec,II.

Il. EXPERIMENTAL METHOD

Figure 1 is a schematic of the photoinitiated HF/DF
laser, which is generally characterized by (i) a gas-
mixing apparatus and procedure designed to minimize
H,-F, prereaction, (ii) an average transverse path
for uv flashtube radiation of about 9 cm, and (iii) iso-

lation of optical cavity components by an inert buffer gas,

The apparatus is similar to a DF-COQ, laser described
by Parker and Hess,® although no HF or DF lasing was
reported for that device.

The H,~F,—diluent mixture is stabilized against pre-
reaction by the addition of oxygen. Contact time be-
tween H, and F, is minimized by mixing in the gas-
supply manifold. The mixing/filling procedure typically
requires 30—60 sec. For typical mixtures using N, as
diluent an increase of the time delay before ignition
from 30 sec to 2 min reduces the laser output energy
by less than 10%. Fluorine is acquired and stored as a
10% mixture. Additional diluent and oxygen are intro-
duced and allowed to mix completely with fluroine be-
fore hydrogen is added. The hydrogen is then complete-
1y mixed before the gas enters the reactor. Mixture
flow rate and composition are remotely controlled by
the valves and flowmeters indicated in Fig. 1; the cryo-
genic mixing provision shown was not used for the data
reported here.
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The laser assembly shown in Fig. 1 is constructed
from a thick-walled 6061 Al alloy tube with 14-cm
inside diameter, It is divided by gate valves into a
central reactor section 1.5 m long, and shorter end
cells which serve to isolate the cavity optical compo-
nents from the reacting gases. The internal U-shaped
flashlamps illuminate a volume of reagent mixture
approximately 128 cm long. From two to eight lamps
were used for measurements reported here; the active
volume of the laser is reduced as more lamps are in-
stalled due to a smaller clear aperture. Each of the
60-cm flashtubes is powered by a separate 0. 815-uF
capacitor, and all tubes are simultaneously discharged
by grounding a common bus through a single spark-gap
switch, In addition to variation of the number of tubes
and the electrical energy dissipated in each tube,
measurements were made for two different wall con-
ditions: bare 6061 Al (low uv reflectivity) and a Teflon-
covered wall (high uv reflectivity). The stable resonator
consisted of a 40-m-radius Au-coated mirror and a plan-
ar output coupler with 235-cm separation.

Regulated Supplies
Remote Valves

Needle Valves
Mass Flow Meters

Mix
Cool
Centerl Plane Mix
_-U-Shaped V@™
| Flashlamps
=Y
Hg*Fz
il Aluminum Barrel —" | © Exhaust Mirror
‘Reactor |-—— Buffer ]

FIG. 1. Diagram of the photoinitiated HF/DF laser, illustrated
for HF lasing and N, diluent, Half of the symmetric mechanical
assembly is shown; the other end includes the optical output
coupler.
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FIG. 2. Time relationships between (i) the current profile for
a 30-kV discharge through a flashtube, (ii) the associated uv
time profile measured at 288 nm, and (iii) the resulting HF
laser output pulse. The laser was operated with 8 flashtubes
and 1 atm of 1,25% H,, 7.5% F,, 0.5% O,, and 90. 75% Ny, with
room-~temperature gas mixing.

The run procedure is of some consequence since pre-
reaction or premature ignition has caused difficulties
in several H, + F, lasers.!™!! After evacuation of the de-
vice, the gates are closed and both the buffer cells and
the reactor are filled. A sequenced timing circuit then
opens the gates, fires the flashtubes, and immediate-
ly evacuates the laser to minimize exposure of the
quartz flashtubes to HF. The laser is operated in a
closed hood room; other separated areas are used for
gas mixing, laser control, and target interaction
experiments.

1. RESULTS AND DISCUSSION

Figure 2 relates the temporal profiles of the flashtube
current, the flashtube uv output, and the resulting laser
emission pulse. The current trace is for a 30-kV dis-
charge. The uv profile was measured with a silicon
photodiode, utilizing a 288-nm transmission filter with
FWHM of 23 nm to sample the flashtube spectral dis-
tribution near the 285-nm peak of the fluorine absorp-
tion spectrum. The laser output pulse was monitored
by a Ge(Au) detector, which sampled the entire cross
section of the beam by means of a CaF, wedge beam
splitter, a collecting mirror, and a reflective diffuser.
The 87-J laser pulse of Fig. 2 has FWHM of 2.6 usec.
A second beam from the splitter (or the primary beam
for the initial work) was directed to a thermopile calor-
imeter (Scientech model 364) for beam-energy measure-
ment. the splitter sampling fraction was measured
directly using two calorimeters.

A. Water-vapor attenuation and spectral content

The HF laser energy transmitted over a fixed en-
closed air path of 5.7 m was measure for two values of
water-vapor content (9.5- and 1.0-Torr partial pres-
sure, determined by the dew point) to permit air-ab-
sorption corrections to measured laser energies. An
intensity ratio of 0. 823 was measured for this partial -
pressure difference of 8.5 Torr, which corresponds to
43% relative humidity at 22 °C. Corrections for ambient
water-vapor partial pressures different from 8,5 Torr
were made by a simple exponential extension of this
measurement, No air-absorption corrections were
made for DF. In a separate study of the laser spectral
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composition,'? a holographic technique was used to
measure the time-integrated spectrum for a four-flash-
tube configuration. Most of the HF beam energy is as-
sociated with several P-branch transitions in the first
three vibrational bands and corresponds to wavelengths
in the 2.7-3.0-4 region.

B. Far-field beam profile

The far-field characteristics of the laser beam are of
particular interest because the device is used for laser
beam-target interaction measurements. With a 165-cm-
focal-length mirror, burn patterns were observed as a
function of mirror-~to~target distance. The resulting
spot sizes showed a well-defined minimum at the mirror
focal plane. The energy profile in that plane was mea-
sured by scanning across the diameter of the beam in
both the vertical and the horizontal directions with a
calorimeter apertured to 0, 25-cm diameter. The re-
sults are shown in Fig. 3, Most of the energy falls with-
in a central area which is about 1.7 cm in diameter
(FWHM) and is quite uniform in energy density. Some
asymmetry is expected from the aberration incurred in
focussing the beam off-axis in the horizontal plane.

C. Divergence

For the data of Fig. 3, the eight flashtubes in the
reactor limited the clear aperture of the laser to about
10 cm in diameter. The far-field divergence expected
from a stable resonator of large Fresnel number in
high-order multi-mode operation has been approximated
by Fortin,'® under the assumption of equipartition of
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FIG. 3. Far-field HF laser beam profiles measured in the fo-
cal plane of an f=165 cm mirror with an apertured calorime-
ter, A CaF, beam spliiter and a second calorimeter provided
energy normalization. Asymmetry is partly due to focussing
the beam off-axis in the horizontal plane. The laser conditions
were the same as for Fig. 2.
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FIG. 4. Absolute magnitude of laser energy ona target 5.7 m
from the laser, for several sequential shots with the laser
conditions of Fig, 2,

energy between transverse modes. With the waist dia-
meter w=10 cm, cavity length /=235 em, and mirror
radius R=40 m, the predicted full angle divergence to
the 30% intensity point 8=1.06 w({R)*/2=10.9 mrad.
The measured 30% intensity spot diameter of 1.8 cm
(Fig. 3) and the mirror focal length give a measured
divergence of 1.8 cm/165 cm = 10,9 mrad,

D. Repeatability

Oxygen or cryogenic mixers are commonly used in
H,-F, lasers to suppress prereaction which can result
in poor shot-to-shot repeatability. The 15 sequential
laser shots used for the vertical beam-profile scan of
Fig. 3 were also monitored for absolute laser energy
output. These absolute energies are plotted in Fig. 4.
All but one of these points lie within a band of + 2%
from their average.

E. Parameter variation

Table I shows examples of the effect of varying sev-
eral of the laser conditions. The right-hand column of

TABLE I. Variation of laser energy output as a function of
laser conditions. Nitrogen, not shown among the gas molar
percentages, makes up the remainder of each gas mixture.
These data are for room-temperature gas mixing, 1-atm total
pressure, and for initiation by four flashtubes with 6061 Al
reactor wall,

variable %H, 9¢F, %0, Capacitor Mirror Ef{aser)

voltage coupling (J)

&v) Ghout)
H, 1.25 5.0 0.5 30 87 61
1.9 63
2.5 61
Fp 1.25 5.0 0.5 30 87 52
7.5 110
10.0 109
O, 1.25 7.5 0.25 30 87 75
0.5 104
0.75 82
Voltage 1.25 7.5 0.5 30 87 104
36 130
Coupling 1.25 7.5 0.5 30 872 107
75 98
54 ¢ 98

aUncoated sapphire,
bCoated sapphire.
€8ilicon.
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TABLE II, Variation of laser energy out as a function of ener-
gy stored in the flashtube capacitor bank for 6061 Al wall, Ni-
trogen diluent comprises the remainder of each gas mixture.
These data are for ambient temperature gas mixing and 1-atm
total pressure, The two couplers are bare sapphire (87%) and
eoated sapphire (75%.).

Molar % of  Output Number E;, Eflaser)n, 7,
H,/Fy /0, mirror of &J) @ ) @)
transmission flashtubes

2.5/5.0/0,25 87% 2 0.73 ol 7.0 0.6
1.06 71 6.70.8
4 1.47 91 6.21.3
2.11 122 5.81.,7
1.25/7.5/0.5 754% 8 2,04 95 4.7 3.4
2,93 132 4.54.7
3.55 141 4.0 5.0
4.22 152 3.6 5.4

this table shows the laser output energy as a function of
five selected parameters: gas-mixture molar percent-
ages of H,, F,, and O,; capacitor charging voltage,
which determines the level of fluorine photodissociation;
and output mirror coupling. With fluorine fixed at 5%,
variation of hydrogen from 1.25 to 2.5% has no measur-
able effect at these conditons. Model calculations {(not
reported here) indicate that this behavior is associated
with conditions in which lasing terminates early in the
reaction pulse, The fluorine variation shows that for
these conditions increasing the fluorine-to-hydrogen
molar ratio F,/H, from 4 to 6 doubles the output, but
the next change from 6 to 8 in F,/H, gives no improve-
ment. Optimum operation with fluorine-rich mixtures
has been reported for a number of H, + F, lasers;
optimization of the molar ratio F,/H, has given, for
example, F,/H,=2 (Ref. 14), F,/H,=3 (Ref. 6), and
F,/H,=4 (Ref. 1), for various device configurations
and initiation methods. It is to be noted, however, that
the photoinitiated laser reported in Ref. 5 produced
maximum output energies at F,/H, ratios of unity and
less under conditions for high specific energy operation
(80 J/1-atm). The variation of oxygen in Table I gives

a well-defined optimum at 0.5%; for these conditions
0.25% oxygen allows prereaction to become a limiting
factor, whereas 0.75% oxygen suppresses the pumping
reactions as well as prereaction. Degradation of laser
output with excess O, has been observed with this laser
for many different operating conditions. The change
shown in charging voltage is reflected in laser perfor-
mance, but the output energy does not increase in di-
rect proportion to capacitor energy for the conditions
shown. Finally, laser performance shows only a weak
dependence on output mirror coupling, for transmission
between 54 and 87%.

F. Variation of flashlamp energy

Table II shows the variation of laser energy out as a
function of input flashtube energy for the case of the
6061 Al reactor wall, The effective laser volume was
approximately 16 1 for the two-lamp data, 12.8 1 for
the four-lamp data, and 10 1 for the eight-lamp mea-
surements. This volume reduction largely accounts
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TABLE III. Selected performance characteristics of the photoinitiated pulsed chemical laser with the Teflon-covered wall, The
molar fraction of H; or D, is 1.2% and the mixing temperature is ambient, The two output couplers are sapphire and silicon.

Index Lasant Diluent  potal) O, F, No. of Mirror E(laser) FWHM N, Mg
No. (atm) %) . ) lamps coupling @ {usec) @) @)
(% Out)

1 HF N, 1.0 0.25 1 2 87 148 2.9 14 3.3
2 HF éﬁ 1.0 0.6 10 2 54 149 3.5 29 3.3
3 HF Ar 1.0 0.6 10 2 54 109 5,0 33 2,4
4 HF Ar 0.6 0.5 7.4 2 54 72 13.8 2T 2.7
5 DF Ar 1.0 0.6 10 4 87 144 3.8 14 4.0
6 HF Ar 1.0 0.7 10 4 87 292 2.7 29 8.1

for the drop from 122 to 95 J out for similar input
energy into four and then eight lamps; the volumes in-
volved are also important in comparing the first and
last electrical efficiencies tabulated in Table II. The
chemical efficiencies 7, listed are based on the volumes
cited and are governed by the hydrogen content for
these mixtures. The electrical efficiencies 7, are total
electrical efficiencies defined as 100 E(laser)/E,,
where E,, is the total electrical energy stored in the
flashlamp capacitor bank.

G. Selected perfarmance points

Table III shows several operating conditions which
are of special interest because of the associated laser
performance. The underlined entries are emphasized
in the following discussion. The range of performance
shown in Table Il is associated with three extensions
of operating conditions not reflected in Tables I and II:
(i) a uv-reflective Teflon liner was added to the reactor
wall; (ii) a second diluent, argon, was incorporated and,
(iii) initial gas pressure was included among the vari-
able parameters,

The first line of Table III for N, diluent shows about
the same laser energy from two lamps as the maximum
obtained with eight lamps in Table II. Several condi-
tions are the same for line 1 of Table III and the sec-
ond line of Table II: effective reactor volume (using 2
lamps), flashlamp energy (1.086 kJ), diluent (N,), to-

tal pressure (1 atm)}, and output coupling (87%). The im-
provement in electrical efficiency from 6.7 to 14% is
due to the higher uv reflectivity of the Teflon wall lin-
ing, combined with a gas mixture containing a larger
fluorine component.

Line 2 of Table III shows another factor-of-2 im-
provement in electrical efficiency as a result of chang-
ing from nitrogen to argon as diluent. In terms of laser
operation, equal laser energy was obtained from a 36-
kV flashlamp discharge in line 1 and a 25-kV discharge
in line 2. Among the factors involved in this improve-
ment is the temperature dependence of the kinetic rates
(HF -HF self-deactivation rates in particular) coupled
with the higher temperatures resulting from the use of
a4 monatomic diluent. The use of argon, however, re-
quires the higher molar fraction of oxygen shown, in
order to inhibit preignition; output energy is quite sen-
sitive to this oxygen fraction.

The third line of Table III shows an optimized electri-
cal efficiency of 33% with over 100-J laser energy.
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In a series of measurements which explored ways to
control laser pulse length the total initial gas pressure
was varied from 0.2 to 1.0 atm using nitrogen diluent,
and 0.6 to 1.0 atm using argon. Line 4 of Table III
shows conditions for a 72-J pulse which has been
“stretched” to 14 psec FWHM by reducing the total pres-
sure, the F, fraction, and the electrical energy input.
Pulses of similar FWHM obtained with reduced pres-
sures and nitrogen diluent were lower in energy by a
factor of 4.

Line 5 gives one set of conditions for DF lasing. As
expected from energy-transfer considerations, use of
nitrogen as DF diluent gave poor results for all condi-
tions tested.

A combination of four flashlamps and the Teflon uv
reflector produced 292 J as shown in line 6, with 29%
electrical efficiency and 8, 1% chemical efficiency.

The results of Table III may be compared to the max-
imum output conditions for two other recently reported
photoinitiated HF. lasers. Batovskii and Gur’ev® obtained
37 J from a 4.5-1 device using fluorine-rich (55%) mix-
tures at 250 Torr total pressure, giving n,=0.64% and
1,=3.9%. Chen et al.® used 1.1 atm total pressure
(10% F,) in a 0.1-1 device to obtain 8 J energy out, with
71,=4% and 5,=1.3%. In both of these studies, the flash-
tube geometry was coaxial with the lager volume, with
the flashtube either on the centerline,® or forming a
concentric shell around the laser volume.® Considering
photoinitiated chemica! lasers more broadly, Parker
and Hess in 1973 reported 189 J of 10.6- 4 radiation from
a 10-1 DF-CO, device, and 12% electrical efficiency.®
Among photoinitiated pulsed chemical lasers, then, the
results of Table III represent (7) the largest absoclute
energies reported for both HF ana DF wavelengths and
(ii) the highest electrical and chemical efficiencies
attained. It may be noted that we have used partial pres-
sures of H, and F, which are lower than the maximum
values used for other photoinitiated devices,® and much
lower than those of e-beam initiated lasers. %1516

*Work supported by Advanced Research Projects Agency under
Contract No, F29601-73-C-0038-0002 with Air Force Wea-
pons Laboratory, Kirtland Air Force Base, New Mexico.
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