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SECTION 1
SUMMARY

The goal of this program is to utilize vibrational excitation of H2
to speed up the chemical reaction between H2 and C12 and thereby provide
an efficient, high-energy HC1 chemical laser. During the previous report-
ing period (Ref. 1), experiments clearly showed enhancement in laser out-
put by electrical excitation of the gas mixture. However the high electron
attachment rate of Cl, prevented high energy densities from being realized
at the limited electron beam current density available (50 mamp/cm?).
Considerable increase in HC1 laser energy cutput has been realized in the
present reporting period by using a high current, long pulse cold cathode
electron gun (0.2 amp/cm? for 10 usec). HC1 laser output energies in ex-
cess of 1 J/¢-atm have been obtained. As in the case of the lower e-beam
current density exneriments performed with the five tube plasma diode de-
vice, application of a discharge voltage significantly enhanced the laser
output energy. There is a strong trend in the present data which suggests
that even higher e-beum current densities and shorter discharge pulse du-
rations would considerably improve the laser performance. Modifications to
the apparatus are currently underway to achieve a significantly higher
e-beam current density (> 2 amps/cm?) and shorter (< 1 psec) discharge pulse.

Spectroscopic methods for measuring the Ciz coricentration, HC1(V)
populations and the extent of H2 vibrational excitation have been tested.
The Coherent Anti-Stokes Raman Scattering (CARS) approach for measuring
H2(V) has been shown to be a viable technique. The C12 optical absorption

technique has also been tested, and a brighter, perhaps coherent, light




source is currently being sought to improve the detectivity levels. An
HC1 probe laser has been operated under conditions needed to avoid line
shift problems relative to the experimental laser conditions.
A computer model for the HC1 chemical laser has been formulated
and the essential rate constants have been tabulated. The actual programming

of the computer model will be completed shortly.




SECTION I1
HC1 LASER PERFORMANCE IN THE COLD CATHODE ELECTRON GUN

The design characteristics of the cold cathode electron gun were
described in Reference 1; the operating characteristics measured during
the present reporting period are presented here in Section 2.1. In addi-
tion, HC1 laser performance and discharge characteristics were studied
using the cold cathode electron gun facility and these results are pre-
sented in Section 2.2. 1 discussion of the experimental results is given
in Section 2.3.

2.1 Electron Beam Operating Conditions

A preliminary description of the cold cathode electron gun and its
long pulse characteristics were given in Reference 1. Figure 1 shows how
the electron current density of the device depends upon the internal anode-
cathode spacing and the voltage applied to the cathode. The current den-
sity was measured using the discharge anode as a collector and a Pearson
probe enclosing a shorting lead from the anode to the ground. The current
pulse duration measured by the Pearson probe as a function of the internal
gun spacing is shown in Figure 2. Uniformity of the electron beam source
was measured using thin blue cellophane plastic as a dosimeter; for all
values of the internal gun spacing, the current density 1 cm from the e-beam
foil window was essentially unifcrm over the full window aperture. Figure
3 shows the measured discharge current in an Ar/Hz/Cl2 (49.5/49.5/1) mix-
ture at fixed E/N (2.8 x 10716 V-cm?) as a function of the internal gun
spacing and e-beam voltage. The discharge currents are proportional to
the e-beam current Jdensity (Fig. 1) divided by the gun voltage, as expected

for an attachment dominated discharge.
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Since the electron beam is emitted over the full foil window aper-
ture (10 x 50 cm?), the discharge may not be limited to the 5 cm discharge
anode width. Hence the true discharge current density may be somewhat
lower than that calculated by dividing the total discharge current by the
discharge anode area (240 cm?). A limiting aperture will be placed in
front of the e-beam window in future experiments to remove any possible

ambiguities.

2.2. Parametric Laser Performance Studies

2.2.1. Gas Sampie Preparation and Composition

Argon, hvdrogen, and chlcrine mixtures were allowed to flow into
the discharge chamber using flow meters and needle valves to adjust the
relative concentrations. Following a 10 second purae, the exhaust valve
of the discharge chamber was closed and the total pressure raised to the
desired value. Following every discharge shot, the entire discharge cham-
ber was evacuated to approximately 1 torr prior to beginning the refill
purge.

Ar/Hz/Clz gas mixtures were typically 1 to 2 percent C]z, with
the remainder consisting of equal amounts of argon and hydrogen. Gas
pressures of 100 to 250 torr were investigated and it was found that

200 torr was optimum.

2.2.2. Laser Performance Summary

Table I presents a performance summary for the HC1 laser under the
most optimum conditions found to date (see Fig. 4b). Addition of the

sustainer voltage increased the laser output by a factor of four; however,
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Table 1

HC1 Chemical Laser Performance

Ar/H2/012 49/49/2; Ptota] = 200 torr
E-BEAM
EXPERIMENTAL OBSERVATIONS E-BEAM PLUS
SUSTAINER
Energy Input (J/%2-atm) 4.8 314.8
Leser Energy (J/9-atm) 0.28 1.2
Discharge E/N (107 !¢ V-cm?) --- 2.8
Electrical Efficiency (percent; 5.8 0.38
Chemical Efficiency (percent)
(H+Cl, » HC1(V) + C1, AH = 45 kcal/mole) 0.22 0.94

2
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the electrical efficiency using the discharge is 15 times worse than the
e-beam alone case. The electron beam pulse length for the data of Table
I was 5 psec.

In the following three subsections (2.2.3, 2.2.4, and 2.2.5), spe-
cific parametric properties of the electrically excited HC1 laser will be
discussed. Gas composition as well as variations in the electrical

properties of the discharge and e-beam were studied.

2.2.3. Discharge Pulse Duration Efiects

Variation of the e-beam pulse length, hence the discharge duration,
could be accomplished by changing the internal qun spacing, as described
in Reference 1 and Figures 1and 2. When the e-beam pulse duration was
extended from 5 usec to 10 usec, the same total discharge energy could
be deposited in the gas, since the discharge current density dropped by
one-half for the longer pulse. However, the laser energy was found to
double in the shorter discharge pulse case. Figure 4 illustrates the
improvement in laser energy using the shorter duration, higher current
e-beam configuration. The strong time dependence of the total energy
input suggests that a rapid V-R,T deactivation process for HC1 or qunay be
occurring during the 10 usec excitation pulse in Figure 4a. This hypoth-
esis is also compatible with the observation that the laser signal in-
tensity in Figures 4a and 4b has begun decreasing before the discharge
pusping has ended.

A second possibility is related to thermalization of the HCIl

vibrational levels by the electrons. This effect has been observed in



n

electrically excited CO lasers (Ref. 2) where the laser gain significantly
increases following the end of the discharge pulse. This etfect would be
more detrimental in the longer HC1 electrical pulse case (Fig. 4a) than

in the shorter puise case (Fig. 4b), since in Figure 4b the laser pulse
actually extends somewhat beyond the end of the discharge pulse. The
electron "de-pumping" mechanism could be eliminated in a shorter (1 psec)
electrical pumpirng experiment, where the laser reaches threshold shortly
after the end of the discharge pulse.

A third alternative explanation was discussed in Section 2.1 of
this report and is related to the effect of discharge current spreading.
Since the e-beam pulse duration variation shown in Figure 4 was produced
by changing the internal gun spacing, greater e-beam divergence may cause
reduced discharge current density. Hence, the measured total current,
divided by the discharge anode area, may not be a valid derivation of the
discharge current density for the conditions of Figure 4a. The computed
discharge power input may therefore be smaller than that found by multi-
plying the discharge current density by the electric field gradient.
Hence, the comparison of Figures 4a and 4b as equal discharge energy in-
put cases may not be correct. An aperture will be inserted in future

experiments to limit the e-beam and discharge spreading.

2.2.4. Chlorine Concentraticn Effects

Figure 5 illustrates the effect of increased chlorine fraction on
the laser output and discharge current. (Fig. 5a is the same oscilloscope

trace as Fig. 4b, and is reused here since it represents the same e-gun
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configuration spacing as Fig. 5b.) The chlorine concentration in Fig-
ure 5b is 1.5 times greater than Figure 5a; however, the argon and hydro-
gen concentrations are the same for both experiments. As expected for

: an attachment limited discharge, the discharge current in Figure 5b is

é two-thirds that of Figure 5a. since BNeNCIZ will remain constant for a

: fixed e-beam current source. Hence, the primary laser pumping reaction
H+ C12 + HC1(V) + C1 will remain unchanged under the conditions of both

% Figures 5a and 5b, since as the Cl2 concentration was raised by three-

halves, the H atom productior by the discharge drops by two-thirds due to
the decreased energy deposited by the discharge. However, the key reaction

of interest, C1 + sz + H + HC1, should have caused the laser energy to

v

drop in Figure 5b since the H2 production also dropped by two-thirds.

v It is seen in Figure 5 that the laser energy was not altered by the
change in the C]z concentration. Unfortunately, this simple analysis
ignores the reduced temperature rise for the conditions of Figure 5b

v and its effect on the laser gain. In addition, the sz consumption
rate by C1 atoms may be too slow under the present conditions to
respond to a slight change in the H2 vibrational temperature. Hence,

¥ it is difficult to draw a conclusion regarding the role of sz in the

laser kinetics using the present chlorine concentration dependence data.

2.2.5. Hydrogen Concentration Effects

The argon-hydrogen ratio was varied, keeping the total pressure
(200 torr) and chlorine fraction (2 percent) constant. A summary of the
results is presented in Table II. Argon fractions of 49 and 66 percent

gave essentially the same laser output energy, which exceeded the best
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0l 1t

; Tab'e I

Variation in the Ratio of Argon tn Hydrogen

Ar/H?IC12
80/18/2 56/32/2 4074972 35763/2
Laser Energy 7.2 25.2 28.8 15.6
(ﬂ’\\]) . .
Discharge Energy Input
o ta) 181 231 231 296
Discharge E/N 2.4 2.8 2.8 3.36

(V-cm? x 10'%)
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output obtainable with either the 80 or 35 percent argon mixtures. For
this comparison, the electron gun was operated so that it gave a 10 usec
discharge pulse.

At the E/N values used in the initial surv2y experiments, signif-

v in the laser kinetics

icant H, dissociation can occur. The role of H,
must be studied at much lower E/N values than those presented in Table

II. Ideally, experiments need to be performed at both high and low E/N
values for various H2 fractions, keeping the total electrical energy in-
put constant. In this way, the relative importance of H atoms and sz can

be unravelled.

2.3. Calculated Laser Properties

Estimates for the H and C1 atom production, H, vibrational exci-
tation, and discharge heating are given in Table III for the laser condi-
tions of Table I. The C1 atom production is estimated by assuming that
three chlorine atoms are produced for each icn pair created by the elec-
tron beam source (Ref. 3).

Estimates for the H atom production by the e-beam alone have been
made by assuming that the excited argon metastables produced by ion-
electron recombination lead to H2 dissociation. The argon metastables
excite the a’Eg+ state of H, which then radiates to the repulsive
b3Xu+ state, creating H atoms. The H atom production rate by the elec-
tron beam could therefore equal twice the ion pair production rate, which
is 4.7 x 10!? (cm3-sec)” ! for an e-beam current density of 0.4 amps/cm?.
The hydrogen atom production by the e-beam probably accounts for the laser

emission produced by the e-beam alone.
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Table II1

Calculated Laser Properties

Laser Gas Mixture Ar/HZ/C12 43/49/2; Discharge Ene ~gv Input.-
315 J/2-atm; E/N-2.8 x 10" % V-cm?; E-Beam Current Density-

0.4 A/cm?
E-BEAM
£-BEAM PLUS
SUSTAINER
[H,(V)1/H,) . 0.15
[H1/H,) 2x107  5x 107
[C]]/[C12] 8 x10° ~8 x 10°°

Temperature Rise (°K) --- 98
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Boltzmann calculations for the power fraction of the discharge
energy distributed into various excitation modes are presented in Figure 6.
From this data, the vibrational excitation and dissociation fractions of
H2 given in Table ill were computed. The gas temperature rise caused by
the discharge pulse was assumed to b2 equal to the sum of the H2 rotational
and thermal excitation fractions. Production of atoms and vibrationally
excited H, by the discharge (as well as the temperature rise) may be over-
estimated by approximately a factor of 2 due to discharge spreading, as
discussed in Section 2.1.

Since the H atoms produced by the sustainer are essentially all
consumed by the C12 during the discharge pulse (5 use:), the total CI
atom concentration at the end of the discharge is approximate' 1.6 x 10'°
cm’. Based on Wilkins' rate constants (see Section IV), the time constant
for reaction of the HZV is approximately 4 usec, which is comparable with
the laser pulse duration (3 usec) occurring during the 5 usec discharge
pulse. Hence, under the present discharge conditions, and based on these
estimates, the C1 + sz reaction could make some contribution to the laser

pulse.
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SECTION III
DIAGNOSTIC DEVELOPMENT

Three principal diagnostic methods were investigated in the present
centract period: (1) C]2 monitor, (2) HC1 probe laser, (3) coherent Anti-
Stokes Raman spectroscopy (CARS) for H2' The results obtained to date in

each of these areas will be discussed in this section.

3.1 Chlorine Monitor_

The continuum absorption of C]2 in the visible was used to detect
small chlorine concentrations. Figure 7 shows th: experimental setup for
the C]2 measurements, which used a small Ultra Violet Products (Pen-Ray)
Hg source and filter to isolate the 3650 i Hg lines. The absorption coef-

ficient of Cl, at this wavelength is 1.8 x 1073 cm™! torr'! (Ref. 4). A

2
small monochromator (0.25 meter Jarrell-Ash) was also used to aid in dis-
crimination against 1ight emitted by e-beam and discharge excitation of the
laser gas at wavelengths close to 3650 R. A long folded path was also useful
in discriminating against the uncollimated e-beam and sustainer light.

Figure 8 shows the time dependence of the Cl2 absorption over a long
period of time following the excitation pulse. The traces shown in Figure 8
are consistent with complete combustion of the C]2 in the excitation region
of the e-beam.

The time regime of real interest for electrically excited HCI
chemical laser is during and slightly after the actual discharge pulse,

which is typically 5-10 psec. Based on estimates of the Clz dissociation

ratc by electrons and H atom reaction, only about 10-20 percent of the




20

5-TUBE PLASMA DIODE

| MERCURY LAMP
5 Z—t0”
1?‘1“§; 7 ]
\\\_ _// \L-COLLIMATING LENS
IRIS FILTER

7 m FOLDED PATH

—F
. OCUSING LENS

__— MONOCHROMATOR

™~ PHOTOMULTIPLIER

Figure 7. Experimental Set-Up for C12 Concentration Monitor
76 00087




21
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chlorine, under present conditions, is consumed on the short time scale

of the laser. This means that a change in the C12 absorption of only 3-5
percent, for the typical argon, hydrogen, chlorine (49/49/2) mixtures

must be accurately measured. At present, this small change in absorption
is too difficult to measure. A more stable, monochromatic 1ight source
such as a He-Cd laser would alleviate the dual problem of background emis-
sion from the discharge and source fluctuations common to normal arc lamps.
An alternative solution consists of using a much brighter mercury arc lamp
source, in a dual beam configuration to improve the bas:line stability of
the experiment. Both of ‘hese approaches will be investigated further in

the next contract period.

3.2. HC1 Probe Laser

A conventional chemical HC1 pin laser has successfully heen operated
in mixtures of argon, hydrogen and chlorine. Typically only helium mixtures
are used in chemical HC1 and HF pin type discharge lasers (Ref. 5). The
argon mixtures .‘ere lased in a line selected (grating) cavity at pressures
up to 200 torr. Hhence, argon induced 1ine shifts of the HC1 spectrum can
be neglected when making gain and absorption measurements in e-beam stabi-

lized discharges of argon, hydrogen, and chlorine mixtures.

3.3 CARS Measurements

Apparatus for the CARS measurement of vibrationally excited H2
has been assembled and tested. The coherent signal will be much stronger
than conventional Raman scattering and wiil be emitted in a very small

solid angle determined by the focusing geometry. These characteristics
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make the CARS technique very attractive as a diagnostic tool in luminous
experimental environments, such as dischardes, flames, shocks, etc. Previous
work by Taran and co-workers (Ref. 6) has shown that gquantitative H2 gas
concentration measurements could be made in flames using a Q-switched ruby
laser and a high pressure H2 stimulated Raman source. Recently, tunable

dye lasers have been used to replace the fixed frequency limitations of the
stimulated Raman scattering generator to study gases (Ref. 7) and liquids
(Ref. 8). A CARS system capable of detecting a few torr of H2 using a

tunable dye laser has been constructed at MSNW and the following discussion

presents details of the experimental arrangement and present detectivity
1imits of the apparatus.
Initial experiments in liquid benzene (Ref. 1) were quite successful

and demonstrated the need for careful alignment of the ruby and dye laser

sources so that they will cross at the required phase matching angle for
benzene (1.2 degrees). Accurate dye laser wavelength adjustment was

F found to be a problem with the small 0.25 meter Jarrell-Ash monochromator

!

and therefore a larger 0.5 meter monochromator was used in further experi-
ments. In addition the ruby laser power had to be attenuated below the
threshold for stimulated stokes scattering in benzene. Once the ruby and

dye lasers were properly optimized (wavelength and alignment) the benzene

0
CARS signal at 6496 A was sufficiently intense so that it was visible on

a white card in a darkened room.

1=
Following the successful benzene experiments, slightly different
optics were set-up to obtain CARS signals in H2. Figure 9 is a schematir

. drawing of the optical arrangement used. The ruby laser consisted of a

single ruby rod (3 in. long by 0.25 in. 9.D.) pumped by two linear flashlamps
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in a double elliptical polished aluminum housing. A slow, dry nitrogen
purge was used to provide cooling and prevent deterioration of the
aluminum housing by ozone. Q-switching was accomplished using an electro-
optic Pockel's cell. The rear cavity mirror was a totally reflecting

10 meter radius of curvature dielectric. A 66 percent resonant reflector
consisting of two high index quartz flats was used as the output coupler.
The ruby laser enerqy was split 2/3 and 1/3 by a beamsplitter and the
smaller fraction used to pump a 3-cm dye cell containing acetone solutions
of 1, 1°-Diethyl-4, 4°-quinotricarbocyanine iodide. The ruby laser was
focused into the dye cell by a 50-cm focal length lens spaced 35 cm from
the center of the dye cell.

Wavelength tuning was accomplished using the dual etalon scheme
shown in Fiqure 7. Etalon (1) was a thin plastic membrane, 8 um thick,
coated on both sides for 70 percent reflectivity over the range 800 to
1000 nm, which would have a theoretical bandwidth of 2.0 nm. A narrow,
air-gap Etalon reduced this width to approximately 0.1 nm. A small 9-
in. focal length, achromatic lens focused the two co-linear laser beams
into the H2 sample cell. CARS emission was separated from the dye and
ruby laser radiation by two green glass (Schott, VG-14) filters, and a
1P28 photomultiplier detected the 538.8 nm anti-Stokes signal.

The co-linear nature of the optical arrangement greatly facilitated
alignment of the two laser beams for spatial overlaep, which we found to be
rather difficult in a side-pumped, grating tuned cavity. In addition,
ultra-narrow dye laser linewidths which would exactly match the H2 Doppler

width (0.003 nm) were not used in order to avoid extreme sensitivity of the
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CARS signal to drifts in the dye laser frequency. This results in in-
complete utilization of the dye power; however, further narrowing c)uld
result in reduced dye output which would nearly cancel any beneficial
effect of reduced linewidth. No special efforts were made in these
experiments to operate the ruby and dye lasers single mode. The repetition
rate of the ruby laser was quite low (one shot/three to four minutes) due

to the convection limited cooling of the ruby rod. A high repetition

bl el s O

rate ruby or Nd:Yag laser would be a highly desirable feature to incor-

i

porate into certain experiments, since advantage could then be taken of

signal averaging techniques. For the present experiments in pulsed

discharges, which have an inherently low repetition rate, the low repetition
rate ruby laser is not a limitation.

A detectivity limit of 15 torr H2 was found in the present series
of experiments. This is by no means an ultimate 1imit to the detectivity
level. Improvements in the dye and ruby laser output powers would greatly
reduce the minimum detection 1imit. Further measurements need to be
made of the dye laser linewidth to determine whether the dye laser is
operating with as narrow a linewidth as calculated from the etalon
characteristics. Discrimination against the ruby 1ight reaching the CARS
detector also needs to be improved, and narrow band interference filters

will be used in conjunction with the Schott glass filters.

i — R TR



SECTION IV
HC1 CHEMICAL LASER COMPUTER MODEL

Basic data for an HC1 chemical reaction laser model have been col-
lected and a computer code is presently being written. Table IV contains
the optical constants necessary for calculating the HC1 laser gain. Table
V contains a summar} of the chemical reaction rate constants and vibra-
tional decay rates for various constituents of the electrically excited
gas mixture. The recent review of HC1 rate constants by Bott and Cohen
(Ref. 9) helped provide a critical evaluation of the data available in the
literature. A Boltzmann code for calculating the fraction of the discharge
energy distributed into the various H2 channels (vibration, rotation, trans-
lation, electronic, and dissociation) will be used in conjunction with the
chemical reaction code. Chlorine atom production will be found by equating
the electron beam production rate of electrons with the attachment loss
rate due to C]z. Direct electron pumping of HC1 will be neglected in the
initial calculations.

Since many of the crucial reaction rates (e.g., Hz(v) + C1 + HC1 + H)
and deactivation rates (e.g., HC1(V) + C1 -~ HC1(¥-1) + C1) have not been
measurad, computed values for these rates (Refs. 9, 10) will be used at
first. Variation of these rates in the computer code will certainly be
necessary to test the sensitivity of the HC1 chemical laser model to these

potentially critical rates.




Table IV

LR

HC1 OPTICAL CONSTANTS

Einstein A Coefficient

kst il

] TRANSITION  A(sec™’) A, (P-branch) = flgﬂﬁlllﬁiﬁl- A REFERENCES
: V=1 V=0 34.6 TR
% V=2 V=T 59.4 »
1 V=3 V=2 74.7
é V=4 V=3 81.1
: Optical Broadening Cross Section in (Angstrom)2
E
P(J)-BRANCH g Dy Quci-h, REFERENCES
1 270 86.3 34.2 12
2 304 50.6 25.4
3 302 45.8 19.2 13
4 296 37.6 15.0
5 270 32.1 1.1
6 220 27.1 10.6
7 189 28.5 10.6
8 161 18.8 11.0
9 145
3 10 130
E n 14
] 12 97
: 13 97
|
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SECTION V

SUMMARY OF RESULTS AND FUTURE PLANS

The present series of HC1 laser experiments performed with the high
current density (.2-.4 A/cm?), long pulse (5-10 usec) cold cathode electron
beam source indicate that even higher electron beam current for a shorter
duration would be desirable. Efficiency of electrical excitation is low
(0.4 percent) at present, although six times better than the earlier plasma
diode experiments. The electrcn gun will be slightly modified during the
next contract period to allow higher current operation for a shorter time
duration. Further parametric laser performance studies will be made in
the revised e-beam device. Specifically, the laser performance as a
function of pulse duration will be investigated: the E/N dependence over a
large range [1 - 3 x 107! V-cm?] will be determined, and the parametric
dependence on e-beam current density, discharge energy input, gas composi-
tion and pressure will be studied.

The computer mudel will be completed shortly, which will allow
conparisons to be made with experimental observations and nredict fruitful
directions for further experimental work. Predictions recarding the effect
of hydrogen vibrational excitation on the ‘aser performance will be compared
with parametric measurements of the laser performance at different E/Ns,
discharge energy input, gas composition and pressure.

Diagnostics for the measurement of HC1 and H2 have proaressed to
the point where they can be coupled to the discharge experiments. The HCl

probe laser will be used to measure pre-reaction in the argon, hydrogen,
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chlorine mixtures and gain (or absorption) during the discharge pulse.
Measuvrements of H2 vibrational excitation using the CARS equipment will
be strongly emphasized following completion of the parametric laser per-
formance studies. The Cl, monitoring schem: still needs to be improved
o the point where relatively small changes in the C]2 concentration

can be measimred.

Out’ 1t wavelengths of the HC1 laser will be measuréd as a further
means for comparison with the laser model. An approximate value for the
gas temperature can be found from the J value of a vibrational transition
with the largest intensity. The relative intensities of the different
vibrational transitions will also provide a check on the laser model

predictions.
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