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Hydrogen Fluoride Chemical Laser Amplifier
Performance: Experiment

L. H. Sentman,* R. E. Waldo,t P. T. Theodoropoulos,¥ T. X. Nguyen,7 and D. L. Carrollt
University of lllinois, Urbana, 1llinois 61801

Performance data for a continuous-wave hydrogen fluoride (cw HF) chemical laser master oscillator/power
amplifier showed that, regardless of the oscillator or resonator used to generate the input beam, the amplification
ratio is an inverse function of the input power (intensity) and, for maximum amplification, the peak of the input
intensity distribution must be matched to the peak of the zero power gain distribution in the amplifier. The
match/mismatch of the oscillator/amplifier flowfields has a second-order effect on amplifier performance. The

measured P, vs P, performance curve showed that, after a continuous increase, the difference P

o — Pin

remained almost constant over a wide range of input powers. These data showed that between one-third and
one-half of the device’s oscillator output must be input to obtain amplifier output equal to the device’s oscillator
performance. When the input beam contained time-dependent oscillations, the amplitude modulation of the
output beam was reduced by a factor that equaled the amplification ratio of the amplifier.

Nomenclature
P, = input power to the amplifier
P... = output power from the amplifier
X, = distance of the optical axis of the input beam
downstream from the H, injectors of the amplifier
A =P, —P

out in

1. Introduction

REVIEW of the open literature on master oscillator/

power amplifier configurations showed that there are
very few data. The most extensive work was that done by
UTRC.! However, due to the spectral mismatch between the
oscillator and the amplifier, only P,(4) single-line amplifica-
tion data for one location of the optical axis of the input beam
were obtained. The experiments by Hoffman et al.? and Pat-
terson et al.” were with pulsed HF and KrF systems, respec-
tively. The recent cw HF amplifier work by Bernard et al.*
used an optical trombone to constructively combine two am-
plified beams. The constructive beam combination was ver-
ified with a Michelson interferometer. The present experi-
ments provide the first extensive data on cw HF amplifier
performance as a function of input power, location of the
optical axis of the input beam, flowfield match/mismatch be-
tween the oscillator and amplifier. flow rates in the amplifier,
oscillator resonator type (stable or unstable), and the time-
dependent oscillations of the input beam.

A Helios CL T laser (15 cm gain length) or a Helios CL II
laser (30 c¢m gain length) was used as the oscillator while
another Helios CL II laser was used as the amplifier. The CL
IIs are identical, two-channel, arc-driven, subsonic, cw HF
chemical lasers. The flow channel of the CL T laser is identical
to one of the flow channels of the CL II lasers. This permits
the flowfields of the oscillator and amplifier to be identical
when the CL I laser is run at one-half the flow rates of the
CL II laser. Section II presents the experimental zero power
gain data for the amplifier. Section III contains experimental
amplifier performance data. The effects of the resonator and
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time-dependent oscillations on amplifier performance are pre-
sented in Sec. I'V. Section V contains concluding remarks.

II. Zero Power Gain Measurements

Zero power gain (ZPG) is the gain measured when the
intensity of the probe beam is low enough that the probe
beam does not perturb the media. This gain is often referred
to as the small signal gain. Preliminary amplifier measurements®
showed that the amplifier gain is inversely proportional to
input power (intensity). An increase in input power results
in an increase in input intensity, which in turn stimulates more
radiation and begins to saturate the gain. As the input power
decreases, the gain in the amplifier increases until at some
point {P,, ZPG), it becomes equal to the zero power gain.
Further decrease of the input power does not have any effect
on the gain measured. This is the criterion for determining
when the zero power gain region has been reached. A power
less than or equal to P, ZPG was used to measure zero power
gain.

The CL I (operated single line for the zero power gain
experiments and multiline for the amplifier experiments) was
used as the oscillator. At the pressure and temperature of the
flow in the gain zone of the CL I, the HF line width is about
400 MHz. With a mirror spacing of 1 m, there were only one
or two longitudinal modes lasing. The CL II flow channel is
3.0 mm high and 355.6 mm wide with a clear aperture 3.0
mm high x 40.0 mm wide. A schematic of the experimental
layout is shown in Fig. 1. The input beam from the CL I was
reduced in size by a two-lens telescope (first lens 250 mm
focal length CaF, plano-convex, second lens — 50 mm focal
length CaF, plano-concave) to eliminate clipping of the input
beam by the amplifier flow channel. The optical axis of the
input beam was centered on the location of the H, injectors
and passed through the CL II parallel to the H, injectors (X,
= 0). This locates the optical axis of the beam within the CL
IT amplifier gain medium so that the beam geometry in the
amplifier gain medium is similar to the beam geometry in the
oscillator gain medium. By moving the translation stage on
which the injection optics (the #2 turning mirror and the
telescope) were located, the axis of the input beam was moved
downstream of the H, injectors to measure amplification as
a function of the location of the axis of the input beam, X,.

The input power required to measure the zero power gain
of each line was obtained by measuring the amplification ratio
(AR = P, /P;) as a function of the input power at the point
in the amplifier flowfield corresponding to maximum ampli-
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Fig. 1 Schematic of the experimental layout for zero power gain and amplifier performance studies.
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Fig. 2 Variation of amplification ratio with input power. The zero
power gain region is reached when P;, < 0.002 W. Error bars smaller
than the symbols are not shown.

fication. When the AR became constant, independent of P, ,
the zero power gain region had been reached (Fig. 2). Because
of the low input powers required to reach the zero power gain
region (of the order of 0.002 W), a ROFIN RSO 6000 Series
Optical Spectrum Analyzer was used to measure the AR when
the input power of the probe beam became too low for the
PbSe detector to be accurate.®

The input power required to measure the ZPG of each line
was established for two flow rates in the amplifier,’ (Run 34:
He = 0.0874, O, = 0.294, SF, = 0.71, and H, = 0.0356 g/
s; Run 36: He = 0.0874, O, = 0.294, SF, = 1.07, and H,
= 0.0514 g/s). The low-pressure ZPGs for each line as a
function of X, were measured for both Run 34 (static pressure
of 5.4 Torr 5.0 mm downstream of the H, injectors) and Run
36 (6.5 Torr) flow rates in the amplifier. The temperature
and velocity of the flow in the gain zone are estimated from
the computer model® as 450 K and 20,000 cm/s. Higher gains
were measured at Run 36 flow rates than at Run 34 flow rates.
At Run 36 flow rates, the lines with the highest gains are
P,(5) and P (6) for the 1—0 vibrational band and P,(5) and
P,(6) for the 2—1 vibrational band (Figs. 3 and 4). The P,(J)
peak ZPGs are about 1.46 times larger than the P,(J) peak
ZPGs. The P,(J) gain zone is about 1.3 times longer than the
P,(J) gain zone. The P,(J) ZPGs peak 1.5-2.0 mm down-
stream of the H, injectors, while the P,(J) ZPGs peak 1.0
mm downstream of the H, injectors.
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Fig. 3 Variation of the zero power gain as a function of distance
downstream from the H, injectors for several P,(J) lines. The H,
injectors are located at X,, = 0. Error bars smaller than the symbols
are not shown.
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Fig. 4 Variation of the zero power gain as a function of distance
downstream from the H, injectors for several P,(J) lines. The H,
injectors are located at X;, = 0. Error bars smaller than the symbols
are not shown.
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The effect of polarization on zero power gain was studied
by comparing zero power gain data obtained with a vertically
polarized, a horizontally polarized, and an unpolarized probe
beam. These data showed that polarization does not affect
zero power gain.’

The effect of high pressure on the ZPG was investigated
for lines P,(6), P,(5), and P,(6)° for the Run 34 flow rates at
a cavity pressure of 10.0 Torr. The high-pressure ZPGs of
these three lines were measured as a function of X, at the
same input powers that were used to measure their low-pres-
sure ZPGs. The high pressure (which increased the collisional
deactivation rates) results in ZPG zones that are considerably
shorter than those measured at low pressure. The peak ZPG
of P,(6) was not affected by high pressure, but the peak ZPGs
of P,(5) and P,(6) were decreased by about 22.5%. This is a
result of the fact that the increased collisional deactivation of
HF(2) repopulates HF(1), thereby keeping the population
difference between HF(1) and HF(0) about the same, whereas
the population difference between HF(2) and HF(1) de-
creased. High pressure caused the location of the peak ZPG
to occur 0.5 mm closer to the H, injectors for all three lines.

HI. Amplifier Performance

To determine the conditions under which an amplifier can
be operated efficiently, the parameters that control amplifier
performance must be identified. A previous study® showed
that amplifier performance is a strong function of P, to the
amplifier where the amplifier performance parameters are
AR and P,,. Both measures of amplifier performance are
needed because each measure by itself results in a trivial
situation, i.e., AR is maximum at P,, approaching zero and
P, is maximum at very large P, for which the amplification
ratio is one. Thus, the interplay between AR and P, must
be understood.

To identify the parameters that determine amplifier per-
formance and to characterize the output of a MOPA config-
uration, amplifier performance was measured® as a function
of P, X, flowfield match/mismatch between the oscillator
and amplifier, flow rates in the amplifier, the oscillator res-
onator type (stable or unstable), the time-dependent oscil-
lations of the input beam, and the oscillator used (CL I, 15
cm gain length; or CL II, 30 cm gain length).

Amplifier performance was measured as a function of P,
and amplifier flow rates. Table 1 presents data for P, P,
and AR at the X, for peak amplification, for both Runs 34
and 36 in the amplifier. Although amplifier performance is
not a function of flowfield matching, discussed below, the
oscillator flow rate that generated a given P, is included in
Table 1 for completeness. The higher amplifier performance
occurred at Run 36 flow rates and is plotted as P, vs P, at
the X, for peak amplification (Fig. 5). Figure 5 shows that,
at the lowest P,,, 4.1 W, the increment P,,, — P, = Ais
13.49 W. A increases with P,, up to a P, = 32.2 W at which
point A = 33.2 W. As P,, continues to increase, A remains
almost constant.

The reason for this behavior is that only a certain amount
of energy can be extracted from the amplifier medium. Once
P, is large enough to extract this energy from the flow, an
increase in P, still extracts the same amount of energy from
the flow; thus, A is a constant. In particular, for the CL 1I
gain cell at Run 36 flow rates, the maximum power extracted
from the amplifier, A, was 33.2 W, whereas the maximum
oscillator power was 76 W.¢ This shows that operating the CL
IT as an amplifier extracts only about 44% of the available
energy in the flow.

The CL IT oscillator performance® at Run 36 flow rates with
a 20% reflective outcoupler is 36 W and 76 W with an 80%
reflective outcoupler. Figure 5 shows that to obtain a total
power of 36 W after the amplifier, about 12 W must be input,
and to obtain 76 W after the amplifier, about 40 W must be
input. These data show that between one-third and one-half
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Table 1 Output pewer and amplification ratio as a function of
input power at the X,, for peak amplification for Run 34 and Run
36 flow rates at low pressure in the CL II amplifier

Run number

0sC AMP P, W P W AR
34 34 4.00 14.12 3.33
36 34 4.60 15.64 3.99
34 34 6.99 23.09 3.30
36 34 6.75 22.49 3.67
34 34 20.45 41.92 2.40
36 34 21.47 42.94 2.19
36 34 33.74 62.88 1.89
35 34 43.96 70.54 1.65
CSS 347 74.83 98.62 1.33
34 36 4.10 17.59 4.32
36 36 4.96 19.32 4.30
34 36 6.61 25.58 3.86
36 36 6.95 25.30 3.82
36 36 8.31 27.18 3.37
36 36 12.26 36.24 2.91
34 36 20.45 46.01 2.47
36 36 21.47 48.56 2.38
36 36 32.20 65.40 2.17
35 36 42.94 75.66 1.80
CSS 36% 68.12 97.40 1.44

OSC, oscillator; AMP, amplifier; CSS, denotes flow rates with concentric sonic
slit He injectors on the oscillator.

2High pressure in the amplifier is due to the high flow rates of Run CSS in the
oscillator.®
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Fig. 5 Output power vs input power at the X, for peak amplification
for several oscillator/amplifier flow rate combinations for Run 36 flow
rates in the amplifier.

of the device’s oscillator output must be input to obtain am-
plifier output equal to the device’s oscillator performance
when the oscillator is operated with a 20% and 80% reflective
outcoupler, respectively.

Power spectral distributions (PSDs) before and after the
amplifier were obtained for P;, of 7.0-75.0 W. Figure 6 is a
sample PSD for a P, of 7.0 W. The PSDs show that, at low
P, the distribution of power within the 1—0 and the 2—1
vibrational bands is changed slightly by the amplifier, and in
some cases, the amplifier decreases the fraction of power in
the 1—0 vibrational band of the output PSD. At high P, , the
amplifier has no effect on the output PSD. The reason that
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Fig. 6 Power spectral distributions before (36/0) and after (36/34, 36/
36) the amplifier at the X, for peak AR with Run 36 flow rates in the
oscillator and Run 34 or Run 36 flow rates in the amplifier at an input
power of 7.0 W. The oscillator was the CL I and the amplifier was a
CL II.

the amplifier has only a minimal effect on the PSD is the
similarity between the input PSD and the zero power gain
distribution of the amplifier.®

Amplifier performance as a function of P, and flowfield
match/mismatch between the oscillator and amplifier was
measured for three P, (4.0, 7.0, and 20.0 W) and four dif-
ferent combinations of oscillator/amplifier flow rates. With
the same flow rates (run number) in both the oscillator and
amplifier, the flowfields are matched. With different flow
rates in the oscillator and amplifier, the flowfields are differ-
ent. This makes the gain, intensity, and spectral distributions
mismatched between the two devices. When discussing the
flowfield in the oscillator, reference to the intensity distri-
bution of the oscillator is implied. When discussing the flow-
field in the amplifier, reference to the zero power gain dis-
tribution in the amplifier is implied.

Amplification ratio data were obtained with flow rate com-
binations 34/34, 34/36, 36/34, and 36/36 in the oscillator/am-
plifier (OSC/AMP), respectively, at each input power. Figure
7 is a sample of these data at one run combination, OSC/
AMP = 36/34, for the three P;,. Spectra at the X, for peak
amplification before and after the amplifier were taken for
the aforementioned run combinations at the 7.0- and 20.0-W
input powers. Figure 6 is a sample PSD for two OSC/AMP
run combinations at a P,, of 7.0 W.

The most striking results evident from the AR vs X, data
(Fig. 7) are that the amplification ratio is an inverse function
of the input power (intensity) and is a sensitive function of
the location of the axis of the input beam with respect to the
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H, injectors of the amplifier independent of the match or
mismatch of the oscillator/amplifier flowfields.

Comparison of the X, for peak AR and the width of the
gain zone (AR > 1) in the amplifier with the X, for peak
zero power gain and the width of the zero power gain zone
measured in the amplifier’ (Table 2) shows that, for maximum
amplification, the peak of the input intensity distribution should
be matched to the peak of the zero power gain distribution
in the amplifier. The unstable resonator data, discussed in the
next section, show that this is true regardless of the resonator
used to generate the input beam.

To explore the effect of flowfield match/mismatch in the
oscillator/amplifier, Table 3 compares peak ARs as a function
of input power for Run 34 and Run 36 flow rates in the
amplifier. This comparison shows that the match/mismatch of
the oscillator/amplifier flowfields has a second-order effect on
amplifier performance. in most cases 109% or less, compared
to the effects of X, and P,,. PSDs (Fig. 6), show that the
distribution of power within the 1—0 and the 2—1 vibrational
bands of the amplifier output PSD is insensitive to oscillator/

Table 2 X,, for peak AR and width of gain zone compared to X,
for peak zero power gain and width of the zero power gain zone for
Run 34 and Run 36 flow rates in the amplifier

X, for peak Width of zero
Amplifier X, for Width of  zero power  power gain
flow ratc  peak AR gain zone gain zone

Run 34 1.0-1.5mm 50-55mm 1.0-2.0 mm 4.0-6.0 mm
Run 36 1.0-1.5mm 4.5-5.0mm 1.0-1.5mm 3.5-5.5 mm

Table 3 Peak amplification ratios (ARs) for different OSC/AMP
flow rate combinations and input powers

Peak amplification ratio (AR)

OSC/AMP P, =40W P, =T70W P, = 200W
34/34 3.33 3.30 2.40
36/34 3.99 3.67 2.19
34/36 4.32 3.86 2.47
36/36 4.30 3.82 2.38

CL Il Single Pass Ampilifier
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Fig. 7 Amplification ratio as a function of the location of the axis of

the input beam with respect to the hydrogen injectors with OSC/AMP
= 36/34 flow rates for input powers of 4.0, 7.0, and 20.0 W.
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amplifier flowfield match/mismatch. These results demon-
strate that losses due to flowfield mismatch are small com-
pared to other effects.

Experiments to determine the effect of the oscillator used
(CL I or CL II) showed that amplifier performance is inde-
pendent of the oscillator used. Experiments to determine the
isolation of the oscillator from the amplifier showed that there
was no change in the characteristics of the oscillator output
(power, power spectral distribution, temporal stability) when
the oscillator output beam was injected into the amplifier.

IV. Effect of Resonator on Amplifier Performance

When power is extracted from an oscillator with an unstable
resonator, a time-dependent oscillation in the output power
may occur on lines whose saturated gain does not fill the
unstable resonator. The characteristics of these time-depend-
ent oscillations were studied experimentally and theoreti-
cally.’'° The effects of the unstable resonator and the tem-
poral variations on amplifier performance are summarized in
this section.

A schematic of the layout of the unstable resonator exper-
iments is shown in Fig. 8. A confocal, unstable resonator with
magnification 2 and a 1-m mirror separation was used.® The
amplitude and frequency of the time-dependent oscillations
were measured by placing an InAs fast detector at locations
1 and 6. A chopper was always placed in front of the InAs
detector to allow measurement of the square wave required
to calculate the amplitude modulation of the beam. The out-
coupled beam of the unstable resonator (UR) differs from
that of the stable resonator (SR). The UR beam has a hole
in it. This hole is the result of the variable slit scraper mirror
that outcouples the beam in two sections. The section of the
beam that is outcoupled by the upstream scraper mirror will
be referred to as the upstream beam (UB) and the section of
the beam that is outcoupled by the downstream scraper mirror
will be referred to as the downstream beam (DB).

Initial experiments consisted of blocking the DB with one
of the knife edges (Fig. 8). The UB was then injected into
the amplifier using the same technique as the SR amplifier
experiments, that is, at X, = 0, the UB was centered on the
H, injectors. The next experiments injected both the UB and
DB sections into the amplifier simultaneously. As in the SR
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amplifier experiments, the beam sections were passed through
the two-lens telescope and injected through the amplifier such
that the spatial relationship of the beam with respect to the
flowfield was the same in the amplifier and oscillator.

With the DB blocked and the UB injected into the ampli-
fier, amplifier performance for P, of 1.2 and 5.1 W was meas-
ured. The P,, correspond to scraper mirror slit widths of 4
mm (N, = 5.714) and 2 mm (N, = 1.428), respectively. Thus,
the 1.2-W input beam had the 7-ns and 40-ns oscillations
present and the 5.1-W input beam had only the 7-ns oscillation
present.® AR vs X, data were obtained with Run 34 flow
rates in both the oscillator and amplifier at the two input
powers. These data are compared with SR amplifier data
obtained at a similar P,, (4.0 W) (Fig. 9). Figure 9 shows that
the UR data are similar to the SR data when the difference
in P, is accounted for, i.e., higher P;, should have lower ARs
and lower P,, should have higher ARs. This indicates that
amplifier performance is unaffected by the oscillations present
in the input beam and amplifier performance is independent
of the resonator used to drive the amplifier. Amplifier per-
formance is the same for the UR- and the SR-generated input
beams because the input powers were the same and the input
power spectral distributions for the UR and SR at Run 34
flow rates contain essentially the same lines. As in the case
of the SR beam, maximum amplification occurred when the
peak of the input intensity distribution was matched to the
peak of the zero power gain distribution in the amplifier.

Amplifier performance as a function of the section of the
UR beam used to drive the amplifier was measured. Data
were obtained with the UB, DB, and both UB and DB driving
the amplifier. The alignment for these experiments used the
entire UR beam with the hole in the UR beam aligned with
the H, injectors of the amplifier at X, = 0. When both the
UB and DB were simultaneously injected into the amplifier,
they sampled separate regions of the amplifier’s gain distri-
bution. To obtain the data when only the UB or DB was
injected, the appropriate knife edge (Fig. 8) was used to block
the other section of the input beam. This ensured that the
alignment of the UB, when injected by itself, was the same
as when it was injected with the DB. The same was also true
for the DB alignment. Amplifier performance when the entire
UR beam was injected was less than when a SR beam was
injected at the same input powers and amplifier flow rates.
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Fig. 8 Schematic of the experimental layout used for unstable resonator MOPA experiments.



JANUARY 1992

< Unstable Resonator Slit = 4.0 mm, Pin = 1.2 Watts
O Unstable Resonator Slit = 2.0 mm, Pin = 5.1 Watts
A Stable Resonator, Pin = 4.0 Watts

50 CL ll Single Pass Amplifier
Low Pressure
Flow Rates: OSC/AMP 34/34

4.0

3.0

2.0

Amplification Ratio

X jp(mm) Downstream of the H , Injectors

Fig. 9 Amplification ratio as a function of the location of the axis of
the input beam with respect to the hydrogen injectors for OSC/AMP
= 34/34 flow rates when the input beam is generated by a stable and
an unstable resonator.

The reduced performance is a result of the hole in the unstable
resonator beam that does not allow the intensity distribution
of the input beam to match the zero power gain distribution
in the amplifier.

The sum of the amplifier output powers when the UB and
DB were injected separately was equal to the amplifier output
power when both the UB and DB were injected simultane-
ously. This indicates that amplifier performance at the DB
location is independent of the energy removal by the UB
injection and vice versa.

When the time-dependent oscillations were present in the
input beam, the AR vs X, was not affected and the amplifier
damped the oscillations. The damping of the oscillations is a
consequence of the fact that the gain in the amplifier is in-
versely proportional to the input intensity. Thus, the peaks of
the oscillations are amplified less and the valieys are amplified
more, resulting in a decrease in the amplitude modulation
(AM) of the output beam. The AM decreased by a factor
equal to the AR (Fig. 10). The amplifier had no effect on the
period (frequency) of the oscillations of the input beam. If
the oscillations were not present in the input beam, they did
not appear in the output beam of the amplifier, even though
the amplifier was capable of producing the time-dependent
oscillations if it was run as an oscillator.

V. Concluding Remarks

The most striking results of this study were that the am-
plification ratio is an inverse function of the input power
(intensity) and that, for maximum amplification, the peak of
the input intensity distribution should be matched to the peak
of the zero power gain distribution in the amplifier. These
results were true regardless of the resonator or oscillator used
to generate the input beam. The data showed that the match/
mismatch of the oscillator/amplifier flowfields has a second-
order effect on amplifier performance, in most cases 10% or
less, compared to the effects of X,, and power of the input
beam. Since amplifier performance is a strong function of
input power, to compare amplifier performance when a var-
iable is changed, it is essential that the input power be kept
constant.
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Fig. 10 Ratio of amplitude modulation (AM) before (H, off) the am-
plifier to amplitude modulation after (H, on) the amplifier as a function
of amplification ratio.

A somewhat surprising result of the study of P, vs P, at
the X, for peak amplification was that, after a continuous
increase, the difference P,,, — P, remained almost constant
over a wide range of input powers. These data showed that
between one-third and one-half of the device’s oscillator out-
put must be input to obtain amplifier output equal to the
device’s oscillator performance.

When power is extracted from an oscillator with an unstable
resonator, a time-dependent oscillation in the output power
may occur on lines whose saturated gain does not fill the
unstable resonator. The amplitude modulation of the time-
dependent oscillations of the input beam was reduced by a
factor that was equal to the amplification ratio of the ampli-
fier. The amplifier had no effect on the period (frequency)
of the oscillations of the input beam. If the time-dependent
oscillations were not present in the input beam, they did not
occur in the output of the amplifier.

When the entire unstable resonator beam was injected into
the amplifier, the hole in the beam resulted in reduced am-
plifier performance compared to stable resonator beam am-
plifier performance because the unstable resonator beam in-
tensity distribution was not matched to the zero power gain
distribution in the amplifier. If the hole in the UR beam could
be eliminated (with different optics), the UR beam and SR
beam amplifier performance would probably be the same.

Oscillator/amplifier isolation experiments showed that the
amplifier had no effect on the performance of the oscillator.
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