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be reduced by a factor of two. The power spectral distributiona of the CL I anA
CL Il 1lasers when the saturated gains were the same were nearly identical,
When the two lasers had the same cavity losses, the CL I power was an average of
4s% of the CL II power. The Blaze Il and MNORO3SR laser computer simulationd
gave good agreement with data as a function of mass flow rate, cavity losses),
pressure and size of the laser, Time-dependent oscillations on lines whosd
saturated gain did not fill the unstahle resonator had a period of 47 ns. Thesd
oscjllations did not occur for Fresnel numbers 1less than 3.2 and thein
amplitudes increased as the fraction of the resonator filled by the saturated
gain of the oscillating 1line decreased. A 7 ns oscillation, which was
superimposed on top of the 47 ns oscillation, was probably a mode beat of thd
laser. : —f s

A mechanism for the observed time-dependent oscillations that occur on
1ines wnose saiturated gain does not fill the unstable resonator was proposed.
According to the proposed mechanism, the time-dependent oscillations are the
result of a competition between chemical pumping and radiative deaztivation off
upper laser levels of HF. The oscillations occur only if the media is not|
strongly coupled to the optical fields diffractively or geometrically. Computen
calculations supported the proposed mechanism and new unstable resonator
experiments were suggested.

Inadequacies in the treatment of the fluid dynamic mixing that were not
apparent in Fabry-Perot or stable resonator models were revealed with a wave
optics unstable resonator model. The unstable resonator data as a function of
resonator size and size of the laser were shown to provide a severe test of a
coupled, wave optics, chemical kinetic, fluid dynamic model of a chemical laser,

The multiline and single-line amplifier performance of a two channel
Helios CL II laser was studied. Flow channel aperturing of the input beam was
found to cause a significant reduction in the measured amplification ratio. The
absorption of the multiline input beam by SF6 was found to be negligible
(< 0.5% / cm). Maximum multiline and single line amplification was obtained
when the input beam was passed through the amplifier at the Xc corresponding to
maximum zero power gain. Single-line amplification ratios were considerably
lower than multiline amplification ratios obtained for the same input power.
The P,(6) amplification ratios were lower than the P,{€) amplification ratios,
even though the P2(6) zero power gain was considerably higher than the P,(6)
zero power gain. The data suggested that about 1/3 of the oscillator output
needs to be input to obtain amplifier output equal to the device's oscillator
performance.

Low pressure (5-7 torr) P,(J) peak zero power gains were about 1.55
times larger than the P1(J) peak zero power gains. The zero power gain zones of
the P,(J) lines were about 1.3 times longer than those of the P5(J) lines. The
zero power gains of all the P,(J) lines peaked 1.5 - 2.0 mm downstream of the H,
injectors while the zero power gains of the P2(J) lines peaked 1.0 mm downstream
of the H, injectors. The lines with the highest zero power gains were P,(5) and
P1(6) for the 1 »0 vibrational band and P,(5) and P,(6) for the 2 »1
vibrational band. High pressure (10-12 torr) did not affect the peak P1(6) zero
power gain but caused a 22.5% decrease in the peak P,(5) and P,(6) gains. The
gain zones were shortened by 46.7%. Zero power gain measurements obtained with
vertically polarized, horizontally polarized and unpolarized beams showed that
polarization does not affect zero power gain.

oy

>

W
‘4..

N TRl e T

>

cEF BITY i AGSIEICATION OF Tu'¢ PAGE(When Date Entered)

o

W e e » T N M N
SACHT e sl ?
b I L S A S AR S

L D R o D B S N R




EN ;
2 %
.
"
) o
5
2 M

Eﬁ TABLE OF CONTENTS

H..'-‘-.‘..—- —.1‘-
-

™
-
W
II. SCALE EFFECTS IN CW CHEMICAL LASERS ...t vt vseneresnnnas cereecenedl
L\ o~
\ -
:... . III. UNSTABLE RESONATOR PERFORMANCE....eitvetenececseosccncsosnnnansaed
> o
§ 3.1 COMPUTER SIMULATION OF UNSTABLE RESONATOR PERFORMANCE......5
B o
K>, “: 3.2 PROPOSED MECHANISM FOR THE TIME-DEPENDENT
o OSCILLATIONS IN AN UNSTABLE RESONATOR....eveeeveseecsesonsll
"'\
' -
\
AR IV. AMPLIFIER PERFORMANCE. ....ucuvevuensenaanrsoesnasescssnacocanceesl
ii
‘ '.l
I
-
\ ’ \'f CONCLUDING REMARKS ..t vt evneeersnssstosstsoasssasessossnanseseslb
Sy W%
i
')
!' -
¥ E? REFERENCES. « ¢ et vt uessunennncnnseenuessnsesssssnsesenesnssesss3d
] -
.“-
AT
Ko,
1T a
: ,,:. dccession For .
S NTIS GRA:&I B’
® DTIC TAB 0
) - Unannounced 0
- Justification__
y T ———T
- By
LIS | Distribution/
g Availsbility Codes
Y s Avail and/or
K h_w Dist Special
;': L ,
"
0 R/‘
- p:]
. |
.'. ~y
s:'
1"

SR N LER Iy S g Tl fo B ats R R TR T AR ) TR W KA AT W AT AT R *
Y Ca 0 ! 0 O X, e
'.-'I.!.l.!.t..'l.',lq’\'l'!.u‘!.l‘!‘l’?‘s‘!.’.’ c"’a’!‘t" 0*‘!" l..‘: A ." EAA .'.‘.“e n'!‘"!"‘!.:'h:l’,’,‘!”:‘-‘:&'ﬂ’.‘t.".‘a'..a‘ 9. n'!‘n’. '!‘) F 0, l”‘{‘t’»’»‘t’tﬂ A 0‘.”»‘0'41 lé'l‘!’:"’:".l‘.v‘

WS LN




-

- o o a0

T

e

- -

R I

RN

R/

M

’
'i

ﬂc-:-d-’ -

P 2 X & 2 B ]

LIS e g

2
L )

oLfble

5y

Y

w!
fAlN

vy

-

e

Pt

x
il

S AA

'l}..

PN
e

Paetei

n‘. A .":'d‘.':‘t‘. .'. e -"-’N;‘:‘: o

[ X

I. INTRODUCTION

This research is an integrated experimental and theoretical
investigation of the multi-line issues associated with assessing the impact of
temporal variations in a CW HF device on the capability of achieving a phased
output beam from multiple laser cavities. The objectives of this research are
Lo fully characterize the output of an oscillator-amplifier (MOPA)
configuration as a function of the oscillator 1input beam, time-dependent
oscillations, mode beats, and determine if the coupling between the oscillator
and amplifier perturbs the oscillator output; these studies are to be carried
out for first one and then two amplifiers driven by the same oscillator. To
accomplish these objectives, the flow fields in the oscillator and amplifiers
must be identical; to ensure that this is so, the devices must first be fully
characterized as oscillators (power, power spectral distributions, beam
diameters, time-dependent oscillations as a function of cavity losses,
pressure and flow rates) including simulation of their performance with
computer models. This background information is essential to the
interpretation and guidance of the MOPA experiments.

The major results of the research program are summarized. The details
are contained in References 1-5. In the next section,.the results of the
comparative study of the performance of the single and two channel lasers is
presented. 1In Section III, the results of the modeling of unstable resonator
performance is described and the mechanism responsible for the time-dependent
oscillations which may occur on lines whose saturated gain does not fill the
unstable resonator 1s summarized. The mult{ and single 1line amplifier
performance as a function of {input power and polarization is described In

Section IV. In the last section, several concluding remarks are presented.
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II. SCALE EFFECTS IN CwW CHEMICAL LASERS

e\

The two channel Helios CL II c¢w HF chemicAal laser, which was used as

i: the amplifier, was fully characterized In a previous study of the time-
™ dependent oscillations which occur on lines whose saturated gain does not fill
!! the unstable resonator6'13. The flow channel in the single channel Helios CL
. I cw HF laser, which was used as the oscillator, is identical to one of the
55 flow channels in the two channel laser which was used as the amplifier. Thus,
N when the CL I is run at one half the mass flow rates1 of the CL II, the flow
O™

E\ fields in the oscillator and amplifier are identical. The objective was to
;E fully characterize the Helios CL I single channel laser as an oscillator. To
) facilitate comparison with the CL II data, power, power spectral
E: distributions, beam diameters, and time-dependent oscillations as a function

of cavity losses, pressure and flow rates were measured2 for the same range of
parameters for which the CL II data were taken.
o Several scale effects were observed2 when comparing CL I stable

resonator data with CL II stable resonator data, Table 1. When the resonators

!! have the same cavity losses, the CL I power was an average of 45% of the CL II
« power. The slopes of the power versus reflectivity curves are steeper for the
QE CL II than for the CL I, except for the high pressure, highest SF6 flow
:F rates. The spectral peaks of the CL I laser are shifted one J lower than the
i spectral peaks of the CL II laser. The CL I spectra show the appearance of
;E lower J lines and the loss of higher J lines when compared to CL II spectra
- having the same cavity loss. Fewer lines are observed in the power spectral
.
o distributions of the CL I laser. The beam diameters of the CL I laser are
f: smaller than those of the CL II laser. These scale effects are all pressure
independent and are a consequence of the CL I laser having twice the saturated
E: gain of the CL II laser.

5 -"-"-.._'."’A".)’*‘-'.- .
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o Ca
W Same Cavity Loss
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" RUN NO.

<

o 32 33 34 35 36 37
o
a8
4 Low Pressure
I E‘
q: \ CL I, reep = 0.46 25.4 16.7 1.7 28.0 18.2 12.6
;) CL II, rpep = 0.46 49.1 52,2 30.6 51.7 4y,2 32.8
) - e
e $ (CL I / CL II) 51.7 39.6  38.2 54,2 w2 38.4
-i: :‘: High Pressure
s
-' . CL I, repe = 0.46 17.8 15.0 9.0 20.0 16.7 10.3
N :i CL II, reee = 0.46 37.0 32.8 23.3 40.0 34.7 25.9
h n
% (CLI/CLID 48.1  45.7 38.6  50.0  4B.1  39.8
¢ o
SR
'.; Overall Average % (CL I / CL II) = U4.5
-|
" 5 Same Saturated Gain
\ Low Pressure

™
R CL I, rgep =0.63  33.2  21.6 15.3  35.7  23.0  15.5
- CL II, r = 0.39 43.7 37.5 28.2 46.2 40.2 29.6
1S eff
G !— 2 (CLI/CLID 76.0 57.6 54,3 77.3 57.2 52.4
u
LA
b2 High Pressure
1) ‘.
e CL I, repe = 0.63 25.0 19.2  13.1 30.3 22.0 14.0
g = CL II, rgee = 0.39 35.5 30.5 20.6 38.0 32.5 22.1
Ko L.
Y f (CL I/ CL II) 70.4 63.0 63.6 79.7 67.7 63.3
¢« Overall Average % (CL I / CL II) = 65.2
.- __
,', Table 1. Comparison of the measured Helios CL I and CL II stable resonator
c W total powers when the cavity losses are the same and when the
. j" saturated gains are the same for low and high pressure,
5\ -"
n
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Different scale effects are observed2 when the CL I and CL II

!! resonators have the same saturated gain, Table 1. The CL I power varied from
{: 52-80% of the CL II power; for the high SFg flow rates, the CL I power was
>
o

Pirratraen ™ pp

70-80% of the CL II power. These data indicate that if the saturated gain is
t
!! kept constant as the size of the laser is reduced, it may be possible to

reduce the size, weight and gas flow rates by a factor of two with only a 25%

:ﬁ performance penalty. The power spectral distributions of the two resonators

- having the same saturated gain are similar, including the minimum6'7 at P2(11)

b < for high pressure. This minimum is thought to be a consequence of a near
i ;3 resonant energy transfer from v = 3, J = 3,4 to v = 2, J = 14 with a
) subsequent rotational cascade to v = 2, J = 11. The beam diameters of the CL

j ;; I laser are smaller than those of the CL II laser. The difference between the

.. beam diameters of the CL I and II lasers when the saturated gains are the same

is less than when the two resonators have the same cavity loss. For the same

Ly g

saturated gain case, the difference between CL I and CL II beam diameters is a

reault of <he different mirror separations which occurred when EMM (external

Ri

mirror mounts) were used on the CL II and VMM (vacuum mirror mounts) on the

CL I.

Y
P

l..l‘

To verify the ability of the BILAZE II1H and MNOROBSR12 computer

' X &

(S o

:f simulations of the Helios laser to predict performance as the size of the
- laser changes, CL I simulations were made by having the input mass flow rates
i? and gain length of the CL II laser. The results of these calculations2 gave
o good agreement with the measured CL I power, power split and beam diameters.
i; MNORO3SR computations produced power spectral distributions which are in
xl reasonable agreement with the CL I data. These calculations show that the

BLAZE II and MNORO3SR simulations of the Helios laser are valid as a function
.;: of mass flow rates, cavity losses, pressure and size of the laser.
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To complete the characterization of the CL I laser, the CL I was run
with an unstable resonator. These experiments used the same 50% geometric
outcoupled, confocal, unstable resonator that was used in the CL 1II
experimentss. A variable slit scraper mirror was used to outcouple the power
and allowed the Fresnel number to vary from 0.0 to 35.7. The time-dependent
oscillations in the output beam of the CL I unstable resonator, Fig. 1, all
had a period of about 47 ns and increased in amplitude as the fraction of the
resonator filled by the saturated gain of a lasing line decreased. AT ns
oscillation, which was superimposed on top of the 47 ns oscillation, is
thought to be a mode beat of the laser. The oscillations on lines whose
saturated gain does not fill the resonator did not occur for Fresnel numbers
less than 3.2. Comparison of CL I and CL II unstable resonator data showed

that fewer lines were observed for the CL I which is a consequence of the

saturated gain of the CL I being twice as large as that of the CL II.

III. UNSTABLE RESONATOR PERFORMANCE

3.1 COMPUTER SIMULATION OF UNSTABLE RESONATOR PERFORMANCE

Computer saimulation of chemical laser performance must adequately
model three coupled elements of chemical laser phy=ajes, These elements are
the fluid dynamics of the flow field, including the fluid dynamic mixing of
the fuel and oxidizer streams, the chemical kinetics occurring in the fluid
media, and the optical resonator. The computer simulation of the Helios CL II
and CL I, arc driven, subsonic, continuous wave HF chemical lasers 1is
accomplished with the computer codes BLAZE II1H'15, MNOR0311, MNORO3SR12'13
and MNOR03UR12. The MNORO3, MNORO3SR and MNORO3UR codes are rotational
nonequilibtrium modela with Fabry-Perot, stable resonator geometric optics, and

unstable resonator wave optics models, respectively. The BLAZE 1. code I8 a

v~

vl
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CLI,osc,slit=4 ,P1(8) ,RUN36 ,Rund?4

)
. nU 256 Ptt
S 1.00 4
. 0.50
O
SN 0.00
-0.50
! .;: ‘1-80
-1 -59
:c ~2.00 4 T T T T
0s eo ns 49 ns 68 ns 80 ns 180 ns
) CLI,P1(8),slit=4 square, RUN36 ,Rund4?S
ny 256 Pts
; . 3-00 .
(N 2.00
- 1.00
- 8.0
" -1.00
: ! ‘2.00
D
{ =3.80 § T T =7
! &Z es S ms 10 ms 15 ms 20 ms
o
) :; Figure 1. Typical oscilloscope traces of the time-dependent oscillation on a
K line whose saturated gain does not fill the unstable resonator.
' These data are for the P,(8) line for a scraper mirror slit width
;- of 4 wm for the RUN 36 flow rates at 6.5 torr. The 47 ns
- oscillation with the superimposed 7 ns oscillation is clearly
) evident in the upper trace. The lower trace shows the square wave
“ which results from the beam chopper. From the vertical scale of
e these traces, the percent amplitude modulation induced by the 47
ns oscillation was calculated.
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rotational equilibrium, Fabry-Perot model which calculates all fluid dynamic
properties from input initial conditions. The BLAZE II code is well sujted
for the simulation of laser performance in terms of total outcoupled power,
power contained in each vibrational band, and the length of the lasing zone.
However, since BLAZE II employs rotational equilibrium kinetics, it cannot
compute realistic power spectral distributions.

Because BLAZE II is a very inexpensive code to run when simulating
chemical 1laser performance, BLAZE II calculations are always performed
first. After suitable agreement between BLAZE II calculations and the data is
obtained, the rotational nonequilibrium codes (MNORO3, MNORO3SR, MNORO3UR) are
used. In the rotational nonequilibrium codes, profiles for the velocity,
temperature, and pressure of the flow, the mass flow remaining in the primary
Stream, the mass flow remalning in the secondary stream, and the ratio of the
thickness of the mixed stream to the geometrical thickness of the flow are
input data. These profiles are obtained from a rotational equilibrium model
such as BLAZE II.

The flow field in the Helios CL II and CL I laser bodies i3 a complex
three-dimensional flow3, Fig. 2. A sketch of the appearance of the H, jets is
shown on the left side of Fig. 2. These jets are well defined with the
chemical reaction occurring at the interface of the primary (oxidizer) stream
and the H, jets. The appearance of these jets as seen looking upstream is
shown as Section AA in Fig. 2. To treat this complicated three-dimensional
mixing, the flow was jdealized as a series of alternating primary and
secondary (fuel) slit nozzles3 as shown on the right side of Fig. 2. The
mixing calculation with BLAZE II was performed utilizing a linear scheduled

mixing option‘u’15.
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The BLAZE II code integrates the governing ordinary differential
equations describing the chemical kinetica and fluid dynamics. The
integration is performed in the flow direction, starting at the nozzle exit
plane. For the Helios CL II and CL I lasers, the nozzle exit plane coincides
with the point of H, injection1o. The integration requires the specification
of all of the dependent variables in the equation set at the nozzle exit
plane. For the fluid dynamic equations, the dependent variables that must be
specified consist of the static temperature and pressure at the nozzle exit
plane, the cross sectional area of the flow channel, the mass flow rates of
the primary and secondary streams, and the chemical composition of the primary
and secondary streams. To obtain values for these starting conditions, the
static pressure is measured 5 mm downstream of the H, Injectors and the static
pressure at the nozzle exit plane (H, injectors) is varied until the pressure
5 mm downstream agrees with the measured value. The cross sectional area of
the flow channel and the mass flow rates are measured. The static temperature
of the flow at the nozzle exit plane (H2 injectors) and the mass f-~actions of
F, 0,, SFg, SFy (x = 1-5), and S0, are unknown. The mass fra .ions are
unknown because the degree to which SFg is dissociated in the arc is
unknown. In addition to these quantities, the lengths after which the primary
and secondary streams are completely mixed must be specified. Thus, to model
the Heljos CL II and CL I lasers, there are four a priori undeter nined
quantities that must be specified. The four quantities are the percent SFg
dissociation In the arc, the static temperature of the flow at the Hy
injectors, the primary mixing length, and the secondary mixing length. A set
of these four quantities, called baseline parameters, must be chosen so that

the model will accurately predict 1laser performance. The process of

determining the values of these parameters is called baselining.
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An objective of this study was to examine unstable resonator modeling
in light of Fabry-Perot and stable resonator modeling results which showed
that both the Fabry-Perot and stable resonator models needed to be separately
baselined to Fabry-Perot and stable resonator data, respectively13’16. The
Fabry-Perot model was baselined to Fabry-Perot data because the model did not
accurately predict the data when a set of parameters obtained from baselining
the Fabry-Perot model to stable resonator data was used. When the baseline
parameters determined from baselining Fabry-Perot model to Fabry-Perot data
were used in the stable resonator model, the model did not accurately predict
stable resonator data. Thus the stable resonator model was baselined to
stable resonator data. The separate baselining of the Fabry-Perot and stable
resonator models appears to be accounting for some aspect of the resonator
modes which is not included in the resonator models13'16. The goal in this
study was to determine whether a different set of the four bas.:line parameters
is required to model the unstable resonator data even though the wave optics
unstable resonator model includes mode structure.

The results of the unstable resonator baselining process3 indicated
that one set of baseline parameters that allow the model to predict unstable
resonator data as the size of the resonator and size of the laser varied could
not be found. It was, however, possible to obtain different sets of baseline
parameters for individual resonator sizes. The best fit parameter set for the
2 mm slit case accurately predicated the total power, but also predicted a 20
nsec small amplitude oscillation that was not seen experimentally. The best
fit parameter set for the 4 mm slit case accurately predicted the total power
and period of the time-dependent oscillations, but wunderpredicted the
amplitude modulation. Tﬁe beat fit parameter set for the 5 mm slit case was a

set of parameters obtained from baselining the Fabry-Perot model to stable
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resonator data1o'17.

This parameter set, used in previous unstable resonator
modeling, accurately predicted the period and amplitude of the time-dependent
oscillations, but overpredicted the total power. Neither the 2mm slit nor the
4 mm slit baseline parameters predicted scale effects as the size of the laser
was reduced by a factor of two.

The instability to obtain one set of baseline parameters for the
unstable resonator model demonstrated that the model is 1inadequate. The
limitations imposed by the mixing model did not prevent the Fabry-Perot and
stable resonator models from being baselined to the data. This suggested two
possible explanations. Since the actual fluid dynamies is independent of the
resonator and the unstable resonator model is a more exact treatment of the
opties, the wave optics model of the unstable resonator may have brought out
inadequacies in the mixing model that were not apparent with geometric optics
models. Another possible explanation is that the way in which the optical
fields sample the media in an unstable resonator has brought out the
inadequacies in the mixing model. Fabry-Perot and stable resonators have no
upstream/downstream coupling and full upstream/downstream coupling of the
media and optical fields, respectively. The wunstable resonator couples
upstream of the optical axis and downstream of the optical axis, but not
across the optical axis. Both possible explanations demonstrate that unatable
resonator data as a function of resonator size and size of the laser provide a
severe test of a coupled, wave optics, chemical kinetic, fluid dynamic model
of a chemical laser.

3.2 PROPOSED MECHANISM FOR THE TIME-DEPENDENT
OSCILLATIONS IN AN UNSTABLE RESONATOR
An objective of this study was to Investigate the mechanism

responsible for the time-dependent o8cillations that occur on lines whose

o
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saturated gain does not fill the unsatable resonator. These oscillations have
been the subject of several earlier studie32'8’1o'18. In these studies, the
oscillations were found to occur in both the CL II and CL I lasers at low
cavity pressures for resonator Fresnel numbers above a demarcation Fresnel
number of 1.5 in the CL II and 3.2 in the CL I. The period of the
oscillations was 40 nsec in both the CL II and CL I and was independent of the
flow rates, The period of the oscillation was determined by the resonator
magnification, and the amplitude modulation was determined by the fraction of
the resonator filled by the saturated gain of the lasing line. 1In addition to
the 40 nsec oscillation, a 7 nsec oscillation was superimposed on it. The 7
nsec oscillation corresponds to a mode beat of the laser.

The data showed that the occurrance of the time-dependent oscillations
was Fresnel number dependent and that the period of the oscillation was
determined by the resonator magnification. Accordingly, a series of unstable
resonator MNORO3UR calculations with 4 mm and 5 mm slit resonators were
performed to investigate the effect of varying the resonator Fresnel number
and the resonator magnification. The resonator magnification was varied
through the radii of curvature of the mirrors. The Fresnel number was varied
by changing the size of the large mirror. The calculations were performed for
the CL II laser for the 1low pressure Run 34 flow rates. The baseline
parameters used were the best fit parameter sets for the 4 mm and 5 mm slit
resonators, Sets D and FPSR, respectively. Selected information from the 4 mm
and 5 mm slit calculations is presented in Table 2.

The calculations presented in Table 2 showed a correlation between the
period of the time-dependent oscillations and the number of passes19 Np» for
a wave to exit the resonator after leaving the central Fresnel zone. As np

increased, the period of the time-dependent oscillations increased. The trend
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was evident in both the 4 mm and 5 mm slit calculations. This correlation
‘ Ei between the number of passes for a wave to exit the resonator after leaving
<5 the central Fresnel zone and the period of the time-dependent oscillations led
= to the following hypothesis concerning the mechanism responsible for the time-
!! dependent oscillations.
3 l\ The time-dependent oscillations of the laser power are the result of a
S? competition between chemical pumping and radiative deactivation due to lasing.
o If, in a given time, radiative deactivation removes more HF molecules from an

upper laser level than the chemistry can repopulate, the gain on that line is
o reduced. The reduced gain results in reduced intensities. Since the
stimulated radiative processes are proportional to the intensity, reduced
j:' intensities reduce the radiative deactivation rate. The chemical processes,

- which are independent of the intensity, then catch up and re-stablish the

! Ii population inversion. Once the population inversion is re-established, the
E: entire cycle repeats itself.
) The data and the MNORO3UR calculations in Table 2 indicated that
!! strong coupling, either diffractive or geometric, prevented the oscillations
N by locking the media and the optical fields together. Strong geometric
ﬁ; coupling occurs when the photons require several passes to exit the
SE resonator. Strong diffractive coupling occurs when the Fresnel number is
- small. Thus, for the oscillations to occur, the rate of chemical pumping must
éz be less than the rate of radlative deactivation, and the media must not be
o strongly coupled to the optical fields either diffractively or geometrically.
E Computer calculations with the unstable resonator model supported the
;: proposed mechanism3. The calculations showed that the oscillations were

damped by increasing the rate of the chemical pumping reactions, and the
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N period was increased by increasing the degree of coupling between the media
P § and the optical fields.
)
"\
P 4
W
3 IV. AMPLIFIER PERFORMANCE
\
K g The objectives were to perform a preliminary experimental
4 ; investigation of the performance of a c¢w HF amplifier, to experimentally
a ‘\‘J
> oS determine the 2zero power gains of several lines in the amplifier and to
( is examine the effect of polarization on zero power gain. A single channel
e a8
2 Helios CL I c¢w HF chemical laser was used as the oscillator and a two channel
3 .
| Lol
52 f; Heljos CL II cw HF chemical laser was used as the amplifier. The flow channel
- | ol
4
~ in the single channel Helios CL I laser is 1identical to one of the flow
LS -
N channels in the two channel Helios CL II laser. Thus, when the CL I is run at
\
A
] one half the mass flow rates of the CL II, the flow fields in the oscillator

_—~
W

and amplifier are identical.

v Comparison of the 0% and 50% aperturing data for the same

l":'

oscillator/amplifier flow rate combinations showed that aperturing of the

‘ !! input beam by the amplifier flow channel causes a significant reduction (an
k - average of 16.0%) in the amplification ratio. For this reason, all data were
-
§; o taken with no flow channel aperturing of the input beam.
7: 3} The absorption of the multiline input beam by the gases flowing in the
b "
; primary stream was investigated. It was found that He and 0, did not absorb,
- if but SFg did. The absorption due to SFg was quite small (< 0.5% / cm), and
‘j - thus its effect on amplifier performance was neglected.
‘ o
EE < Multiline amplification experimerits showed that the peak amplification
:3 ratios occurred at an X, that is both close to the values of X for peak power
‘: . when a stable resonator is used on the CL II, and close to the values of X, at
i: E; which the peak zero power gains of the P,(J) and P2(J) lines were measured“.
-
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Fig. 3. Thus, to obtain maximum amplification, the input beam should be

’.‘.-‘”P
-

passed through the amplifier at the X location corresponding to peak
c

:: amplifier gain. Higher amplification ratios were obtained when both the
.
Ky v
o oscillator and the amplifier were run at the Run 34 flow rates than when both
\
[, !! were run at the Run 36 flow rates. This was a consequence of the higher input

intensity that was used in the case of the Run 36 flow rates.

F R 2N
P

Single~line amplification experip:nts showed that the peak P1(6)

P

F§ amplification ratio is located at an X, of 1.5 mm, which is the same Xo at

" A which the P,(6) amplifier zero power gain is maximum. In the case of P,(6),
o £§ the maximum amplification ratio occurs 1.0 mm downstream of the H, injectors,
‘; . which is again the location at which the P,(6) zero power gain reaches its
: 2? maximum value. Thus, to obtain maximum single-line amplification, the input

e e o
LT O ¥

—
-

beam should be passed through the amplifier at the Xeo for maximum zero power
gain. The single-line amplification ratios are considerably lower that the

multi-line amplification ratios that were measured using the same input

R

€ 1

I b LA

power. This 1s a result of the fact that in the multiline case, the total

g .
v

input power was distributed among the different lasing lines, which means that
the input intensity on each line was less than the input intensity in the

single-line case. This fact results in higher amplification ratios for each

PP et hlufulh
AL

5; line, because each line's gain in the amplifier was depressed less than in the
. ;? single-line case for the same total Iinput power. The P,(6) amplification
. gi ratios measured are lower and less sensitive to X, than the P4(6)
: n amplification ratios, even though the P2(6) zero power gain 1s considerably
5‘ b higher and more sensitive to X, than the Py(6) zero power gain.
t{ ;% The multiline MOPA performance was investigated as a function of input
f - power, Fig. 4. It was found that about 1/3 of the oscillator output needs to
T
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HELIOS CL. II Single Pass Amplifier
Low Pressure Multi Line
Flow Rates: OSC Run 36 AMP Run 36

5.0 ® P, ll.7watts
O P,_7.8 watts
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Figure

X. mm Downstream of H» Injectors

3.

Amplification ratio as a function of the location of

the axis of the input beam with respect to the H
injectors for zero flow channel aperturing of

the input beam.
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be input to obtain amplifier output equal to the CL II's oscillator
performance.

Low pressure zero power gain data showed that the PZ(J) peak zero
power gains are about 1.55 times larger than the P,(J) peak zero power gains,
Figs. 5-8. The length of the gain zone of the P1(J) lines is about 1.3 times
larger than that of the PZ(J) lines. The zero power gains of all the P1(J)
lines reach their peak 1.5 - 2.0 mm downstream of the H, injectors while the
zero power gains of the P2(J) lines reach their peak 1.0 mm downstream of the
Hy injectors. The locations of both the P,(J) and the P,(J) peak zero power
gains are close to the location of the optical axis for peak power when the CL

20. The lines with the

II was run as an oscillator with a stable resonator
highest zero power 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.

The varjation of zero power gain with height in the flow channel was
investigated and it was found that the zero power gain values obtained 0.75 mm
above and 0.75 mm below the center of the flow channel are almost identical
and higher than the values of the zero power gain measured on the flow channel
centerline. This is due to the way the primary and the secondary streams mix
after injecting H, from the upper and lower flow channel walls.

The effect of high pressure on zero power gain was investigated for
lines P1(6), P5(5) and P2(6). It was found that high pressure results in zero
power gain zones that are considerably shorter than those measured in the case
of low pressure. The peak zero power gain of P,(5) and P,(6) were decreased
by about 22.5%. This is a result of the fact that the increased deactivation
of HF(2) repopulates HF(1) thereby keeping the population difference between

HF(1) and HF(Q) about the same whereas the population difference between HF(2)

(] rp e mcp
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and HF(1) decreased. High pressure caused the location of the peak zero power

Ja\

gain to occur 0.5 mm closer to the H, injectors for all three lines.

ot The effect of polarization on zero power gain was investigated by
using an unpolarized and a horizontally polarized input beam and non-Brewster
-.. windows on the amplifier. The non-Brewster windows acted as a Fabry-Perot

resonator, causing the amplifier to lase on lines PZ(M) and P2(5). The fact

'f,‘-

x
s

that the lines Pz(u) and P2(5) lased with the non-Brewster windows on the

amplifier supports the zero power gain data because it suggest that Pz(h) and

[P

AN

P2(5) have the highest gains, which is in agreement with the experimental
- results that show P,(5) to have the highest zero power gain followed by lines

Po(4) and P,(6) whose zero power gains were about equal. The amplifier lasing
i: was stopped after tilting the right non-Brewster window by about 0.5 degree.
Then gain versus x data was obtained for lines Py(5), Py(6), P,(5) and P,(6)
using an unpolarized beam. Comparison of the gains obtained in this case with
2 the zero power gains of the same lines obtained with a vertically polarized

beam showed that the gains obtained with the unpolarized input beam were
!! considerably lower. The gains obtained with the unpolarized beam were lower

than the zero power gains obtained with the vertically polarized beam because

S

Y %

the right amplifier non-Brewster window reflected (the non-Brewster window

-y

reflectivity was calculated to be 3.3%) back into the cavity enough power to
cause a significant Increase of the average intensity that the media sees.
This increased IAV was enough to perturb the media and cause the amplifier
gain to decrease from the zero power gain levels measured with a vertically
ii polarized beam to the gains measured with an unpolarized beam. The right
. amplifier non-Brewster window was then tilted 1.0 degree more, and the gain

was measured as a function of x. The gain measured in this case was equal to

the zero power gain measured with the Brewster windows on the amplifier. Zero

\: :- "
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power gain measurements were then made for lines P,(5) and P,(5) using a
- horizontally polarized input beam. The input powers required for these
., measurements (in order to reach the zero power gain levels) were considerably
\'_
\ v lower than the input powers used in zero power gain measurements with a
': vertically polarized input beam. Comparison of the zero power gain measured
~
) with an unpolarized and with a horizontally polarized input beam with the zero
Y
E: power gain measured with a vertically polarized input beam showed that
o polarization does not affect the zero power gain.
Ej Zero power gain BLAZE 1II calculations3 showed that best agreement
;; between the experimental and calculated zero power gains was obtained for 3.2%
SF6 dissociation and 2.5 cm secondary mixing length. Comparison of the
53 calculated and experimental peak zero power gains showed that the calculated
- Py(J) peak zero power gains are about 9% smaller than the experimental ones,
b 'i while the calculated P,(J) peak zero power gains are about 13% larger than the
o experimental ones. Comparison of the gain zones of the calculated and the
?J experimental zero power galns showed that calculations predict gain zones that
!! are about 30% longer than the data. The calculated P,(J) zero power gains
. peak 4.0 mm downstream of the H2 injectors, while the experimental P1(J) zero
éi power gains peak 1.5 to 2.0 mm downstream of the H, injectors. The calculated
53 P»(J) zero power gains peak 2.0 mm downstream of the Hy, injectors, while the
- experimental ones peak 1.0 mm downstream of the H, injectors. The
;3 calculations predicted that the peak zero power gain lines were two J's lower
- than the data.
“
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V. CONCLUDING REMARKS

A comparison of the CL I and CL II stable resonator data showed
Several scale effects. The CL I power was an average of 45% of the CL II
power for the same cavity loss, independent of pressure. The fraction of the
power in the 1 » 0 vibrational band did not change significantly; however, the
peaks of the power spectral distributions of the CL I were shifted one J lower
than the CL II spectral peaks for the same cavity loss. The CL I spectra
exhibit fewer J lines than CL II spectra. These effects are a consequence of
the fact that the saturated gain of the CL I laser 1is twice that of the CL II
laser when the lasers have the same cavity loss. As observed with the CL II
stable resonator data, the CL I spectra shifted toward lower J's as the
pressure decreased and shifted toward higher J's as the flow rates increased.

The most interesting result was that, when the saturated gains of the
two lasers were the same, the CL I power was an average of 62% of the CL II
power for low pressure and 68% for high pressure. For the high SFg flow
rates, the CL I power was 70-80% of the CL II power, independent of
pressure. These data suggest that, if the saturated gain 1s held constant,
for only a 25% performance penalty, the size, weight and gas flow rates of a
laser can be reduced by a factor of 2. The power spectral distributions of
the two lasers were very similar when the saturated gains of the two lasers
were the same. As in the CL II data, the minimum at P2(11) was observed in
the high pressure, high SF6 flow rate CL I data. This minimum is thought to
be a consequence of a near resonant energy transfer6’7'9 from v = 3, J = 3,4
tov =2, J = 14 with a subsequent rotational cascade tov =2, J = 11,

Both the BLAZE II and MNORO3SR computer simulations gave good
dgreement with the measured CL I power, power split and beam diameters.

MNORO3SR computations produced power spectral distributions which were in
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reasonable agreement with the CL 1 data. These calculations show that the
BLAZE II and MNORO3SR computer models of the Helios laser are valid as a
function of mass flow rates, cavity losses, pressure and size of the laser,

The time-dependent oscillations in the output beam of the CL I Laser
employing a confocal unstable resonator all had a period of about 47 ns and
Increased in amplitude as the fraction of the resonator filled by the
saturated gain of a lasing line decreased. A 7 ns oscillation, which was
superimposed on top of the 47 ns oscillation, is thought to be a mode beat of
the laser. The czcillations on lines whose saturated gain does not fill the
resonator did not occur for Fresnel numbers less than 3.2. Comparison of CL I
and CL II unstable resonator data shows that fewer lines were observed for the
CL I which 18 a consequence of the fact that the saturated gain of the CL I
was twice as large as that of the CL II. The higher saturated gain of the CL
I also 1is responsible for the large difference in CL I and CL II unstable
resonator powers. Overall, the CL I unstable resonator data is consistent
with the CL II unstable resonator data.

The most interesting result of this study was the indication that if
the saturated gain is held constant, for only a 25% performance penalty, the
size, weight and gas requirements of a laser can be reduced by a factor 2.
This was suggested by a comparison of Helios CL I and CL II laser performance
with asat = 0.0192 cm-1. Further experiments need to be performed with other
values of a to determine if the performance penalty is a function of the

sat

magnitude of a

sat

The unstable resonator modeling calculations showed that one set of
baseline parameters that allow the model to predict the data as the size of
the resonator and size of the laser varied could not be found. This inability

to obtain one set of baseline parameters revealed limitations in the unstable
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resonator model. The limitations are due primarily to the treatment of the
fluid dynamic mixing. Since these limitations were not apparent in Fabry-
Perot and stable resonator models with the same mixing model, the unstable
resonator data as a function of resonator size and size of the laser was shown
to be a severe test of a coupled, wave optics, chemical kinetiec, fluid dynamic
model of a chemical laser.

To improve the MNORO3UR model, the treatment of the fluid dynamic
mixing should be improved. Sonic transverse injection into a subsonic
multicomponent reacting shear flow results in a three~-dimensional flow
field. The idealization of this as a two-dimensional array of parallel,
alternating fuel and oxidizer slit nozzles with subsequent linear mixing is an
oversimplification. A full, three-dimensional mixing model is needed.

A mechanism that explains the time-dependent oscillations that occur
on lines whose saturated gain does not fill the unstable resonator was
proposed. According to the proposed mechanism, the time-dependent
oscillations are the result of a competition between chemical pumping and
radiative deactivation of the upper laser levels of HF. The oscillations
occur only if the media is not strongly coupled to the optical fields
diffractively or geometrically. Computer calculations supported the proposed
mechanism. To verify the proposed mechanism, new unstable resonator
experiments should be conducted. Based on the proposed mechanism, for a fixed
resonator Fresnel number, the period of the time-dependent oscillations should
Increase as the magnification of the resonator decreases. Thus an experiment
with a 4 mm slit resonator with a magnification of 1.25 (20% outcoupled)
should be conducted. For this resonator, the period of the oscillations
should be greater than for a 4 mm slit resonator with a magnification of 2.

The prooposed mechanism also predicts that the oscillation amplitude modulation
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should increase and the period decrease as the Fresnel number of the resonator
increases with the geometric coupling held constant. Thus experiments with
mirror spacing of 200 cm and 50 cm should be performed for a 50% geometric
outcoupled 4 mm slit resonator. There should be no oscillations with the 200
cm mirror spacing, except for the mode beat of the laser which should have a
period of 13 to 14 nsec. With the 50 cm mirror spacing, there should be
oscillations that have a larger amplitude and a shorter period than the
oscillations seen with a mirror separation of 100 ecm. A mode beat with the S0
cm mirror spacing should not be observed.

Preliminary amplifier experiments with 0% and 50% aperturing of the
input beam by the flow channel showed that flow channel aperturing caused a
significant reduction (an average of 16%) in the amplification ratio. An
investigation of the multiline amplifier absorption of the input beam showed
that He and O, did not absorb and that the SFg absorption was less than 0.005
cm-1. Thus, all amplifier experiments were performed with no flow channel
aperturing of the input beam and the effect of SFg absorption could be
neglected.

Multiline amplification experiments showed that the peak amplification
ratios occurred at an X, that is both close to the values of X, for peak power
when a stable resonator ic used on the CL II, and close to the values of X, at
which the peak zero power gains of the P1(J) and PZ(J) lines were measured.
Thus, to obtain maximum amplification, the input beam should be passed through
the amplifier at the Xc location corresponding to peak amplifier gain. Higher
amplification ratios were obtalned when both the oscillator and the amplifier
were run at the Run 34 flow rates than when both were run at the Run 36 flow
rates. This was a consequence of the higher input intensity that was used in

the case of the Run 36 flow rates.
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L Preliminary single-line amplification experiments showed that the peak

o~~~
>
.
.

Py(6) and P,(6) amplification ratios occurred at the same X, at which the zero

power gains are a maximum. Thus, to obtain maximum single-line amplification,

N

! the input beam should be passed through the amplifier at the X, for maximum

: g! zero power gain. The single-line amplification ratios were considerably lower
‘ - than the multi-line amplification ratios that were measured using the same
5 :; input power. This was a result of the fact that in the multiline case, the
. :F total input power was distributed among the different lasing lines, which
€ - means that the input intensity on each line was less than the input intensity
ﬁ ;5 in the single-line case. This fact resulted in higher amplification ratios
' _ for each line, because each line's gain in the amplifier was depressed less
i: ‘}; than in the single-line case for the same total input power.

The multiline amplifier performance was measured as a function of
input power. It was found that about 1/3 of the oscillator output needs to be
::j input to obtain amplifier output equal to the oscillator performance.

b The amplifier input power required to measure the zero power gain of

! each line was obtained by measuring the amplification ratio as a function of
? :P input power at the point in the flow field corresponding to maximum
. v amplification. When the amplification ratio became independent of input
; tﬂ power, the zero power gain region had been reached. The zero power gain of

i each line was then measured for the low pressure Run 34 and Run 36 flow rates

) :ﬁ as a function of x and it was found that the P,(J) peak zero power gains are

¢

F . about 1.55 times larger than the P,(J) peak zero power gains. The length of
v

h M"

f d the gain zone of the Py(J) lines is about 1.3 times larger than that of the

3

{ P,(J) lines.

[} .

. The zero power gains of all the P;(J) lines reached their peak 1.5 -
"

: {Q 2.0 mm downstream of the H, injectors while the zero power gains of the PZ(J)

‘
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lines reached their peak 1.0 mm downstream of the H, injectors. The lines
with the highest zero power gains are Py(5) and Py(6) for the 1 s 0
vibrational band and P,(5) and Py(6) for the 2 » 1 vibrational band. The
variation of zero power gain with height in the flowfield was investigated by
taking PZ(S) zero power gain measurements with the Run 34 flow rates in the
amplifier at the center line of the flow channel, and + 0.75 mm above and
below the center line of the flow channel. The 2zero power gain values
obtained 0.75 mm above and below the center line of the flow channel were
almost identical and higher than the zero power gain values measured on the
flow channel centerline. This was due to the way the primary and the
secondary streams mix after injecting Hy from the upper and lower flow channel
walls.

The effects of high pressure on zero power galin were investigated for
lines P;(6), P,(5) and P,(6); it was found that high pressure results in gain
zones that are considerably shorter than those measured in the case of low
pressure. The peak zero power gain of P,(6) was not affected by high pressure
but the peak zero power gains of P,(5) and P,(6) were decreased by almost
22.5%. High pressure caused the location of the peak zero power gain to occur
0.5 mm closer to the H, injectors for all three lines.

The effect of polarization on zero power gain was studied by comparing
zero power gain data taken with vertically polarized, horlzontally polarized,
and unpolarized beams. It was found that polarization does not affect zero
power gain.

The best agreement between the experimental and the calculat.ed3 zero
power gains was obtained when a 3.2% SFg dissociation and a secondary mixing
length of 2.5 cm were used. Comparison of the experimental and the calculated

peak zero power galns showed that the calculated P1(J) peak zero power gains
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. are about 9% smaller than the experimental ones. The calculated P,(J) peak
i- zero power gains are about 13% larger than the experimental ones.
. Calculations predicted gain zones that are about 30% longer than those
\-.

measured experimentally. The calculated P,(J) zero power gains peak 4.0 mm

o |

downstream of the H, injectors, while the experimental P1(J) zero power gains

peak 1.5 to 2.0 mm downstream of the H, injectors. The calculated PZ(J) zero

.t
Pt Bt

power gains peak 2.0 mm downstream of the H, injectors, while the experimental

2
»

x ones peak 1.0 mm downstream of the H, injectors. Calculations predicted that
K
B the peak zero power gain lines are two J's lower than the data. The
R
:: difference between the calculated and measured zero power gains are a

consequence of approximating the three dimensional flow field with a one

RS dimensional scheduled mixing model.
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