
IINrl ASC ,
SECURITY CLASSIFICATION OF THIS PAGE (when Di •,lfstered)

-n " REPORT DOCUAAENTATIOI PAG-E READ INSTRUCTIONSREPORT DOCUME ION P BEFORE COPLETING FORM
1 I. REPORT NUMBER 2. G'VT ACCESSION NO. 3. RECiPIENT'S CATALOG NUMBER

-- 0 • AFIT/CI/NR-84-28TCal C TITLE (andSubitle) S. TYPE OF REPORT & PERIOD COVERED

Time-Dependent Oscillations In A CW HF THESIS/DJýY7ý7/PN
Chemical Laser Unstable Resonator

~ CI~i G. PERFORMING ORG. REPORT NUMBER

qIIIIII 7. AUTIOR(a) 1. CONTRACT OR GRANT NUMBER(*)

Steven Wayne Towsend

- 9 PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT. TASK• ~AREA &i WORK UNIT NUMBERS

AFIT STUDENT AT: University of Illinois

I I. CONT",1OLL;NG OFFICE NAME AND ADDRESS 12. REPORT OATE

AFIT/NR 1984
WPAFB OH 45433 IS. NUMBER OF PAGES

,'4. 63
"14. MONITORING AGENCY NAME a AOORESS('f differenl from Controllind Office) IS. SECURITY CLASS. (of this report)

UNCLASS
15a. DECLASSIFiCATION/OOWNGRAOING

SCH EDULE

"C• I6. OISTRIBUTION STATEMENT (of this Report)

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

"17. |ISTRIOUTION STATEMENT (of the abstract eniered In Block 20, It dilferent froun Report)

in. SUP'PLEMENTARY NOTES

. -... APPROVED FOR PUBLIC RELEASE: IAW AFR 190-I eY N E. WOLAVER
/Dean for Research and

Professional Developmeni
AFIT, Wright-Patterson AFB OH

13. KEY WORDS (Continue on revers.e ide i• ,ecessary ad identify by block number)

"Ii'

-_,.84 07 10 158
20 BTRC Cotn. urvee id fncee_.mdIeniybybok-ubr

DD 'OA N73 1473 EDITION OF 1 NOV 65 IS OBSOLETE UNCLASS
SECURITY CLASSIFICATION OF THIS PAGE (When Dale Entered)"5. - • .. . . ... . . . . .. . . . . -. . -.. . . . . . . . . . . ... / "



ABSTRACT

The multi-line performance of a cw HF chemical laser was measured as a

function of the SF 6 and H2 flow rates, pressure and resonator type. The

Jr Blaze II and MNORO3 cw chemical laser computer codes gave reasonable

agreement with the experimental data as the flow rates and pressure were

varied. Total power and beam diameter increased as the pressure decreased.

The data indicate the occurrence of a near resonant energy transfer from

v-2, J-3, 4 to v-2, J-14 with a subsequect rotational cascade to v-2,

J-11. The amplitude, frequency and Fresnel number dependence of the time-

dependent oscillations which were predicted to oLcur on lines whose

.- .saturated gain does not fill the unstable resonator were measured. The

V: time-dependent oscillations had a period of about 40 ns independent of flow

" rates, do not occur for Fresne! numbers less than 1.5 and their amplitddes

increased as the fraction of the resonator filled by the saturated gain of

the oscillating line decreased, The period of the time-dependent

oscillations was Oetermined by the rasonator magnification. There was a

strong cascade coupling between the oscillating 2+1 and 1+0 lines. The a

priori prediction of these characteristics of the rime-dependent

oscillations by the NNORO3UR computer model was in agreement with the

data. A 7 ns oscillation, which was probably a mode beat of the laser, was

superimposed on top of the 40 ns oscillation. The time-dependent

oscillations occurred in both two and three dimensional unstable

resonators. D IC .• .
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I. INrRODUCT.ION

This study is part of an integrated theoretical and experimental

investigation of the nonlinear interactions which may occur between the

chemical kinetics, the tiuid dynamics and the optical resonator of a cw

fluid flow laser. The objectives of this study were to measure the

frequency and amplitude of the time-dependent oscillations which have been

predicted to occur in cw lasers employing unstable resonators to extrazt

power1,2,3. These time-dependent oscillations in cw power, which were

shown to be a consequence of rotational nonequilibrium, may develope on

lines whose saturated gain zone does not fill the unstable resonator. For

these oscillations to occur, the Fresnel number of the resonator must be

greater than 1.5, the amplitude of the oscillation is determined by the

fL-L&Ciou v tile LiL COLULOL filled by the saturated gain zone of the

oscillating line, and the frequency of the oscillation is determined by the

geometric outcoupling ratio and the fraction of the resonator filled by the

saturated gain of the oscillating line. The length of the saturated gain

zone of the lasing line was shown to be independent of the size of the

resonator 1 ,2, Baset. on these results, the success of the experimental

study depended upon the ability to design an unstable resonator ia which

the saturated gain zone of one or more of the peak power line-' does not

reach further into the unstable resonator than the center line. The

importance of this point is illustrated by a previous experiment4 which

obtained a null result (no oscillations were observed) because the

saturated gain zone of the lasing line filled the resonator. The design of

the unstable resonator thus depends upon the ability to predict the length

of the saturated gain zones for the lasing lines for the laser to be used
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in the experimental study.

In the present study, the frequency and amplitude of the time-

dependent oscillations which occur in a cw laser employing a confocal,

unstable resonator were measured. Unstable resonator modeling

calculations3 indicated that for a resonator with Fresnel number large

enough for the oscillations to occur, at a pressure of 10 to 12 torr, the

saturated gain zones of the laser used in the experiments were not long

enough for lasing to occur. Thus, to stretch the gain zones, the laser was

run at the lowest pressure obtainable in the cavity (about 5 torr),

A low pressure stable resonator study was performed to provide a data

base for verifying the computer model as a function of pressure.

Comparison of the stable resonator data and MNORO3 results for both high

and low pressure conditions showed that the model agrees with the data as

flow rates, cavity losses and pressure are varied. In addition, the

minimum in the spectra at P2(11) occurred in the low pressure as well as in

the high pressure 5 ,6, 7 data. However, the lines P2(10) to P2(12) were

weaker in the low pressure cases than ±n the high pressure cases. This

supports the interpretation 6,7 of the minima as evidence for a kinetic

effect, namely a near resonant energy transf-: from v-3, J-3, 4 to v-2,

J-14 with a subsequent rotational cascade to v-2, J-11. The flow rates

which resulted in the longest saturated gain zones (largest beam diameter)

were chosen for the unstable resonator experiments.

To obtain an a priori estimate of the periods and amplitudes of the

time-dependent oscillations, the MNOR03UR code3 was run for these flow

rates at 5.4 torr. The results of the calculations indicated that the

oscillations would have a period of approximately 40 ns independent of flow

*h *N._ .'_''.- - '- '. -1'-- -- - ----- -I.-.- ---
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rate and Fresnel number. Th,. experiments were petformed with a 50%

geometric outcoupled, confocal, unstable resonator. A variable slit

scraper mirror permitted the Fresnel number to vary from 0 to 35.7. Both

low and high pressure data were obtained. As predicted by the MNORO3UR

calculations, the period of the time-dependent oscillations varied from 33

to 47 ns and their amplitude increased from 10% to 80% as the fraction of

the resonator filled by the saturated gain of Lhe oscillating line

decreased. There was a strong cascade coupling between the oscillating 1-*0

and 2÷l lines. A 7 ns oscillation, which was probably a mode beat of the

laser, was superimposed on top of the 40 ns oscillation. As predicted by

the a priori MNORO3UR calculations, for Fresnel numbers less than 1.5, no

oscillations were observed on lines whose saturated gain did not fill the

unstable resonator. No oscillations were observed when the laser cavity

pressure was in the 10 to 12 torr range. This may be a consequence of

either the increased rotational relaxation rate which occurs as the

pressure increases, or the saturated gain zones may have been too short,

which results in the Fresnel number (based on the saturated gain zone

lengths) being too small for the time-dependent oscillations to occur.

S- Time-dependent oscillations on lines whose saturated gain did not fill

the unstable resonator were also observed using a scraper mirror with a

rectangular bole in it. In this case, the resonator acts as a three

ý Pdimensional resonator razher than as a strip resonator as was the case when

the slit scraper mirror was used. The periods of the time-dependent

oscillations were 40 ns and their amplitudes increased as the fraction of

the resonator filled by the saturated gain decreased. Since the

magnification of the two and three dimensional resonators was the same, the

C |ii*-.-*•... 
...
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data indicated that the frequency of the oscillations is determined by the

resonator magnification rather than the geometric outcoupling ratio.

In Section II, the low pressure stable resonator data are presented

and compared to the Blaze II and MNOR03 calculations and to the

corresponding high pressure stable resonator data. In Section Ili, the

data on the time-dependent oscillations on lines whose saturated gain zones

do not fill the unstable resonator are presented and compared to the

MNOR03UR calculations. Several conclusions and recommendations for future

study are given in Section IV.

1%

Nii

'U,-

ImVm
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11. LOW PRESSURE, STABLE RESONATOR PERFORMANCE

Since the instable resonator modeling .alculations 3 indicated that the

occurrence of the time-dependent oscillations on lines whose saturated gain

does not fill the unstable resonator is Fresnel number dependent and that,

for the conditions of the high pressure (11 torr) Run 36, lasing may not

occur for a resonator whose Fresnel number is large enough that the time-

dependent oscillations should occur, the laser was run at the lowest

pressure obtainable in the cavity (about 5 torr) in order to stretch the

gain zones. To provide a data base for baselining the computer models,

stable resonator power versus x. data was obtained for the six SF 6 and 112

flow rate combinations with the vacuum control valve wide open. For the xc

of peak power, beam diameters, pressure and spectra were measured in the

same manner as in the previous high pressure laser performance

studies 2 ' 5 ' 6 ' 7 . These data were taken with the 56% mirror and two 4 cm

CaF 2 Brewster windows, which corresponded to an effective reflectivity of

39%6,7. The Blaze 118 computer model is compared to the data as a function

of cavity pressure in Fig. 1. The only parameter changed in the model for

these calculations was the initial pressure at the inlet of the laser

cavity. From Fig. 1, it is seen that the model gives very good agreement

with the data over the entire pressure range accessible with our vacuum

system.

The low pressure stable resonator data are summarized in Table 1.

From Table 1, it is seen that the Blaze II and MNOR03 9 results are in good

agreemaent with the data. The corresponding high pressure stable resonator

results are summarized in Table 26,7. Comparison of the low and high

pressure stable resonator data shows that the beam diameter and total power

i. . -' " '~
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HELIOS CLII LASER
STABLE RESONATOR

55.0 - 39%REFL
RUN 32 .o EMMBW

- - -- BLAZEU

Z5.0
50.0

RUN 33

20.0

S40.0En RUN34

6 10.0
S55.0 RUN 35

25.0
50.0 - RUN 36 ,..

20.0
40.0 RUN 37

15.0 1 _ L

o 2.0 4.0 6.0 8.0 10.0 1'!.o 14.0

Pressure (Torr)

Figure 1. Comparison of experimental and predicted laser performance
versus pressure for the Helios CL II laser when Brewster
windows are used with the 56% reflective outcoupler. EMB42
denotes external mirror mounts with two Brewster windows data;
the effective cavity reflectivity was 39%.



RUN NO. 32 33 34 35 36 37

'SF , gm/sec 1.36 1.01 0.67 1.36 1.01 0.67
6

2, gm/sec 0.0375 0.0375 0.0375 0.0545 0.0545 0.0545

P, Torr 6.75 6.0 5.40 7.20 6.48 5.83
% SF 6 Dissoc. 3.3 4.0 4.0 3.3 4.0 4.0

Initial T, *K S00 450 450 500 450 450

H 2 mixing length, cm 3.0 3.5 4.0 3.0 3.5 4.0

PTv watts

Data 43.7 37.5 28.2 46.2 40.2 29.6
Blaze 11 48.5 45.5 31.5 52.6 49.2 33.3
MNOR03 45.9 31.6 49.3 33.6

P 10i/PT

Data 0.481 0.512 0.468 0.493 0.511 0.472
Blaze II 0.504 0.493 0.485 0.501 0.492 0.486
MNOR03 0.504 0.494 0.501 0.493

Beam Dia., mm
Data 4.90 5.00 5.10 4.60 4.50 4.50
Blaze II 5.30 5.60 5.70 4.10 4.36 4.30
MNOR03 5.50 5.90 4.80 4.70

Table 1. Comparison of the low pressure Blaze II and MNORC3 results with
the data for the Helios CL II laser with a stable resonator with
external mirror mounts and 4 cm CaF 2 Brewster windows which result

in a 39% effective reflectivity. The primary mixiTig length is
0.001 cm for all cases.
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RUN NO. 32 33 34 35 36 37

mSF gm/sec 1.36 1.01 0.67 1.36 1.01 0.67
SF 6

* gm/sec 0.0357 0.0357 0.0357 0,0545 0.0545 0.0545
;M2

P, Torr 12.2 11.1 10.0 12.1 11.0 10.0

% SF6 Dissoc. 3.3 4.0 4.0 3.3 4.0 4.0

Initial T, 0K 500 450 450 500 450 450

H2 mixing length, cm 3.0 3.5 4.0 3.0 3.5 4.0

PT ,wat ts

Data 35.5 30.5 20.5-20.75 38.0 32.5 22.0-22.25

Blaze II 33.4 34.0 27.6 41.9 41.2 31.1

P10/PT

Data 0.530 0.483 0.472 0.520 0.531 0,474

Blaze II 0.539 0.519 0.502 0.523 0.510 0.498

Beam Dia., m•n

Data 3.39 3.43 2.91 3.21 3.06 3.09

Blaze II 3.30 3.40 3.50 2.80 2.80 2.80

Table 2. Summary of the high pressure data and Blaze It results for the
Hlelios CL II laser with a stable resonator with external mirror
mounts and 4 cm CaF2 Brewster windows which result in a 39%

effective reflectivity. The primary mixing length is 0.001 cm for
all cases.

---------------

* N --- - - - - .
A=

- . - - g1
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increased for all six cases when the cavity pressure was decreased. For the

low pressure. case, the diameter increased 43% to 47% except for Run 34. The

low pressure Run 34 beam diameter increased 75%. Total power increased

between 21% and 24% for Runs 32, 33, 35 and 36, 36% to 38% for Run 34 and 33%

to 34% for Run 37. The total power increases are evidence that the HF

deactivation rate decreased due to the lower pressure. Runs 34 and 37 had an

additional 10% to 15% increase in total power compared to the other cases.

The fraction of the power in the 1+0 vibrational band did nor change

significantly for any of the cases when the pressure was decreased.

The power spectral distributions for the six low pressure cases are shown

in the order of increasing SF6 flow rate for a fixed H2 flow rate in Figs. 2

and 3. From the.se figures, it is seen that at both the low end high H2 flow

rates, the power spectral distribution shifted toward higher J's as the SF 6

flow rate increased. Figures 4 and 5 show the power spectral distributions

for the corresponding high pressuce cases 6 ' 7 , which also show the same shift

to higher J's. The shift of the power spectral distribution toward higher J's

as the SF6 flow rate increased for a fixed H2 flow rate is caused by the

increase in the temperature which accompanies the increased heat released due

to the increased F atom flow rate2 , 5 .

Comparison of the high and low pressure power spectral distributions for

fixed flow rates shows that the power spectral distributions shifted to lower

i's as the pressure decreased. Since the rotational relaxation rate is

proportional to pressure squared, the shift of the power spectral distribILion

toward lower J's as the pressure decreased is a consequence of the decreased

rotational relaxation which occurs at low pressures.

MNORO3 power spectral distributions are compared to the low pressure

IL -. -. A "^,.A - -- t- I.--
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0.5 - Run 34 HELLOS CL 1n Laser

SRun 33 Stable Resonator, EMM
. Run 32 Low Pressure Data

0.4 -All runs 0.0375 gm/sec H2

r z0.39

C 0.3-

0.- 0.2-

0.1

0.50

0.4-

0 .3-

0.2-

0.! -

0.0 2 4 6 a 10 12 14

Figure 2. Experimental low pressure stable resonator power spectral
distributions for the Helios CI, II laser for three different
SF 6 flow rates. &e = 0.078 gm/sec and mi02" 0.28 gin/sec.

r - 0.39.



0.5 Run 37 HELIOS CL M:Loser
SRun 36 Stable Resonator, EM M
SRun 35 Low Pressure Doto

0.4 All runs 0.0545gm/sec H2

r 0.59

O.0.5-

0- 0.2

0.1

0.0 - .

0 . 5 -

0.3

0• .2 -

0.0 2 4 6 8 10 12 14

Figure 3. Experimental low pressure stable resonator pcwer spectral
distributions for the Helios CL II laser for three different
SF 6 flow rates. 'he -0.078 gm/sec and ii02" = 0.28 gm/sec.

r - 0.39.
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Run 34

0.5 - ,,. Run 33 HELIOS CL I[ Loser
-= Run 32 Stable Resonator, EMM

All runs 0.0375 gm/sec H2  High Pressure Data
0.4 - r -0.39

t 0 .3 ----

0-0.2 -

0.1 ii -=

0.0

0.5r

0.4- -

_0.3_

0.2.

"0.0 2 4 6 8 10 12 14

0 .1. •.---

Figure 4. Experimental high pressure stable resonator power spectral
distributions for the Helios CL II laser for three different
SF 6 flow rates 6 , 7 . =e = 0.078 gm/sec and i02 = 0.28 gm/sec.

r - 0.39.
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0.5 - HELIOS CL I[ Laser

Stable Resonator, EMM
High Pressure Data

0.4 -

Run 37
m = Run 36

0- 0.3 - c Run 35

All runs 0.0545gm/sec
"H2 r=0.39

0: 0.2-

0.0

0.4

0.3"

0O.2-

0.1

0.0 2 4 6 8 10 12 14

Figure 5. Experimental high pressure stable resonator power spectral
distributions for the Helios CL II laser for three different
SF 6 flow rates

6'7. "He - 0.078 gm/sec and fio2 0.28 gm/sec.

r - 0.39.
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stable resonator data for Runs 33, 34, 36 and 37 in Figs. 6, 7, 8 and 9

respectively. The comparison shows that the MNOR03 9 power spectral

distributions are in reasonable agreement with the data. The model predicts

the peak of the power spectral distribution either one or two J's too low as

it does in the high pressure case2,3,5,9. The difference between the MNOR03

predictions and the experimental data is a consequence of the Fabry-Perot

resonator employed in the calculations. When the high pressure calculations

were repeated with a stable resonator model, MNORO3SR, which includes the

upstream-downstream coupling inherent in such a resonator, the low J lines do

not lase and the power spectral distribution is in better agreement with the

data3, 7 . A stable resonator calculation for the low pressure case would

result in a similar shift in the power spectral distribution which would then

be in .. ... m with thc data. -

Comparison of the high and low pressure spectra, Figs. 2, 3, 4 and 5,

shows that the minimum in the spectra at P2 (11) occurs in the low pressure

cases as well as in the high pressure cases. However, the strength of the

lines P2 (10) to P2 (i2) are weaker in the low pressure cases. This supports

the interpretation 6,7 of this minimum as the result of a near resonant energy

transfer from v-3, J-3, 4 to v-2, J-14 with a subsequent rotational cascade to

v-2, J-1I, which is the upper level for the P2 (12) line, which lases, thus

blocking the rotational cascade to v-2, J-10, which is the upper level for the

P2 (01) line which is thus weaker than the P2 (12) line. Since the HF relaxation

rate is proportional to pressure squared, a phenomenon which is based on

cullisional energy transfer should decrease in magnitude as the pressure

decreases, which is shown by the data.
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HELIOS CL I1 Laser

Run 33,Stable Resonator
EMM, r =0.39

0.4- 
6.0 Torr

-Data
c=MNORO 3

. 0.3

0 0.2-

0.1

0 .0 .1.. .

0. 5

0.4

CL 0.3-

L_ "

0.0 2 4 6 8 10 12 14
J

Figure 6. Ccmparison of the low pressure expcrimental stable resonator

and MNORO3 power spectral distributions for the Helios CL II

laser for Run 33 for external mirror mounts, r = 0.39.
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0.5 HELLOS CL "I Laser
Run 34, Stable Resonator
EMM, r= 0.39

0.4- 5.4 To rr

ýData
Ez MNOR0 3

0.0.-

0.1 -

0.0

0.5 r

0.4-

& 0.3-

0& 0.2-

0.1 -

---. L -l III I III I I
0.0 2 4 6 8 10 12 14

J

Figure 7. Comparison of the low pressure experimental stable resonator and
MNOR03 power spectral distributions for the Helios CL II laser
for Run 34 for external mirror mounts, r - 0.39.

I .-- - - - - - - - - 1 * -
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0.5 HELLOS CL : Laser
Run 36, Stable Resonator
EMM, r= 0.39

0.4- 6.48 Torr

Data
MNORO 3

0 0.2-

0.1 II

0. 0 1 10 A III

0
.5 

r

0.4-

&0.3-

&ý 0.2•

0.1 1 I

0.0 2 4 6 8 10 12 14

J

Figure 8. Comparison of the low pressure experimental stable resonator
and MNOR03 power spectral distributions for the Helios CL II
laser for Run 36 for external mirror mounts, r = 0.39.
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"0.5- HELIOS CL 31 Laser
Run 37,Stable Resonator
EMM, r=0.39

: 0.4 5.83 Torr

- Data
i .3- MNORO3

o0.2-

c 0.20

v0.1 -

N,,

0.4 -

a. 0.3-

&0.2

0.1 -

0.0 2 4 6 8 10 12 14

Figure 9. Comparison of the low pressure experimental stable resonator
and MNOR03 power spectral distributijns for the Helios CL II
laser for Run 37 for external mirror mounts, r - 0.39.
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The preceding comparisons show that the model agrees with the data as

flow rates, cavity losses and pressure are varied. This provides confidence

in the model's prediction of the lengths of the saturated gain zones of the

lasing lines. Since the low pressure Run 34 gave the largest beam diameter

i.e. the longest gain zones, the unstable resonator experiments were performed

for this flow rate.
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III. TIME-DEPENDENT OSCILLATONS ON LINES WHOSE SATURATED
GAIN DOES NOT FILL THE UNSTABLE RESONATOR

The objectives of this study were to measure the frequency and

amplitude of the time dependent oscillations in the power spectral output

which have been predicted to occur in cw chemical lasers employing unstable

resonators to extract power 1 . 2 . These time dependent fluctuations in cw

power, which were shown to be a consequence of rotational nonequilibrium,

were shown to occur on lines whose saturated gain zone does not fill the

unstable resonator; the amplitude of the fluctuation is determined by the

fraction of the resonator filled by the saturated gain zone of the

oscillating line, and the frequency of the fluctuation is determined by the

geometric outcoupling ratio and the fraction of the resonator that is

filled by the saturated gain of the oscillating line1 ' 2 . The length of the

saturated gain zones of the lasing lines was shown to be independent of the

size of the resonator 2 .

To assist in selecting the flow conditions and resonator geometry to

be employed in the experimental measurement of these time-dependent

oscillations, a series of calculations with the coupled rotational

nonequilibrium-wave optics model, M-ORO3UR 3 , were performed for the Helios

CL II laser for the Run 36 flow rates. These calculations showed that the

time-dependent oscillations which may occur on lines whose saturated gain

does not fill the resonator are Fresnel number dependent. The time

dependent oscillations did not occur for a Fresnel number of 1.5 but did

occur for a Fresnel number of 18.57 and for an intermediate Fresnel number

of 9.457. For both the large and intermediate Fresnel numbers, the flow

conditions had to be altered to stretch the gain zones of the lasing

lines. It was shown for the intermediate Fresnel number of 9.457 that,
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when the standard flow conditions were used, the gain zones were not long

enough for any lines to lase. When the flow conditions were altered, the

Fresnel number of 18.57 gave a 10% amplitude variation of the total power

and the Fresnel number of 9.457 gave a 15% to 20% amplitude variation of

the total power. The intermediate Fresnel number had a larger amplitude

variation because the saturated gain filled a smaller fraction of the

resonator.

For all cases in which lines oscillated, the period was mostly 6

iterations with some lines varying between 5 and 6 or 6 and 7

iterations3 . Since the mirror spacing was one meter and each iterate

corresponds to one round trip of the radiation through the resonator, the

period was mostly 40 ns with some lines varying between 33 and 40 or 40 and

05 -- IndUlPLIUIIL Vu F£rediel Iuder, -

Since the preceding calculations indicated that the experiments should

be performed with the longest gain zones possible and the low pressure

stable resonator data indicated that this occurred for the flow rates of

Run 34, these were the flow rates chosen for the time-dependent

experiments. To obtain an a priori estimate of the periods and amplitudes

of the time-dependent oscillatl.;s for these conditions, the MNQRO3UR code

was run for the flow rates of Run 34 at 5.4 torr.

3.1 RUN 34 MNORO3UR UNSTABLE RESONATOR CALCULATIONS

Since the low pressure stable resonator results (Chapter II) showed

that the low pressure Run 34 flow rates gave the longest gain zones, the

MNORO3UR model was run for these flow conditions for a 50% geometric

outcoupled, symmetric, confocal, unstable resonator with a 1.0 cm diameter
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concave mirror. For completeness, a brief description of this model is

given here. The efficient, rotational noneqailibrium, chemical kinetic,

fluid dynemic model, denoted MNORO3 9 , was Loupled to the AFWL physical

optics strip resonator modell0. The res,:ting code is denoted MNORO3UR.

The geometry of the confocal unstable rosonator is shown in Fig. 10. The

MNOR03 model employed assumes that the flow and the chemistry are

independent of the transverse coordinate z. The optical cavity is modeled

as a strip, confocal unstable resonator. The beam is diffractively

propagated through the cavity using a solution of the Huygens-Fresnel

integral which is obtained by a fast Fourier transform technique. The

optics model is coupled with the kinetics model through the thin skin gain

approximation tn which the active medium is assumed to oe a thin sheet in

front of the large mirror. The solution is an iterative one. The

",alculation starts oy passing a plane wave of roughly the expected

intensity through the empty cavity. The resulting intensity distribution

is sent to the chemistry. The species equations are solved with the given

intensity distribution, and the thickness of the mixed flow, La, and the

gains on each line are calculated and sent to the optics. The stored wave

from the preceding optics calculation is then propagated through the cavity

and incremented by the gain distribution from the chemistry. This process

is repeated until the difference between successive iterates is less than

some prescribed amount.

Because each iterate in the solution of the steady state equations

corresponds to one round trip of the radiation through the cavity, each

iterate may be regarded as a time step in the development of the steady-

state solution1 . The steady-state iterates are related to the solution of

',*M Jac; .~. . .
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FLOW DIRECTION
20 34

ACTIVE
MEDIU&I

L

MIR ROR

I -I 5,5

Figure 10. Confocal unstable resonator geometry and schematic
of the wave propagation through tne resonator.
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V
the time-dependent equations in the following way. The equations governing

the time-dependent problem are of the form

+P.n x + x (31 -1)
t ax uchem rad

for the populations of the lasing species and

+ 2e - a(l + s) (3.1-2)_C 'ýt az

assuming the radiation travels in the z direction only. To construct the

solution of these equations, they are written in the form

ULL - L

at ua-x + P chem p Xrad - f(t) (3.1-3)

at + a(l + s) h(t) (3 1-4)
c at az

These equations are discretized in the space variables to convert them into

ordinary differential equations in time. The solution at time t + At is of

the form

n(t + At) - n(t) + f(t) at (3.1-5)

I(t + At) a I(t) + ch(t) At (3.1-b)

To obtain only the steady state solution, the time derivatives in Eqs.

(3.1-3) and (3.1-4) are set to zero which gives

an i 1
0 u = u + Xh + Xd (3.1-7)O Xce p-rd
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0=- + c ±(I + s) (3.-8)

To obtain the steady-state solution, Eq. (3.1-8) is solved for I(x) which

is then substituted into Eq. (3.1-7). Eq. (3.1-7) is then solved for a(x)

which is then substituted into Eq. (3.1-8) and the process is repeated.

When the iteration procedure has converged, I(x) an, a(x) remain the same

for successive iterates.

Prior to convergence, when In.l(x) and a n-(X) are substituted into

Eqs. (3.1-7) and (3.1-8), they sum to a non-zero value which would be equal

to the corresponding time derivative in the time-dependent equations, i.e.,

an .

1 6 I± .
at

1 ai (3.1-10)
4~ cat 6

This would give solutions for 1(t) and n(t) of the form

n(t) no + 6 At (3.1-il)

I(t) 10 + cdv•t (3.1-12)

Sfor small At (1 ound trip through the resonator in this case). Comparison

of Eqs. (3.1-11) and (3.1-12) with Eqs. (3.1-5) and (3.1-6) shows that they

have the same form. Thus, each iterate in the steady-state solution

procedure corresponds to a time step in the development of the time
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dependent solution.

For the case of the radiative transfer equation treatment of the

radiation part of the problem, the equivalence between the steady-state

solution obtained from the iterative solution of the steady-state equations

and the steady-state solution obtained from the solution of the mq-

dependent equations as t goes to infinity was shown by SchimkeII. Based on

this result, the use of Eqs. (3.1-9) and (3.1-10) to modify the In-l(x)

and an_1(x) before calculating the next iterate of the steady-state

equations might speed up the rate of convergence of the iteration

procedure.

Total power, Fig. 11, and the power on individual lines, Fig. 12, as

calculated by M!JORO3UR, are plotted versus iteration number. Because each

itcratc corrcsponds to onc rcund trip of the -radiation -t ..... gh the cavity,

each iterate may be regarded as a time step in the development of the

steady-state solution as deacribed above. Thus, fluctuations in the power

from iterate to iterate may be regarded as time-dependent oscillations.

Since the spacing between the convex and concave mirrors was 100 cm, the

round trip transit time was 6.67 ns. Thus, the period of an oscillation is

calculated by multiplying the number of iterates for one period by 6.67

ns. The frequency of the oscillation is the inverse of the period. The

percent amplitude modulation was calculated by dividing the peak to peak

power difference by the average power. Table 3 is a summary of the period,

frequency, percent amplitude modulation, and power for the total beam and

for the individual lines shown in Figs. 11 and 12. From this table, it is

seen that the characteristics of the Run 34 oscillations are the same as

those predicted for Run 36. Thus, experimentally the oscillations are
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MNORO3UR HELIOS CL 11 LASER
RUN 34 MODIFIED 50%GEOMETRIC OUTCOUPLED
CON FOCAL UNSTABLE RESONATOR

1 I I I I

8 Nf 9.457
OA a 0.50 cm

"CL% 6-

0-

0

40.
o') I I I I I

2- 
-

S60

0

0 4 8 12 16 24 28 •

ITERATION NUM BER •

Figure 11. MNOR03UR convergence parameter P los toal/P _he and the •

multiline, outcoupled power calculated in the optics 3, P out'

versus iteration number for rotational nonequilibrium for
a 50% geometric outcoupled, confocal, unstable strip resonator
with a large mirror diameter of 1.0 cm for the Helios CL 11
laser for Run 34 at 5.4 torr. •-

aL.



28
QL

MNORO3UR HELIOS CL 11 LASER
RUN 34 MODIFIED 50% GEOMETRIC OUTCOUPLED
CONFOCAL UNSTABLE RESONATOR

I.0 I I 1I8.011 IN "p 9.457
OA -0.50cm Pout 2-1

6.0

S4.0

II

z' .jOFF. I 'l I I I

I--
•)6.0 ~

4.0'
2.0

0 4 S 12 16 20 24 28

ITERATION NUMBER •

Figure 12. MNORO3UR outcoupled power 3, Pot, for individual lines ••

versus iteration number for a 50% geometric outcoupled,
confocal, unstable strip resonator with a large mirror

[.diameter of 1.0 cm for the Helios CL II laser for _
Run 34 at 5.4 torr.
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Line Period Frequency Amplitude Modulation Power

ns Mhz % P (J) Watts

Total Power 40 25 64* 11.00

P1 (4) 33 30 41 1.70

Pl(5) 40 25 75 1.20

P1(6) 40 25 37 1.90

Pl(7) 33 30 30 1.00

p (8) 0.05

P 2(4) 40 25 50 0.60

P (5) 33 30 81 2.70

P (6) 40-47 21-25 64 1.10
2

P2(7) 33-40 25-30 40 0.50

P 2(8) 0.05

*Amplitude Modulation for Total Power: % PT

Table 3. MNORO3UR time-dependent oscillation periods, frequencies, and
amplitude modulations (% Pv(J)) for a 50% geometric outcoupled
confocal unstable resonator with a 5 mm slit at RUN 34 flow
rates with a 5.4 torr cavity pressure.

7. - .
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expected to exhibit a period of about 40 ns with their amplitude modulation

increasing as the fraction of the resonator filled by the saturated gain

decreases. In the next section, the unstable resonator used in the

time-dependent experiments and the procedure used to align it are

described.

3.2 CONFOCAL UNSTABLE RESONATOR ALIGNMENT PROCEDURE

Figure 13 shows the layout of the 50% geometric outcoupled, confocal,

unstable resonator used on the Helios CL II laser. The resonator consists

of a convex and a concave mirror separated by 100 cm, with a flat scraper

mirror placed at an angle of 450 to the optical axis near the convex

mirror. The radius of curvature of the mirrors is -200 cm for the convex

mirror and 400 cm for the concave mirror which result in a resonator

magnification of 2. The scraper mirror consists of two flat mirrors which

slide apart to form a slit whose width could be varied from 0.0 to 1.0

cm. Since the resonator was a confocal, unstable resonator with a

magnification cf 2, the effective diameter of the convex mirror is equal to

the scraper mirror slit width and the effective diameter of the concave

mirror is equal to twice the scraper mirror slit width. The Fresnel number

for the resonator is determined by the effective diameter of the concave

mirrorl 2 and is therefore controlled by the slit width of the scraper

mirror. The Fresnel number for the resonator used on the Helios CL II

laser ranged from 0.0 to 35.7.

Figure 14 shows the optical path of the alignment HeNe laser through

the unstable resonator. The resonator's mirrors were mounted on a set of

translation stages which permitted accurate positioning of the optical axis

*~~~~~" .. . 4cr.C f*'%
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of the resonator with respect to the Hz injectors. The unstable resonaLor

alignment procedure consisted of five steps.

The first step aligned the HeNe laser beam with the H2 injectors of
42

the laser. The Brewster windows and the resonator mirrors were removed

from their mounts for this step of the alignment procedure. The HeNe laser

was set at a height equal to the height of the center of the laser cavity

plus the necessary additional height to compensate for the refraction

offset due to the left Brewster window when it is in place. An iris

mounted on a magnetic base, which was set to the HeNe beam height, was used

to check that the HeNe beam was at the proper height during the alignment

procedure. The HeNe beam was split into two components as shown in Fig.

14. Mirror I was adjusted until beam 1 was aligned with the H2 injectors

in the laser cavity- The left Brewster window was then att achd to the

laser. Fine adjustments were made to mirror I until the beam exited the

right side of the laser cavity, centered vertically and parallel to the H2

injectors. The right Brewster window was then attached to the laser. The

height of the HeNe beam was checked with the iris at the far right of the

laser. If necessary, mirror 1 was again adjusted to correct any error in

the alignment of the HeNe beam with respect to the laser cavity.

The second step in the alignment procedure was to center the mirror

holders on the HeNe beam. The translation stages are located on the

optical table so that their range of travel permits movement of the optical

axis upstream as well as downstream of the H2 injectors. The alignment of

the mirror holders on the translation stages was achieved by using a set of

plexiglass disks which fit into the mirror mounts. Each disk had a small

hole the diameter of the HeNe beam drilled in its center. The mounts were
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adjusted on the translation stages until the alignment beam passed through

each hole.

The next step in the alignment procedure was the placement of the

concave mirror. The concave mirror was placed in its mount and tuned until

beam I reflected back on itself.

The fourth step was the alignment of the scraper mirror. There are

two types of scraper mirrors that were used. One consists of two plane

mirrors in an adjustable mount which allowed the vertical slit between them

to be varied from 0 to I cm. The other was a plane, silver coated, copper

mirror 1.75 inches in diameter with a rectangular hole 1.5 mm in the

vertical direction and 7.07 am in the horizontal direction, which

corresponds to an effective width of 5.0 mm in the flow direction. The

planes of both mirrors were placed at 45' to the optical axis of the

resonator. The alignment procedure depends upon the scraper mirror used.

The variable slit scraper mirror was placed in its mount and the slit

fully opened. The position of each half of the variable slit mirror is

controlled by a micrometer. Each side in turn was moved in until it

blocked out beam 1 and the micrometer reading was recorded. The

micrometers were then both set shorter than the previous readings by half

the diameter of the HeNe beam. The mirror halves would just touch at this

setting. Then each mirror was moved back half a beam diameter. The HeNe

image reflected back by the concave mirror would then appear symmetric

about the scraper mirror slit. Mirror 2 was then adjusted until beam 2 was

centered on the slit and the image of beam I from the scraper mirror was

symmetric about beam 2 on mirror 2 and on the face of the HeNe laser.

The rectangular hole scraper mirror alignment procedure was as
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follows. The rectangular hole scraper mirror was positioned in its holder

by eye until the HeNe image reflected from the concave mirror was centered

in the rectangular hole. Mirror 2 was then adjusted until beam 2 was

centered in the rectangular hole and the image of beam I from the scraper

mirror appeared symmetric about beam 2 on mirror 2 and on the face of the

HeNe laser.

The last step was the alignment of the convex mirror. The convex

mirror was placed in its mount, which blocked beam I. By adjusting the

convex mirror, beam 2 is made to reflect back upon itself through the

resonator and back to the HeNe laser. When the variable slit scraper

mirror was used, the slit size was reduced to obtain a smaller reference

spot which resulted in a more accurate alignment of the convex mirror.

It should be noted that beam 2 then represents the path of the !R

output beam when the Helios CL II laser is run.

3.3 EXPERIMENTAL PROCEDURE

Figure 15 is a schematic of the experimental set up to measure the

frequency and amplitude of the time-dependent oscillations on lines whose

saturated gain does not fill the resonator. A room temperature InAs fast

detector (- 2 ns rise time) was used to measure the oscillations. The

detector consisted of a 0.25 mm square InAs photodiode in a TO-18 package,

Judson Infrared model J-12LD. The circuit for the InAs detector is shown

in Fig. 16, Total beam oscillations were measured by passing the output

beam through a mechanical chopper and then into the InAs detector, Fig.

15. Oscillations on individual lines were measured by passing the output

beam through a constant efficiency spectrometer13 and a mechanical chopper,

- .,. -. .. . . . . . . . . .
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ROOM TEMPERATURE InAs FAST RESPONSE
IR DETECTOR CIRCUIT

22,000 pF

In As
Detector

It I 0.9 Volts 50n 'U

Figure 16. Electrical circuit for the room temperaLure InAs fast
response detector. The detector consists of a Judson
JI2LD diode, 50 ohm resistor and a 22,000 pf capacitor.
The response time is - 2 ns.

I!
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which allowed the output of one line at a time to impinge on the

detector. To obtain the period of the oscillation, the output from the

detector was amplified and displayed on a 500 MHz oscilloscope. To

determine the frequency spread of the oscillations, the signal was also

displayed on a 40 MHz spectrum analyzer. Since the 500 MHz oscilloscope

could only display the AC part of the signal, to obtain the amplitude

modulation, the signal was displayed on a 100 MHz oscilloscope. Power

spectral distributions were taken uy passing the output through a

mechanical chopper, a monochromator and into a room temperature PbSe

detector. The PbSe detector and the monochromator were both connected to a

strip chart to record the relative powers of the lasing lines.

3.4 RUN 34, LOW PRESSURE, SLIT SCRAPER MIRROR DATA

Oscillation frequency and amplitude measurements for the low SF6 and

low H2 flow rates, Run 34, were taken with the flow control valve wide

open, which gave a laser cavity pressure of 5.3 torr. In Chapter II it was

shown that this flow condition produced the longest saturated gain zones

for the Helios CL II laser. Because the resonator was symmetric, the

distance between the optical axis and the H2 injectors was always equal to

the scraper mirror slit width used. Table 4 is a summary of the

oscillation data for the total power as a function of Fresnel number. The

MNORO3UR calculations for Run 363 and Run 34 performed prior to the

experiments indicated that the period of the oscillations should be 40 n_

independent of Fresnel number. From Table 4, it is seen that in addition

to the expected 40 ns oscillation, there was a 7 is oscillation

superimposed on top of it. Since the mirror spacing of the resonator was
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Run 34 50% Geometric Outcoupled,
Symmetric, Confocal, Unstable Resonator

Scraper Mirror N F Pear PT OSC Amplitude
Slit, ,mm Torr Watts Period Modulation

ns %PT

1.0 0.357 5.31 5.25 7

2.0 1.428 5,30 5.15 7

3.0 3.214 5.29 4.10 40/7 3.0

4.0 5.714 5.31 1t90 40/7 22.0

5.0 8.929 5.34 0.70 40/7 25.0

6.0 12.857 5.31 0.13 40 50.0

Table 4. Frequency and amplitude of the time-dependent oscillation
of total power as a function of Fresnel number for the
flow rates of Run 34 at 5.3 torr. The He bottle was running
out when the 2 mm through 6 mm data were taken. This caused
the total power to be less than that measured when the
individual line oscillation data were taken.
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100 cm and the round trip transit time is 6.67 ns, the 7 ns oscillation

probably corresponds to a mode beating of the laser. Table 4 shows that

the time-dependent oscillations on lines whose saturated gain did not fill

the resonator did not occur for Fresnel numbers below 1.5. Since the

calculations showed that the length of the saturated gain region is

independent of the size of the resonator 2 , Table 4 shows that the

amplitudes increased as the fraction of the resonator filled by the

oscillating lines decreased. Fig. 17 shows the total power 100 MHz

oscillocope traces for the 4 mm and 2 mm slit widths. Comparison of these

traces clearly shows the difference in the traces when the time-dependent

oscillations occur.

Table 5 gives the oscillation data for individual lines as a function

of Fresnel number. This data shows that the 40 ns time-dependent

oscillations on lines whose saturated gain did not fill the resonator did

not occur for Fresnel numbers below 1.5. It should be noted that there is

a strong cascade coupling between the oscillating 1+0 and 2+1 lines, that

is, if P2 (6) oscillates then P,(7) also oscillates. From a comparison of

the 3 m and 4 m slit cases, it is generally seen that as the fraction of

the resonator filled by a line decreased, the amplitude of its oscillation

increased. Figs. 18, 19 and 20 are typical oscilloscope and spectrum

analyzer traces of oscillating lines. The 7 ns oscillation superimposed on

the 40 ns oscillation is clearly evident in these figures. Comparison of

the frequency ranges for the 3 mm and 4 mm slit widths indicates that the

frequency is independent of the Fresnel number. Comparison of the traces

in Figs. 19 and 20 shows that both PI(7) and P 1 (8) had approximately the

same % amplitude modulation, but PF(7) had nearly five times the power of
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Total Power Traces

• i••a) 4 mm slit width; all lasing

'<.• lines oscillating with
40 ns period

' |.b) 2 mm slit width; no lines

oscillating with 40 ns period;
.•.! • l ,•~ i •,.•~hsome lines exhibited 7ns
,• -. oscillation

Figure 17. Typical total power 100 MHz oscilloscope traces for Run 34 flow
rates at 5.3 torr showing the difference between the oscilloscope
traces of an oscillating and nonoscillating case. For both traces,
the scales are 20 mV/division vertically and 0.2 ms/div
horizontally.
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Run 34
P2 (7)

a) Spectrum analyzer trace;
center is 20 MHz;
4 Miz/division

b) 500 Mfiz oscilloscope trace;
10 ns/division

- c) 100 MHz oscilloscope trace;
0.2 ms/division

Figure 18. Typical oscilloscope traces of the time-dependent oscillation on
a line whose saturated gain does not fill the unstable resonator.
These data are for the P2 (7) line for a scraper mirror slit width

of 4 mm for tne Run 34 flow rates at 5,3 torr. The beam was
chopped with a mechanical chopper. The 7 ns mode beat superimposed
on the 40 ns oscillation is clearly evident in b.
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Run 34
P (7)

I a) Spectrum analyzer trace;
center is 20 MHz;
4 MHz/division

L- 4C' " :..x

b) 500 Mz oscilloscope trace;
10 ns/division

c) 100 MfI-z oscilloscope trace;
0.2 ms/division

.. ........

Figure 19. Typical oscilloscope traces of the time-.dependent oscillation on
a line whose saturated gain does not fill the unstable resonator.
These data are for the P1 (7) line for a scraper mirror slit width

of 4 mm for the Run 34 flow rates at 5.3 torr. The beam was
chopped with a mechanical chopper. The 7 ns mode beat superimposed
on the 40 ns oscillation is clearly evident in b.
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Run 34
P (8)

a) Spectrum analyzer trace;
center is 20 MHz;
4 NHz/division

b) 500 MHz oscilloscope trace;
10 ns/division

c) 100 MHz oscilloscope trace;
0.2 ms/division

Figure 20. Typical oscilloscope traces of the time-dependent oscillation. on
a line whose saturated gain does not fill the unstable resonator.
These data are for the P1(8) line for a scraper mirror slit width

of 4 mm for the Run 34 flow rates at 5.3 torr. The beam was
chopped with a mechanical chopper.
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P1 (8). This is evidence that the amplitudes of the time-dependent

oscillations are not a function of line strength, which supports the

predi;tion that the amplitudes of the time-dependent oscillations are

determined only by the fraction of the resonator filled by the oscillating

line.

The details of the 7 ns mode beat, which corresponds to 143 MHz, were

not studied because the spectrum analyzer did not extend to 200 MHz.

Comparison of the theoretical calculations for the low pressure Run

34, 5 mm slit case (Section 3.1) and the experimental low pressure Run 34,

4 mm slit data shows that there is qualitative agreement between the

calculations and the data. The 5 mm slit calculation is qualitative

because the losses introduced by the Brewster windows were not included.

The difference in lasing lines between the calculations and the data is due

to the omission of the losses introduced by the Brewster windows in the

calculation.

3.5 RUN 34, LOW PRESSURE, 2mm SLIT SCRAPER MIRROR DATA

Since the gain distribution is independent of the optical axis

location of the resonator 2 , as xc increases, a smaller fraction of the

resonator is filled by the saturated gain of the lasing lines. To verify

experimentally that the oscillations on lines whose saturated gain does not

fill the unstable resonator do not occur for Fresnel numbers less than 1.5,

the xc of the optical axis was varied from 2 mm to 4 mm with the Fresnel

number held constant at 1.428 (scraper mirror slit width of 2 mm).

Oscillation oeasurements for the low SF6 and low H2 flow rates, Run 34,

were taken with the flow control valve wide open, which gave a laser cavity
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pressure of 5.3 torr. The data, which are given in Table 6, show that no

40 as oscillations occurred at any of the xc locations. Since the

saturated gain of the lasing line filled a smaller fraction of the

j resonator as xc increased, this result verifies the prediction that the

time-dependent oscillations on lines whose saturated gain does not fill the

unstable resonator do not occur for Fresnel numbers less than 1.5o The

only oscillation that did occur was the 7 ns mode beat.

3.6 RUN 36, LOW PRESSURE, SLIT SCRAPER MIRROR DATA

Oscillation frequency and amplitude measurements for Run 36 flow rates

were taken with the flow control valve wide open, which gave a laser cavity

pressure of 6.5 torr. Because the resonator was symmetric, the distance

between the optical axis and the H2 injectors was always equal to the

scraper mirror slit width. Table 7 is a summary of the oscillation data

for the total power as a function of Fresnel number. The MNORO31IR

calculations3 performed prior to the experiment indicated that the period

of the oscillations should be 40 ns independent of Fresnel number. From

Table 7, it is seen that in addition to the expected 40 ns oscillation,

there was a 7 ns oscillation superimposed on top of It. This is the mode

beat seen in the Run 34 low pressure data. Table 7 shows that the time-

dependent oscillations on lines whose saturated gain did not fill the

resonator did not occur for Fresnel numbers below 1.5 and that their

amplitude increased as the fraction of the resonator filled by the

oscillating line decreased. This data indicates that the time-dependent

oscillations on lines whose saturated gain does not fill the resonator are

independent of the flow rates.
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Run 36 50% Geometric Outcoupled,
Symmetric, Confocal, Un~tabie Resonator

Scraper Mirror NF Pcav PT OSC Amplitude
Slit, mm Torr Watts Feriod Modulation

ns % PT

1.0 0.357 6.55 7.0

2.0 1.428 6.5 6.3 7

3.0 3.214 6.5 3.9 40/7 3.7

4.0 5.714 6.5 1.4 40/7 33.0

5.0 8.929 6.5 0.15 40/7 37.5

Table 7. Frequency and amplitude of the time-dependent oscillation
of total power as a function of Fresnel number for the
flow rates of Run 36 at 6.5 torr. The SF6 bottle was running

out when these data were taken. This caused the total power
to be less than that measured when the individual line

oscillation data were taken.
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Table 8 presents the oscillation data for individual lines as a

function of Fresnel number. From Table 8, it is seen that the 40 ns

oscillation on lines whose saturated gain did not fill the resonator did

not occur for Fresnel numbers below 1.5. Figure 21 shows typical spectrum

analyzer and oscilloscope traces for an oscillating line for Run 36 flow

rates at 6.3 torn. Comparison of the traces of Fig. 21 with those of Fig.

19 indicates that the PI(7) line oscillated with nearly the same amplitude

and frequency for both Run 34 anad Run 36 flow conditions with a 4 mm slit.

This suggests that the length of the saturated gain for the PI(7) line is

approximately the same for both flow rates.

3.7 RUN 34, HIGH PRESSURE, SLIT SCRAPER MIRROR DATA

Oscillation measurements for the low SF, and low H2 flewi rate-, Run

34, were also taken with the flow control valve paitially closed, which

geve a laser cavity pressure of 10.1 tort. It was shown in Chapter II that

doubling the cavity pressure reduced the length of the saturated gait, by

approximately a factor of 2. Because the resonator was symmetric, the

distance between the optical axis and the H2 injectors was always equal to

th2- alit width. Table 9 is a summary of the oscillation data for

individual lines as a function of Fresnel number. From Table 9 it is seen

that the only oscillation observed was the 7 ns mode beat of the laser.

3.8 RUN 36, HIGH PRESSURE, SLIT SCRAPER MIRROR DATA

Oscillation measurements for Run 36 flow rates were aleo taken with

the flow control valve partially closed, which gave a laser cavity pressure

of 11.5 torn. Table 10 is a summary of the data. No oscillations were
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Run 36
P1 (7)

a) Spectrum analyzer trace;
center is 20 MHz;

"4 MHz/division

b) 100 MHz oscilloscope trace;
0.2 ms/division

Figure 21. Typical oscilloscope traces of the time-dependent oscillation on
a line whose saturated gain does not fill the unstable resonator.
These data are for the P (7) line for a scraper mirror slit width

of 4 mm for the Run 36 flow rates at 6.3 torr. The beam was
chopped with a mechanical chopper.
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Run 36' 30% Geometric Outcoupled, Symmetric,
Confocal, Unstable Resonator

Scraper Mirror NF P PT OSC
Slit, mm. Torr Watts Period

ns

1.0 0.357 11.5 2.0 none

2.0 1.428 11.5 0.925 none

3.0 3.214 11.5 0.0

4.0 5.714 11.5 0.0

5.0 8.929 11.5 0.0

Table 10. Frequency and amplitude of the time-dependent
oscillation of total power as a functicn of
Fresnel number for the flow rates of Run 36
at 11.5 torr.
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observed for any of the Fresnel numbers tested. The absence of lasing for

the 5 mm. slit case verifies the MNOR03UR calculation for Run 36 at 11.5

tort with a 5 mm slit scraper mirror which showed that lasing would not

occur.

Since the time-dependent oscillations are a consequence of rotational

nonequilibrium and do not occur if rotational equilibrium is maintained',

these oscillations may not occur as the rotational relaxation rate

increases as the pressure in the laser cavity increases. The absence of

the time-dependent oscillations in the high pressure cases may thus be a

consequence of the increased rotational relaxation rate which occurs at the

higher pressure. On the other hand, the absence of these oscillations in

the high pressure cases may be a consequence of the short gain zones 2 ' 5 , 6 , 7

(( 3 ss whihelf iLt. iit the FLicIel utieber (based on the saturated gain

zone lengths) being less than 1.5, which is too small for the time-

dependent oscillations to occur. To investigate these possibilities, the

laser should be run with the flow control valve wide open to obtain the

highest possible flow velocity, and consequently the longest saturated gain

zones possible, with the flow rates increased until the pressure is in the

10 to 12 torr range. If the measured beam diameters are in the 4 mm to 5

mm range for these conditions and the time-dependent oscillations do not

occur at the 10 to 12 torr pressure range, the data may then indicate that

the increased rotational relaxation rate at these pressures is the

responsible mechanism. MNORO3UR modeling calculations should be performed

to assist in the interpretation of the data.
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3.9 RUN 34, LOW PRESSURE, RECTANGULAR HOLE SCRAPER MIRROR DATA

Measurements of the time-dependent oscillations were made for the

confocal unstable resonator with a rectangular hole scraper mirror. In

this case the resonator is a three dimensional, 75% geometric outcoupled,

confocal unstable resonator rather than a strip resonator, as is the case

when the variable slit scraper mirror is used. The hole in the scraper

mirror is 1.5 mm high by 7.07 mm long, which corresponds to an effective

width of 5.0 mm in the flow direction. This resonator outcoupled a large

percentage of the power from the top and bottom edges of the scraper mirror

rather than from the upstream-downstream edges, which was the only way the

variable slit scraper mirror could outcouple the power.

Oscillations were observed for the Run 34 flow rates at 5.2 torr with

the rectaciglar 'LdA. L1UA LdI2FJL t&LL .LUL .1b d LUUA.• .LULL UJ. -c. Table I I aL .

summary of the data. The data were obtained from 500 MHz oscillocope

traces. Unfortunately, the 40 MHz spectrum analyzer, which had been

borrowed from another research group, was not available at the time of

these experiments. Table 11 shows that the time-dependent oscillations do

occur when a 3-D resonator is used. The periods of the oscillations agree

with the predicted 40 ns period. In addition to the 40 na time-dependent

oscillatirn, the 7 ns mode beat was also observed. Fig. 22 shows typical

500 MHz oscilloscope traces for two of the oscillating lines. Fig. 22a

shows the 40 ns oscillation and Fig. 22b show-i the 7 ns mode beat of the

laser. These data show that the period of the oscillations is independent

of the dimensionality of the resonator.

The time-dependent oscillations had the same frequency for both the

2-D and 3-D unstable resonators. This suggests that the frequency of the
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Run 34
Rectangular Hole
Scraper Mirror

a) P2 (8);

So\0 114z oscilloscope
trace; 20 ns/division,
showing the 40 ns
time-dependent
oscillation

Il

"W TT ' O b) P 7)

500 MHz oscilloscope
trace; 20 ns/division,

showing the 7 ns mode
beat of th2 laser

Figure 22. Typical oscilloscope traces of the time-dependent oscillations on
lines whose saturated gain does not fill the unstable resonator.
These data are for the lines P 2(8) and P1 (7) for a scraper mirror

with a rectangular hole 1.5 mm high by 7.07 mm long (corresponding
to an effective slit of 5.0 mm in the flow direction), for the
Run 34 flow rates at 5.2 torr. The optical axis of the resonator
was at the center of the hole in the scraper mirror. The beam was
chopped with a mechanical chopper.

0,J
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time-dependent oscillation is a function of magnification not geometric

outcoupling, because both the 2-D and 3-D resonators had the same

magnification of 2, but the 2-D resonator had a geowetric outcoupling ratio

of 50% while the 3-D resonator had a geometric outcoupling ratio of 75%.

The magnification of the unstable resonator should be changed to determine

whether the frequency of the time-dependent oscillation changes as

predicted ,2.

Unfortunately, the rectangular hole scraper mirror could not be

aligned as accurately as the slit scraper mirror because of the difficulty

of determining when the HeNe alignment beam was at the center of the

hole. Thus, there was uncertainty in the location of the scraper mirror

with respect to the optical axis. In spite of this alignment problem, the

data with the rectangular hole scraper mirror show that the time-dependent

oscillations on lines whose saturated gain does not fill the unstable

resonator occur in 3-D as well as 2-D resonators. Further work needs to be

done to determine the extent of the 3-D effect on the total power, spectra

and time-dependent oscillations for the various flow conditions.
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IV. CONCLUDING REMARKS

The comparison of the low pressure stable resonator data %ith the

corresponding high pressure data showed that the beam diameter and total

power increased for all six flow rate combinations when the cavity pressure

was decreased. The total power increases are evidence that the HF

deactivation rate decreased due to the lower pressure. The fraction of the

power in the 1+0 vibrational band did not change significantly for any of

the flow rates when the pressure was decreased. The power spectral

distributions shifted to lower J's as the pressure decreased, due to the

decrease in rotational relaxation which occurs at low pressures. The

comparison of the MNORO3 power spectral distributions with the low pressure

stable resonator data showed that the model is in reasonable agreement with

the data. As in the high pressure case, the predicted peak of the power

spectral distribution was one or two i's too low. The difference between

the MOR03 predictions and the experimental stable resonator data is a

consequence of the Fabry-Perot resonator employed in the calculations.

Since, for the high pressure case, the stable resonator model, MNORO3SR,

power spectral distributions were in better agreement with the data, a

similar result is expected for the low presz..c case. These comparisons

show that the model agrees with the data as flow rates, cavity losses and

pressure are varied.

The minimum in the spectra at P2(11) occurred in the low pressure as

well as in the high pressure data. However, the lines P2(10) to P2 (02)

were weaker in the low pressure cases than in the high pressure cases.

This supports the interpretation of the minima as evidence of a kinetic

effect, namely a near resonant energy transfer fr m v-3, J-3, 4 to v=2,



J-14 with a subsequent rotational cascade to v=2, J=li.

The time-dependent oscillations in the output power of a cw laser

employing a confocal, unstable resonator all had a period of about 40 ns

and increased in amplitude as the fraction of the resonator filled by the

saturated gain of the oscillating line decreased. The period of the

oscillation is independent of flow conditions and the amplitude of the

oscillation depends only upon the fraction of the resonator filled by the

oscillating line, as predicted by the MNORO3UR calculations. There was a

strong cascade coupling between the oscillating 2+1 and 1+0 lines. In

addition to the 40 ns oscillation, a 7 ns oscillation was observed

superimposed on top of it. The 7 ns oscillation probably corresponds to a

mode beat of the laser. As predicted by the MNOR03UR calculations, the

oscillations on lines whose saturated gain did not fill the unstable

resonator do not occur for Fresnel numbers less than 1.5.

The time-dependent oscillation3 did not occur for the high pressure

cases which may be either a consequence of the increased rotational

relaxation rate which occurs at higher pressure or the saturated gain zones

may be too short, which causes the Fresnel number (based on the saturated

gain zone lengths) to be too small for the time-dependent oscillations to

occur. To investigate these possibilities, the laser should be run at high

pressure with a high flow velocity to stretch the saturated gain zones

sufficiently (Fresnel number > 3) to determine whether the time-dependent

oscillations occur at high pressure.

Time-dependent oscillations on lines whose saturated gain did not fill

the unstable resonator were also observed using a scraper mirror with a

rectangular hole in it. The periods and amplitudes were similar to those
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which occurred using the split scrapet mirror. Thus, the time-dependent

oscillations occur in both two and three dimensional unstable resonators.

The data indicated that the frequency of the time-dependent

oscillations is determined by the resonator magnification rather than the

geometric outcoupling ratio. The resonator magnification should be changed

to determine whether the frequency of the time-dependent oscillations

changes as predicted ,2.

By varying the optical axis location of the unstable resonator and

noting when various lines begin to exhibit the time-dependent oscillations,

it may be possible by comparison with the MNORO3UR gain profiles to

determine the extent of the saturated gain zones in the unstable

resonator. If this procedure would work, the occurrence of the time-

ionendent o t•ons could--- developed into a diagnostic tcchniquc for

measuring the extent of the saturated gain zones of the lasing lines in the

unstable resonator. Such a capability would represent a significant

increase in the level of diagnostic detail obtainable from a chemical laser

and would greatly increase confidence in design calculations.
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