
AD A000 037 

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ CAST HARTFO~ 3 COHN 21/8 ‘N

JAN 80 H C ~ ‘j LC R. I. A NEIMAN, 0 C SMITH FflblleT7_C_0039
. P I C L A S S I F T T h  - uTRC/Ry9~ g2aM ~~s-25 A FRPL—T R 79 51 NI.

U 

flD !!LUU ____

_ _ -

tfl~~Uflfl
nfl . _



_ _

I I  I ~~~~~~~~~~~~

_ _ _ _  1.8

I .25 
~~ ~

4

MICROCOPY RESOLUTION TEST CH~~T
NATIONAL BUREAU OL STANDAROS-I963-~



AFRPL.TR.79.5i 

~ 1

BEAMED ENERGY COUPLING STUDIES

Final Technical Report

H t

~~ UNITED TECHNOLOGIES
.. RESEARCH CENTER

~~ EAST HARTFORD, CONNECTICUT 06108

AUTHORS: MC. FOWLER
I L.A. NEWMAN

D.C. SMITH

FOR PERIOD COVERING 1 JUNE 1977 TO MAY 31, 1979

J A N U A R Y  1 9 8 0  F
Approved for Public Release;

DistributIon Unlimited.

.3
AIR FORCE ROCKET PROPULSION LABORATORY__ DIRECTOR OF SCIENCE AND TECHNOLOGY
AIR FORCE SYSTEMS COMMAND

c.~ 
EDWARDS AFB, CALIFORNIA 93523 D D C

E~!IITH TS t~ c~’:: ’~ ’T IS “FS T OUALITY PRACT!CAB~2~~ B
TIiJ~ C~~~ yu~J 4 ’ - ~~T :) TO SD c CON TA INED A •

S I G N I Y J C ~~:T “~~~~~ ‘OF PAGE S WHICH DO L~OT

80 1 31 085

~~~_ _ _ _ _ _ _ _ _  

_______________________



-

liOTICES

~~en U. S . Governuent drawings , specif icat ions , or other dat a are used for any
purpose other than a definitely related goverw ient procurement operation , the
government thereby incurs no responsibility nor any obligation whatsoever and
the f act that the government may have formulated, furnished , or in any way
supplied the said drawings, specifications, or other data, is not regarded by
implication or otherwise, or in any manner licensing the holder or any Other
person or corporat ion , or conveying any rights or permission to manufacture,
use or sell any patented invent ion that nay in any way be related thereto.

FOREWORD

This final report was submitted by United Technologies Research Center, East
Hartford, CT under Contract FO~6ll—77— C—OO39, Job Order Number 2308M1QQ, with
the Air Force Rocket Propulsion Laboratory, Edwards AFB, CA. The authors wish
to gratefully acknowledge the valuable technical assistance of L. Muldrew, B.
Doyle, J. ~y cz , P. Basilica, and W. New in carrying out the experimental por-
tion of this program.

This report has been reviewed by the Information Office and is releasable to
the :~ational Technical Information Service (NTIS). At NTIS it will be avail-
able to the general public, including foreign nations.

This technical report has been reviewed and is approved for publication; it
is unclassified and suitable for general public release.

~~~~ CURTIS C. SELPH
Proj ect Manager

FOR T’~1L CO!~4A1~DER

EDWARD B. STEIN
Deputy Chief, Liquid Rocket Division

— 

_ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



DISCLAIM ER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DDC CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO NOT

REPRODUCE LEGIBLY .

U



UiICLAS~~IFIED
SECU RIT SSIFICATION OF THIS DAGE ( ) niered)(‘~j) REPORT DOCUMENTATION PAGE BEFORE c~~MPLETING FORM

(i,~! ~~~~P T R 79—5 l 
12 GOVT ACCESSION NO. 3. RECIPIENT S C A T A L O G  Nu:BEP

~~~~~~~~~~~ 5 TY P E GE PEPORT & PERIOD C O V E R E D

~~EAflED~~ flEPGY COUPLING STUDIE2 • ~iL~-~~ ~ 11 -

~~~~~~~~~~~~~ ~~~~~~~~~ 
_
~#i i ui TI~~~~i;7~~022895_ 257T

Nuu
~~

7. A UTHOR(I) ‘f~ \~~~~~~~~~~~~~~~ 
~_~p.~?D.#~T ‘~~~ ~~~ - W UMBE R( i .I

10 ~ ‘ . c. /Fowler~ L. 4./ ~~~~~ ‘i., nc, ,~
c./ S~~ith [— —_....._J /3 F,~ 46ll—TT— C.7~7~~~ J

-. ~~~~ W~~~~~NMINU ~ W~~~ N IZ A T I O N  NAME AND 4DDRESS .i~~. GRAM ELEME OJECT . TASK
A a W ORK UNIT NUMBERS

________________________________________________ 

G~~~~~~~~~iippiup,~ 

~~~11. CO N T R O L L I N G  OFFICE NAM E AND ADDR SS ~I • rs.~ .

/ /  Jam..
Air Force Rocket Propulsion Laboratory B E R O F PA GES~~~

~uwards AFB , Cal i fc~rr i ia  93523 136
IA M ONITOR I NG A G E N C Y  NAME A AODRESS(I( dlll.r.. ,I pmc. . SECURITY CLASS.  (of this r.por t)

~~~~ ~~~
nclassified

15.. DEC%.ASSIFICATION ’ OOWN GRADING
SCHEDULE

lb OIS’~RIULJ ’ O M  S~~ATE UENT (of thI, R.po?I)

~~~~~~~~~~ ~~~~ publ ic  release
i rt r i 1~.ut ion ~]nlimited

~~ 

/ 
~ ~Il. DISTRI BU S AT EMENT (of the abstract .af.r.d ln Block 2O~ ft dl(f.t SItf from R.po,f)

F:V~ CA’ ~~~~~~~~~~~~~~ V Q 1s~ L...,
/ ~~~ rp 7~~~~~ ,r~ q ‘/5~I S  SUPPLEMEN~~A RY NOTES

5. K EY  W O RDS (Con rln~se on rev.r a, side if n.c...ar.~ mid idenllfy by block number)

La’-er propulsion , molecular coupling, CO2 lasers, CO lasers, laser supportol

~~rr ar , laser supported flames, absorption coefficient , H2, 1120, D20, nil 3.

~~~~~~~~ A B S T R A C T  (Continu, on rarer.. aid. It n.c.s.a~~ and Identify by block number)

T h i :  rr~nort describes the analytical and experimental result s of a study to
Jet rn ine  the feas ib i l i ty  of using molecular seeds to CQuple COç laser radiatior

1] tnd CO laser radiation to the working fluid, 1~~, of a high performance rocket
th r us te r .  The gas mixtures studied experimentally were H2/}120, 1i2/~~

’0, an~t
1l~

’/~ ~ 
at C0~~laser wavelenj-~hs. The promise of CO as ’an absorber of CO laser

rad i ation was established r alytically . To attain the ~~~~ 
Veinperatures,

lOOP_60001K , desired , thesc mixtures were placed in a cell positioned in

DD JAN 73 11h73 EDITION OF I NOV AS IS OBSOLETE UN CLASSIFIED
SECURITY CLA SSIF ICATI O PI OF THIS PAGE (BI,.n Dma

‘ 0 5 1 
____

L ~, . .~ ~~~. . .._ 
....._._.~~~~s... —. 

. - .- --



( J r UNCLASSIFIBD
SECURITY C~~A$1IP$CAT~O$ OP THIS PAOEflSS~~i S.f. Ia~.,.d)

diagnostic apparatus which determined the spatial variation of the mixture

absorpt ion coeff icient and temperatur~~about the axis of a hot , dense plasma
susta ined by focused high power CW CO2 laser radiation. The measurements on

F these mixtures indicated their performance as couplers to exceed expectations

created by the analytical study. In addition, it was found that in the absence
of plasma, the temperature of the mixtures could be raised to tezaperatures as
high as 2000_b000rK simply by absorption by the mixture of laser energy at the

high power beam ~~cal spot to create the observed laser sustained 
flame. Fur-

ther work is nee4ed to determine the conditions under which this flame can be
sustained in the/laser energized rocket thruster.

I

ACCESSION for —

NTIS White Sectica ~~DOC Buff Sectloo 0
UNA~4”4OU~1CED 0
IIJS~ ~‘~TION ___________

BY _ _ _

OISTRIBU1I1~(*Y*A8IUTT CI~Ot3
~ii~ AVML and/o VE~çIN.

k~~~m
UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAQE(IThan D•ta Ent.r.d)



• ~

-— — - - - -

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

R79—922895—25

TABLE OF CONTENTS

Page

SECTiON 1 — INTR ODUCTION 6

SECTION II — ANALYTICAL RESULTS 8

Introduction 8
Anal ytical Methods 9
Wavelength Reg ion: 5~ m 13
Wavel ength Reg ion: I0.6~m 37
Conclusions 59

SECT iON I I I  — EXPERIMENTAL METHOD 60

Introduction 60
The Hi gh Pre ssure Cell 60
The Gas Ha nd l i ng System 62
Diagnostic Appara tu s 64
Det ector Signal Cond i t ioning and S torage 67
Data Processing 68

• SECTiON IV - EXPERIMENTAL RESULTS 74

Refraction Effects 74

The Laser Sustained Flame 74
Examp le of Data Reduction 79

J 
Measured ku(T) Curves 86
Coupling Measurements 92

SECTIO~4 V — DISCUSSION 96

REFE RE NCES 98

.~P P E N D I X  A — CARBON MONOXIDE LASER LIGHT SOURCE 102

kPP F ND1 X B - COMPUTER PROGRA M “STOR2” 104

APPEN D IX C — COMPUTER PROGRAM “RED5 ” 107

APPENDIX I) — COMPUTER PROGRAM “DALI” 110

1 _ 1

~1~~ 
.—-- . .- - 

-.- - - .

-.-  - _ _ _ _ _  _ _ _ _  — —.~~
--.- — ~~~~~~~~~ ~~~~



R79—922895—2 5

TA8LE OF CONTENTS (Cont ’d)

APPENDIX E — COMPUTER PROG RAM “P” 112

APPENDIX F - COMPUTER PROG RAM “DRED4” 114

APPENDIX C — COMP UTER PROGRAM “CHOOS2” 117

APPENDIX H - COMPUTER PROGRAM “MASAGS” 120

APPENDIX I — COMPUTER PROGRAM “ABEL8” 125

V

2

~~~~~~~~~~~~~~~ 
“T.~~

.: 
_ _ _ _ _ _ _



Ri 9—922895—25

ILLUSTRAT I ON S

Page

1. Equilibrium Chemistry at 10 atm 112 and one at m

CO vs Temperature 14

2. Absorption Spectra—One atm CO in 10 atm H2 15

3. CO Absorption Coefficient vs Temperature 17

4. Absorption per cm vs Temperature One atm CO in 10 atm H2 . . .  18

5. Absorption Cross Section for Ground State CO 21

6. CO Saturation Intensity vs Temperature 22

7. Equilibrium Chemistry of 10 atm H2 and One atm

1120 vs Temperature 23

8. Absorption Spectra—One atm H20 in 10 atm 26

9. Absorption Coefficient Function g(W) vs W for
1(20 (T~ 6OO K )  28

1 0. Absorption Coefficient Function g(W) vs W for

H20 (T=3000 K) 29

11. H2 C and W~ Parameters for V2 R Branch vs Temperature 30

2. k(2000 cm~~), a(2012 .5 cm~~ )/u and ã(2000—2020 cm ’)

for on~ atm H20 m 10 a tm vs Tempera ture 31

13. Abs orption per cm (k(2000 cm~~ )u) For One atm 1(20
in 1U atm H2 vs Temperature 33

14. Absorption Sepctra—One atm OD in 10 atm H2 35

15 . Ab sorpt ion per CM for One atm OD in 10 atm 112 vs Temperature . . 36

16. Equilibrium Chemistry of 10 atm 112 and One atm D20 vs

T..rr~~erature 
38

17 . Absorption Spectra—One atm 1120 in 10 atm 112 40

18. Absorption Spectra—One atm HDO in 10 atm 
~2 

41

t.

— .

~~ 

.
~~~~~~~

.—

p ~~~~ -. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . -.-~~ 
. . 

.- J



•1

R79—922895—25

ILLUSTRATIONS (Cont ’d)

19. Absorption Spectra—One ate D2 in 10 atm H2tm 

20. Absorption Spectra—One ate D20 in 10 atm 112
(D20 Data Base Augmented ) 45

21. 1120 C and W* Parameters for i’2 P Branch vs
Temperature 47

22. 1(20 C~ and Parameters for Rotational Transitions
vs Temperature 48

23. ~ (950 cm~~) and a(945 cm~
1)/u for One Ate H20 in

10 Atm 112 vs Temperature 50

24. Absorption per cm (I~ (950 cm~~)u) for One Atm 1(20 in
10 Atm 112 vs Temperature 51

25. ~ (950 cm~~) and a(945)/u for One Atm HDO in 10
Ate H2 vs Temperature 52

26. k (950) and a(945)/u for One Atm D20 in 10 Atm
112 vs Temperature 53

27. Absorption per cm (E (950 cIn~~)u) for One Ate D20 in
10 Atm 

~~ 
vs Temperature 

28. Equilibrium Chemistry of 10 Atm 112 and One Ate NH3 vs
Temperature 56

29. Absorption Spectra—One Ate NH3 in 10 Atm 112 57

30. Absorption per cm(a(945.94 cm~~)) for One Atm NH3 in
10 Atm 112 vs Temperature 58

31. High Pressure Plasma Containment Cell 61

32. Gas Handling System 63

33. Diagnostic Apparatus 65

34. Measured Profiles 1r and I~
’ Along with ‘r and I~ in the

Presence of Laser Sustained Plasma in 11 Atm 112 75

-- 

~~~~~~~~~~ 

~~~~~~~~~~~~~

—- —~~~~— — —~~ —~~~~~~~~~~~~~~~~~~ 

—



—,. -~~~~— -
~~~~~~~~~~~~~

.- -
~~~
.-

R79 922895 25

iLLUSTRATIONS (Cont  ‘d )

35. Measured Spon taneous  Emission Profiles I~ and I~~’ 76

36. Pr of i l e s of I
~~~

, I~~°, ~~ 
and 1~ After Being

Pr ocessed Thr ough “RED5” 77

37 . Beam Profiles in the Absence of Plasma 80

38. Beam Profiles in the Presence of Plasma 81

39. Calculated Values of ~ P and A~ 82

40. Least Squares Fit of ~ P Da t a 83

41 .  Least  Squares Fit of~~4 Data 84

42 .  Measured Absorption Per cm vs Temperature (T) — H2/H 20 85

43. Measured Absorption Per cm vs Tempe rature (T) — H2/D 20 89

44. Measured Absorption Per cm vs Temperature (T) — 112/NH 3 91

45. Effect of Power on Coupling 94

46. Effect of on Coup li ng 95

5 

________ 
1 



- -

R79—92 289 5—25

SECTION I

INTRODUCTION

This report deals w i t h  the results of an investi gation to determine the
f e a s i b i l i ty of using molecular seeds in h i gh performanc e work i ng f l u ids such as
hy drogen to absorb energy incident from a distant laser source and utilize this
energy to raise the heat content of the working f l u i d  which  provides thrust for
a rocket. The ultimate objective of a laser thruster program is to generate .a
hi gh temperature—hign pressure gas which is predominant ly hydrogen in order to
u t i l i z e  the low mass and~therefore high specific impulse of a high tempera ture
hy drogen rocket propellant . The seed molecules are required to absorb the
laser ene rgy and thereby increase the gas temperature to the 5000 to 6000’K
range . The study is thus part of the beamed energy concept , a h i ghl y attractive
approach to several rocke t applica tions.

In this study ,  focus was placed first on calculating analyticall y and
then measuring experimentally the absorp t ion per cm of several molecu lar  seeds
at temperatures up to 6000 K. The analy tical study considered molecular seed
candidates for both the CO (CO, 1120 and OD seed candidates) and CO2 (1(20,
HDO, D20 and NH3 seed candidates) lasers , and the results of that study
are presented in the present report.~ Ob t a in ing  tempera tu res as hi gh as 600 0 K
in a molecular gas such as hydrogen by conven tional methods such as shock tubes
is extreme ly difficul t , 80 a novel heat source was used. This source was a hot
dense plasma crea ted in the gas mixture under study by pu lsed la ser i nduce d gas
breakdown and then sustained by the focused output of 7 kW CW CO2 laser for a
t ime interva l on the order of ten seconds. This t ime limit was set by cell and
window heating and is not a fundamental limit to the laser sustained p lasma
life t ime . The cell containing he mix ture under study had been placed in one
ann of an interferometer modif ed in such a way as to permit simultaneou s
determination of the phase shif t and power loss for radiat ion passing through
the hea ted reg ion of the cell from the interferometer li gh t source , a third
CO2 laser operating at a wavelength of interest to this study. Processing
the phase shift and power loss information resulted in obtaining bo th the
magnitude and the temperature dependence of the absorption per cm of the
mixture.

The results of the analy t i ca l  inves t iga t ion are bri ef l y summar ized  for 9%
mixtures of the candidate in 112 at 11 atmospheres pressure. Of the candidate
molec u les for coup ling to CO laser radiation , the CO molecule performed the
bes t , exhibi ting an absorption per cm of 10—2 at temperatures as low as
300°K and a chemical sta b i l i ty which pe rmi ts thi s magn i tude to be ma in t ained
to temperatures in excess of 6000°K. Optical saturation of CO was found not to
be a problem at laser intensities of interest to the beamed energy concept.
The molec ule D20 was found to be the most effective cou~ 1er to CO2 l aser
radia t ion , having an absorp tion per cm in excess of 10 in the temperature6
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interval between 400°K and 4800°K. The molecule H20 was found to coup le
effectivel y to both the CO and CO2 laser , its absorption per cm l0 2 over
the temperature range between 400°K to 3800°K in the former case and
l300°K to 4

8
000K in the latter. The ammonia molecule is a very effective

coup ler onl y at temperatures be low about l000°K due to thermal decomposition.

The experimental invest i gation was carried out onl y at CO2 laser wavelengths
althoug h a hi gh performance CO probe laser was construc t ed for measurements at
Spm.

In c a r r y ing Out the exper imental  invest i gat ion at CO2 laser wavelengths , two
i n t e r e s t i n g  r e s u l t s  were  ob ta ined :  First , for the binary mixtures H2/H 2O and
H2 / D 20 the measured magnitude of the absorption per cm was si g n i f i c a nt l y
higher than calculated anal yticall y while exhibiting a temperature dependenc~
consistant with that determined in the ana lytical stud y. Second , it was found
that in the absence of any plasma whatsoeve r , the degree of energy absorption
by the 112/ H 20, H2/ D 20 and }12/ N U 3 mixtures from the focused h igh power CW
CO2 laser was sufficient to heat the mixture locall y to temperatures as high
as 390O~ K , produci ng a visible discharge of li ght from the hi gh power laser
focil reg ion. The first of these results indicates that 1(20 and D20 are
indecu very attractive molecular seeds for coup li ng laser radiation to
rocke t thruster working fluids , being even more attractive than was indicated
by the anal ytica l stud y. The second result indicates the possibility that
there exists a set of (seed concentration and composition)/(laser incident
int ensity) conditions for which the laser powered rocke t thruster can self

activate , that is , bring it self up to a temperature region of high absorbtivity
t the incident laser radiation without the need of any mixture preheating with
l. c tr ic sparks or any energy adding device other than the incident laser

radiation itself.

In the following sections , this investigation is described in detail ,
beg inning in Section IT with a description of the analytical results. Section
III is a descri pt ion of the experimental set up, the method of data gathering ,
and the proce cs of data reduction . The results of the measurements are pre—

~e~~ted in Section IV , and conclusions drawn from these measurements as well ~s

~~commr -r1at ions for future work are given in Section V.

7

-. _ _ _ _ _ _ _  . .— -—-- ——.—------ --- ——.-—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ._. 4



~~~~~~~~~~

R79—922895— 25

SECTION II

ANALYTICAL RESULTS

Introduc t ion

This section summarizes the results of the analytical study to determine the
optical absorption properties of several molecules at two wavelengths , namely 5.0
pm arid 10.6 pm , in the electromagnetic spectrum . The molecules considered were CC,
H20, HDO, D20, NH3 

and OD. For any molecule, the absorption per unit length is
the product of the absorption coefficient of the molecule, it, and the molecules ’
concentration u. This study considered mixtures of the above named molecules in
hydrogen at temperatures extending from 300°K to 6000°K, and therefore resolved
itself into considering separately the temperature variation of both k, due to
molecular energy level positions, partition function values, induced emission , and
collisional pressure broadening , and u due to density decrease and shifting chemical
equilibria with increasing temperature.

The following subsection is a general discussion of the analytical techniques
used to study the temperature dependence of both it and u. In the former case two
general approaches are used: 1) a. line by line summation over the known optical
transitions of the molecule in the wavelength region of interest and 2) an empirical
method useful for those situations in which the transitions are too numerous and too
complicated to permit rapid line—by—line calculation of it. The former method is
amenable to all the molecules studied at temperatures below about l500°K as both CO
and OD are simple enough in structure to permit an easy all incl’1sive treatment of
the transitions of interest while for the other three molecules, tables of transi-
tions and/or energy levels permit calculation of it so long as the temperature is not
so high that transitions not attainable from the table become important. The line—
by—line calculation is relatively useful at the lower temperatures as it provides a
detailed description of the wavelength dependence of k, permitting selection of an
effective laser line for coupling energy into the molecule. At higher temperatures,
the increase in spectral line density due to excited state transitions and band
overlap causes an increase in the accuracy of the empirical band formulae which
provide the average value of it, denoted i~, over a specified wavelength interval.

The results of the application of these techniques to the above mentioned
molecules are described. In each case the equilibrium concentration of the molecule
is calculated and combined with the calculated value of k. Where warranted, a dis-
cussion of the degree to which equilibrium is established in the mixture under
practical conditions is included. In addition , for CC, the extent of optical bleaching
of the molecule by the coupled rad~ on field is calculated.8
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The findings of the study indicate CO as the coupling molecule of choice at

5 pm wavelength and D20 the molecule of choice at 10.6 pm.

Analytical Methods

Eq_u i i ib r i um  Chemistry

For each of the candidate  molecules , calculation was made of the equil ibrium
chemical composi t ion in a mixture  ini t ial ly containing ten atmospheres of hydrogen
oi~ on e atmos phere of the candidat e molecule. The calculations were carried out for
coii~ t.ant total pressure , eleven atmospheres, at t emperatures up to 6000°K . The
caicul ations were made using a computer program described in detail elsewhere .1

The density unit used throughout this report , t he amagat , is the density of an
h eal gas of one atmosphere pressure at 273°K, 2.69 x 1019 molecules per cubic centi-
meter.

Absorption Coefficient Computation

Line-13~-Line Calculation

In th is method , the val ue of the absorption coefficient, it, at frequency w
is expressed as a sum over the contributions at w of optical transiticns centered
a~ frequencies wj

I

~~~~~~~~~~~~ (1)

the frequency of the  ith transit ion and kj(~~,wj) is the contribution of this
transition to k(w). The value of k

~
(u ,wj) is the product of the line intensity , S1,

for the t ransi t ion and its associated line factor , L1, which for the high (10 atmos—
r u ~ res hy drogen) pressures of interest to this study , takes the form peculiar to
collisional l ine  broadening:

L1k1,C.J 1,y1): y1/( lr (yi2 + ( W ~~~~j ) 2 )) (:~)

In t~i1s Expression ii is the ithe width of the transition due to collisions both

r i t ~ other absorbing molecules and with other molecules in the mixture.

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
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For a molecule possessing a permanent dipole moment M0 and undergoing a
transit ion from a rotational angular momentum state characterized by the quantum
number J ” to one characterized by J’ the value of S~ , denot ed by s1(J ” , J ’ , w )  for
this pure rotational transition is given by 2

S1 (J”,J’,w) = ~~~~~~~~ Si:’ exp (— Ej/kT)(I — exp - hCw 1/kT)) (3)

where EL is the energy of the molecule relat ive to J” equaling zero in the lowest
vibrational state, Q

~
(T) is the internal energy partition function of the molecule,

and S~,
’, is the line strength of tue transition and depends on the values of J” and J’.

Where the molecule changes its vibrational as well as its rotational level, S~ ~
denoted by S~

(J” , J’, v”):3

S
s~(J ’,J’,v~ w): B 

~~~ 
exp( — Ej/ kT )( I— exp( — hc ,.,1/kT)) (14 )

~‘~0

where v” is the lower level vibrational quantum number , w 0 is the energy separat ion
between the levels (v”, J” = 0) and (v” + 1, J’ = 0) and SB, called the band strength ,
is the sum of S1(J ”, J’ , v”, w )  over all J” and v”. For the simple molecules CO and
CD the quantities wj ,  E~ and S~~ are calculated relatively easily and the use of the
Line oy line method to calculate k(u) for these molecules will be described. Also ,
tabulations of wj • , EL and S~~ exist for H20, HDO, D20 and NH3 so that highly resolved
absorption spectra were calculated and the results of those calculations wi ll be
given. The fractional power loss per unit length calculated by line—by-line cal~ ula—
tions is denoted by a.

Band Model Calculations

As can be seen from the above discussion, line by line calculations are par-
ticularly useful when there are either relatively few transitions contributing to
the value of k(w) or, if this is not the case, the values of Sj and L1 are readily
calculable from simple formul~is. As will be seen, the latter proves to be the case
for simple molecules as CO and CD but not for more complex ones as H20, MDC and D20
and NH3. For the latter, line by line cal~ulations may be done at relatively low
temperatures using values of EL, 

~i 
and Si” obtained from experimental data and

compiled in tabular form by a number of workers. At higher temperatures however,
H transitions , originating from higher lying energy levels not appearing in the

tables become important and the value of }t(w) calculated using the line by line
method is too small. Since for these molecules the necessary additional information
needed can not be readily obtained, resort is made to band models in which the

10
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measured absorption coefficient centered at w and extending over a given frequency
interval to either side of w is set equal to the average of k ( u )  over the interval
inside which the line intensity and the interline spacing are assumed to have given
mathematical forms . This study uses the work of Ludwig 3’~ in which t he spect ral
lines~ of 1120 in both wavelength regions of interest are assumed to be randomly spaced ,
and the probability of a line having intensity S~ is assumed to have the form

P(S): S0~~exp (—S/ s0)

inside the spatial interval , 25 cm~~ in Ludwig ’s case , for which measurements were
made . For this model the experimentally measured value of transmittance, T , takes
on a particularly simple form

Jn(T)~~huf(I +~ u1/4or~ 
(6)

where ~ is the value of k~ averaged over the experimental frequency interval , 9. is
the experimental pathlength and a is the ratio of the line width to the line den-
sity d,the number of absorption lines per cm~~. By determining I at a given tempera-
ture over a range of u , one can determine both ~ and d , assuming a knowledge of y1.

From his measurements on H2C , Ludwig~ provides values of k and d for the
frequencies of interest to this study for temperatures up to 3000°K. As the
temperature range of interest in the present study extends to 6000°K and the species
HDO and D20 are also of interest, scaling laws were developed to extend Ludwig’s

• resuL~s to higher temperatures and the other isotopic species of water, and these
scaling laws are now described in general terms with the detailed results presented
b.n following sections.

The scaling laws to be developed are derived from a treatment of k given by
Penne r. 5 In this treatment , the local average absorption coefficient k(J ” , J’ , v ’ ,

~) is expressed as the ratio of s(J ” , J’, v”, w) to the spacing between adajacent
absorption lines which for a simple diatomic molecule is simply 2B where B is the
molecule ’s rotational energy constant. For a diatomic molecule in a 1E electronic
state the quantities ~~~ and and the associated values of w are given b~

S~~
’:J+ IJ ( 7)

Wj : w0 + 2B (J+p)
and

s~
_ I

= J  (d)

W~~ W0- 2BJ

11

~~~~ lI_ - -  a- — -- —---- fl’ — -----~~
---

~~
-
~ 

______1_ —.- -—_-  -“ ~_._•:_ ._~. ~ ~~~~~~~~~~~~~~~~



R79—922895—25

For a pure rotational t ransition, 
~~ 

is replaced by zero in Eqs. 7 and 8. The
p art ition f unction Q is factored into its vibrational, Q.,, and rotational 

~r’ 
parts

o~ - ( I— exp(—hcw 0,kT)) (
~

)
OR: kT/hCB

and functions, defined as k(J”, J’ , v”, w) divided by (1~~—hcw/kT) and summed over
can be written in the following form for rotat ional , fr ( w ) s  and rotation—

vibration , f~...,(u) transitions respectively

I 81r3M02 \1w2 \
fR(W) = ~ 3hC ~~~~ 

exp(- w 2/cu.2) (10)

Q(w)E fRv(w)(~~~
w
0)= 

Se Qv(T) (w o_w 
)

2
exp (_ (wo

_ w) 2 /~ ’2 )

where

( 12)

Thus it is seen that for either type of transition, the absorption coefficient data
can be transformed to a function of frequen5~ which exhibits a maximum at ca or u—u 0
equaling w*, which is seen to scale as (BT)3-”. Furthermore , in the case of
its magnitude at u0 is seen to be independent of both temperature and isotopic species
to the extent that is species independent. In contrast g(~~) is expected to
increase with temperature as Q

~(T) does, but, since SB itself scales with w0, isdependent on isot opic species only to the extent that Q~ (T)  is.

In the following subsections it is assumed that ~ ( u )  for a given transition
exhibits the same general behavior as described above for i~(J ” , J’ , v”, u) so that

may be scaled as described for t emperature and isotopic species in order to
obtain ~ for 1120, MDC and 

~2 at temperatures up to 6000°K .

I
12
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Wavelength  Region : 5 ~rn

Carbon Monoxide

Chemical Ciiarac~.eristics

The equilibrium composition of a mixture made up initially of ten
atmospheres H 2 and one atmosphere CO is shown as a function of temperature in F~~~. 1.
In the  f igure , only the major species are shown. The high resistance of CO to
thermal decomposition at high t emperat ure , even in a reducing hydrogen atmosphere ,
is apparent in the fi gure , the CO fraction having been reduced by only 50 percent
at 6000°K. At the lowest temperatures, less than J.500°K, the equilibrium situation
is apparently dominated by the water—gas reaction which converts CO and 112 to
methane and water. It is seen that in this temperature range, the CO fraction is
reduced to essentially zero if chemical equilibrium is attained. If it is assumed
that  the length of the region over which laser radiation is to be absorbed is one
meter and. that the flow rate is at least 100 m/sec , it is seen that the time avail-
able for the establishment of chemical equilibrium is less than 10 milliseconds,
and it remains to determine the chemical equilibrium relaxation time for the system.
It is 1u~own that reactions involving CO and H2 to form hydrocarbon are slow and
require catalysts at temperatures of 6000K,6 but the question concerning the
degree to which equilibrium is reached at t emperatures between 500°K and 1500°K in
the gas phase in the present application is as yet unanswered.

~pectrosco~ ic Characteristics

Of all the candidat e molecules , carbon monoxide is the simplest, with
extensive information available for the accurate calculation of the quantities ui,

and liç in Lq. ~. . The expression of for S’~ , is given by Eqs. 7 and ö and the

value of 
~B 

has been determined experimentally.7 The value of Q(T) is readily

obtained from a simple formula8 incorporating the spectroscopic constants contained
in Ref .  9. The value of y has been determined for CO self—broadening as a function

~f J tI lO and t he value for 112 broadening was obtained simply by multiplying the
- elf—broadening coeff ic ient  by the square root of the ratio of the CO—CO reduced
mass to the H2—CO reduced mass under the assumption that the difference between the
tw .- coe f f ic ien t s  is due mainly  to the different  relative velocities for the two

~~~dir1g molecular pairs. Consista nt with the latter, the temperature scaling of I
was taken to be T~~ ’2 si nce at constant pressure, the total density decreased as
T ’ while  the relative veloc i ty of ‘ollision increased as pl/2~ In calculating
k(w), the summation included both the r (J”-’J”—l) and R (J ”-’J”+l) transitions arising
from the lowest ho rotational levels in the first ten vibrational levels of the
molecule. The results, are presented as a function of w and T in Fig. 2 neglecting
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chemistry effects . At a frequency of 2012.73 cm~~ , the val ue of a at 300°K is seen
to be dominated by contributions from the wings of transitions not centered at this
fre~uency, for the lowest energy level from which a transition occurs near 2012.73
cm~~, the P

~
(3O) at 2013.314 cm~~, lies 1782.65 cm~~ above the lowest CO energy

level and is thus very sparsely populated. (The notation P0(30) denotes the transi-
tion between the J equals 30 level of the lowest, v equals zero, vibrational state
to the J equals 29, a P transition, in the first excited, v equals one, vibrational
state.) As the temperature inàreases so does the intensity of’ this  line, particularly
with respect to its neighboring wing background, and at 1000°K the value of ci
becomes significantly augmented by the P1(25) transition which appears first as a
weak and then as a prominent shoulder on the P~

(3O ) transition. In addition all the
peaks appear sharper since each ~ j  

is decreasing with increasing temperature. Still ‘,1other contributing transitions become important as the temperature is increased to
6000°K, the P2 ( 19), the P3(13) the P14(7) the R6(7), R7( 15) ,  the R8(25) and the R0(36)
being the largest single contributors in their bands with the total B contribution
being about an order of magnitude smaller than the P contribution. In Fig. 3 the
temperature dependence of k(20l2), in units of car1 amagat~~ is shown , and the
absorption per cm reflecting the temperature variation of the equilibrium
chemistry, is shown in Fig. 14 along with a curve denoting the temperature dependence
expected neglecting chemistry effects. Included in the curve including chemistry
effects is a contribution to the absorption due to the presence of water , to be
discussed later. Clearly, 1120 is the dominant absorber in equilibruni
mixtures below l000°K. However, assuming that the equilibrium situation is not
attained until significant hydrogen dissociation is achieved at temperatures in
excess of l500°K, the temperature variation of CO is expected to follow the upper
curve at temperatures below l500°K and the lower curve thereafter with the resulting
absorption coefficient nowhere failing below l0 2 cm~ - in magnitude.

2pticai ~~~~~~~~~~~~ ~O_

The essential principle of rocket propulsion by beamed electromagnetic
energy is that the energy , once absorbed by the molecule , be rapidly transferred
from internal excitation to random translational motion of the molecules in the
medium of which the coupling molecule is part ,  with this transformation being accom-
plished by collisional relaxation of the excited molecule. Specifical ly , if N~ denotes
the number density of molecules in the ~th vibrational level of the molecule, the
change in N~ with time will be determined by the relative rates of optical and col—

H lisional excitation and de—excitation of the molecule. Mathematically, this may
H be expressed as follows:

dNv 
~~~~~~~~~ ~Nv_ 1~~~

1v~~_ 0 V,vH~~ ~N v —

(13)
• 

~~ 
r1,~~_ 1 (N v 

_ exp (—AEv.v_ 1 /kT)r Iv_ 1 }

~~ 
r1~ +I ,V {N~+, 

— ex p( AEvv ...1 /kT ) N
~ }

16
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VS

TEMPERATURE

I —1 1 I J

iO O

I-
4 I -

I
4 I
4 10~

- - —

io_ 2 — —

io— ~ 
I I j  I i I i I i I i

1000 2000 3000 4000 5000 6000 7000

T—°K

77— 12—30— 2

_ _ _ _ _ _  
- - 

17 

-

L ______________ 
- 

~~~~ - - -•
.

~
- - - -



~
-• --• -- - --—-

~
-. ••----

~ —- - - -——•

~~~~~~~~

-•- 
-

~~~

-- - -

~~ 

—---•--

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~(
N79—922895 25 FIG. 4

ABSORPTION PER CM
VS

TEMPERATURE 1 ATM CO IN 10 ATM H2
(a 5q I NCI U DES CHEMI STRY EFFE CTS~

‘ I ‘ 1 ‘ 1 ‘

—

i I i I ~ I i I i I i I
1000 2000 3000 4000 5000 6000 7000

•1—

77— 12— 3 0—6

18

— 1f~~~~ . fl~~r . ~~~ ~~~~~~~~~~~~~~~ 
—



11 79—922 895—2 5

wh ere t h e  f i r s t  und second terms represent t r ans i t ions  between the ~th and ( v_ l ) t h
and (v+1)th levels respectively caused by the presence of a radiation field of
frequency~ and intensity I in teract ing with molecular absorption cross sections

°v—l,v and Ov,v+l. For a P branch transition11

C: exp(-2JBhc/kT )

The second pair of terms in Eq. 13 represents transitions caused by collisions
with  other molecules. In the above , T represent s the gas kinetic t emperature , while
for the purpose of this calculation , an effective vibrational temperature T~ is
defined such that Nv - 

Nv+I _A ... I ..~ ~~-‘~~ ‘k’~• 
- — - 

~ 
i.,’ V+ I,V V

v -I “ lv

where t
~
Ev+l,v is the ener~ ’ difference between the two vibrational levels, neglecting

rotation. Invoking the harmonic oscillator approximation,

~~~v+, : (v- ,.i) °o,i

• ~~~~~~~~ 
V 

~~O,I
Landau—Teller selection rules

• 
~~~~~~~~~~~ 

=

• k~+1~ 
:(v +~)k ,0

and making the substi tution

B~~
exp (

~ E~ +1,~ /kT ) ,

F.q . 13 can }‘t- wrU ten to ex; revs ti e steady state in the form

IO~~ 
~

Av _*~~
_ IO~Oj ( v ÷ i )— ( v + i )

hcw ( ~ AC (lu)

— r j v — A v~ r 1~~+ 1 )  v+ i
IO

\ Tf~ ‘O~ A 
—

ari d the problem becomes one of solving this equation for A , thereby obtaining T~
and the sensitivity of the latter upon I. In the limit of zero intensity T~ and
T are seen to be identical while in the limit of infinite intensity, TvIT is seen
to equal u/(2JB) a quantity greater than unity, reflecting the fact that without
the therrnalizing effect of collisions, the molecule becomes vibrationally hot in
which case the rate of stimulated emission tends to equal that of absorption, and
the molecule thus ceases to couple to the radiation field. At intermediatt. values
of I th degree of decoupling is less and the saturation intensity, I~ is defined
ar the value of I for which the degree of optical coupling between the ~~~ and
(v_l)th levels is half its value at zero intensity. That is, ‘s is the value of
I at which A— I/c = (B— I/C)/2

The value of r10 used in the calculation was that reported by Millikan and White
12

for ten atmospheres of H2 relaxant. The value of aol is the value of k(w ) ,  in units

19
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of cm4 and calculated for CO using Eqs. 14 and 2 for L1(w~ , ~i j ,  y 1) ,  divided by
the stimulated emission factor ( l_ exp(_ hcw ~ / k T ) ) ,

= 
Sj (j~ jço,w,)

~T 
~‘ ( I—ex p(-- hcc~i./kr ))

I ( 1 5)

and ~~~ is presented in Fig . 5 as a function of and T. It is seen that over
the enti re temperat ure range of interest to this study the value of the maximum
value of 001 15 essentially ~~~~~ cm

2, and this value was used in the calculation,
making the calculated value of I~ a lower bound on the true value in the case
where the true value of 001 is smaller than 10~~~ cm

2.

Considerable physical insight is gained by making several simplifying approxi-
mations with the resulting value of I~ being essentailly identical to that obtained
by solution of Eq. 114 by computer. These approximations are first the setting of
C equal to unity and second the removal of the v dependence of’ each term in Eq. 114 .

~Jith this done it is foun d that I~ is the laser intensity for which the rat e of
exc i ta t ion  of the first vibrational level by the radiation field equals the rate
of deexcitat ion of that level by collisions:

r10 hcw/ ~ 01 (16)

iri Fig. 6 the t emperature dependence of I~ for a mixture of one atmosphere CO in
ten at mospheres H2 is shown for the a~~ value discussed ab~ve. It is seen that
for the gas mixture considered , 1~ greatly exceeds 10 W/cm , an intensity of inter-
est to the beamed energy application , over the entire t emperature range . It is
noted that the large values of I~ obtained are due entirely to the effectiveness
of 112 as a CO vibrational quencher. Were He is to be used in place of H2, the
value of I can be expected to be reduced by nearly two orders of’ magnitude atS 

- 0300 K and approximately a factor of 2 at 6000 K.

1120

Chemical Characteristics

• The chemical composition of a preequilibrium mixture of one atmosphere
1120 and ten atmospheres H2 is shown in Fig. 7 as a function of temperature. It is
seen that the 1120 mixture retains its initial composition 

until a temperature of
about 40000 is attained at which point dissociation of the molecule occurs.

20
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~pectrosco~ic ~~~~~~~~~~~~~~

A.lthough being chemically quite simple , the H 2O molecule is extremely
co~np1ex spectroscopically. Because of its physical structure and the relative
sizes of its moments of inertia, H20 is an asymmetric rotor for which in principle
the values of Et ,  W j  and S~, can be calculated with considerable computational effort.

13

Moreover, because of the small mass of the hydrogen atoms in the molecule, pertura—
bation of the spectroscopic properties of the molecule, both w~~ and S~ ,, is con—
siderable,1-3 and for accurate values of these parameters , resort must be made to
tabular compilations where such exist .

The transitions of importanc e at 5.0 pm involving 1120 are the R branch of the
v2 as well as both the P and 11 branches of the v1—v2 and v3—’j2 transitions . The
rotational energy levels of the following vibrational levels were used in the line
by line calculation : (ooo ) ,  (010), (020), (100), and (001). Each rotational level,
designated by the.quantum number J , has 2J+l sublevels each designated by the quan-
tum number T , and the extent of the data base used in the line by line calculation
is indicated by the magnitude of the largest J included in the energy level conipil—
ation. For the ( ooo ) level the rot ational sublevel compilation was complet e , that
is all 2J+l sublevels were available in tabulations for each J , for J values less
than i6 with partially complete tabulations available up to a J value of 22.~~’ ~~ 15, 16

For (010), th~ ta~ulations were complete up to J equals 13 and partially so up to
J equals 20.1 1 The (020 ) was complete up to J equals 6 and partially so up to
J equals 11.114 The ( 100 ) was complete up to J equals 14 and part ially so up to J
equals ~~~~ And the (001) was complete up to J equals 6 and partially so up to J
equals 10.~-

~

Each of the 2J+1 sublevels bears in addition a symmetry designation ( + + ) ,  ( — — ) ,
(+_ ) or (_ + ) )~3 Because of symmetry arid nuclear spin effects the value of Si for
transitions originating in a (++ ) or a (—— ) level includes a numerical factor of
1/14 while for a transition originat ing in a (+ — ) or a (— + ) level includes a factor
of 3/ 14. The “2 and “l~”2 transitions are both known as type b transitions so that
only transitions of the type (++ ) — (— — ) and (+ — ) — ( — + )  are allowed.13 The v —

“2 transition is a type a transition and only transitions of the type (— — ) —

and (++ ) - ( ~~4) are allowed)3 Finally in any transition the absolut e value of J
must either be unchanged or change by no more than unity .13

Given the available known energy levels and the selection rules described above,
all the allowed transitions between these levels were determined, and those
occurrin~ between energy levels separated by more than 1965 cm~~- and less than
2065 cm 1- were included in the present line—by—line calculation. As indicated by
Eq. 14 , it is f i rs t  necessary for each transition to — alculate Sj .  For many
of the stronger , S~ grea ter than lO_25 cm/molec ule , t rans i t ions  at 296°K , th i s  cal —
culation was already carried out by MeClatchey , et. al ,7 and for those transit ions

24
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S~
(T )  was cal culated from the expression

S~(296)0(296) exp ~~ (T 296) i —  exp (hcw , /kT ) \ ~~0(T) 2961  \ I— e x p ( h c w ~)/296k) /

where the following expressionlB• 10 
___________

Q (T):I/2 
~ exp (V ~~~/4k T) V ,rk3T3/~~c exp (— E/kT )

V1,v2,v3:O

is used to evaluate the rotatior . vibrat ion partition function , the quantit~ ec A ,
B, C and E depending on v1, v2 and v3 according to the simple formulae given by
Benedict et al.19 Limiting the swmnation to 10 for v1, v2 and v 3 gave convergence
over the entire t emperature range of interest .

Many of the possible t ransi t ions  were not strong enough to be included in
McClatchey ’s compilation because they originate at levels having a large value of

E~ , causing e~~Z1kT to be small. Such transitions may become important and even,
if their  line strength is large , dominan t at higher t emperature, and the inclusion
of such lines in the present c ompilation is thus desirable . For these lines the

value of the line strength was calculated using Wacker and Pratto ’s tables.2° For
the B branch of the ‘

~2 transition, su~h line strengths are upper bounds because of
centrifugal stretching e f fect s . 21- Trial calculations using known strengths7 as
comparisons reveal ed that the act~ al strength may be as more than 50 percent lower

• L than calculated. However no atter pt was made to correct the calculated line
strengths for centrifugal distortion effects. Inclusion in the present compilation
required that the calculated line strength exceed l0~~ . The largest possible value

~f S~ ,, is J+l. With t~~~~~ line strength, E2 ,  u~~, SB and Q(296) in hand , S(296 ) was
calculated to be used as shown in Eq. 17 in calculations at higher t emperat ures.

Th~ values given by ~1cC1atchey et al. 7 for •y 1 pert ain to line broadening by N2
ar~u 02 iz~ the atmosphere and are note relevant to the present study . Instead , recourse
~a. mak tc the work at 29o°K of Benedict and Kap1an22

~
23
~
24 which gives the value of

• in terms of J” and t~~, the quantum numbers defining H20 rotational energy levels.
As mentioned previously the_H20-N2 values of were converted to H20—H2 values by

.Citi p iyi ng by /ji N 2-H 2OIpH 2—H 20. For t ransi t ions involving (J” , ~“) values outside
t~~. range studied by Benedict and Kaplan , the value of Yj  was obtained by extrapola—
ing the appropriat e curve of vs J” at constant (J ” + v ”)  to the desired value
( f  J ”. For H20 self broadening, y~ was assumed to scale as T~~ and for H 2 broaden—
j ug th e scaling was assumed to be T 0

~7. The result s of the line by line calcula-
ti on are shown in Fig. 8 for a 10:1 H 20 mixture at 11 atmospheres total pressure
in the temperature range 300 to 6000°K. In the frequency internal studied the
dominan t absorption lines arise from the H branch of the v 2 band due to its large

value arid the fact that all its transitions arise from relatively low lying energy
levels , the value of ci decreasing with increasing w~ • As the t emperatur e is increased to

_ _ _ _ _ _ _ _ _  _ _  ~~~~~~~~~~~~~~~~~~~~~~
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about 2000°K additional transitions become important and more f ine structure
appears. Apparently the spectrum calculated from the energy level data base is
fully developed by about 2000°K, that is, all exp(—E 2/kT) are on the order of unity ,

• after which point the energy level compilation is inadequate to calculate ci, and
band model theory must be used . Used as a tool to determine desirable laser lines
for beamed energy co upl ing, Fig. 8 reveals that the region aroun d 1980 crn~~ t~ b-
relatively t ran spar ent at 300°K, a fact consistant with McClatchey and Selty ’s25

results , while becoming relatively opaque at temperatures exceeding l000°K.

As out i ined , Ludwi g ’s data was reduced to give the function g(u) and ir~ turn
~~ and a factor , referre l to here as C which is given in Eq. 11 by the quantity

~~ Q.~(T)/w 0. In carry ing out this analysis w~ was set equal to 1600 cm~~- tc
facilitate computation . Figures 9 and 10 present the calculated value of g(w)
vs ~ at 600°K and 3000°K respectively . Also included are curves in which the
parameter set (c , ~*) has the values (.111 , 160) and (.163, 300 ) respectively for
the two temperatures. It is seen that the single expression for g(w) given in
Eq. 11 is a good representation of data so long as u—l600 is less than u0. At

3000°F:, the frequency range of interest to the present study does lie within this
range. In Fig. 11 the parameters C and w~ derived from fits of Ludw4’s data, are
shown as funct ions of It is seen that u~ scales essentially as T

1-
~
2 which is

represented by the drawn straight line, and that , with the exception of the point
at 300°K , C is given by 0.098 (l—exp (—hcu0/kT)~~~- , where the cofactor of 0. 09~ is
an approximati on to ~,(T) with ~o 

equaling 1600 cm ’. Finally it is noted that the

value of 0.098 corresponds for the indicated value of ci~~, to a value of 160 crn 2

amagat 1 for SB ,  com pared to an experimental value of 300 +60 cm 2 amagat~~ .
Considering the ~impiicity of the treatment leading to Eq. 11 and the fact that

the line intensities for R branch H20 transitions are expected to be smaller than

calcul ated due to centri fugal distortions effects , this value of SB is in not too
had agreement with experiment . More to the point is the fact that the analytical

approach used has provided the means for obtaining the quantity ~ in Eq. 6 at
temperatures in_excess of Ludwig ’s experimental range for H20 in the region 1965—
2065 cm~~

- , and k is given as a function of temperature for 2000 cm~~ frequency in
Fig. 12 along, for comparison , with the line—by—line results at 2012.5 cm_i and
2010 cm~~ averaged over 10 cm~ — to either side .

From Eq. 6 it is clear that the value of a - n cm~~ is ~u/(1 + RuI14a)h/c

wL:rH u is the 1120 pressure in amagats and £ is one centimeter. Malkmus provides
the -~~lue of d~~- as a function of T in the frequency range of interest as well as
the line width coefficients 

~
y 1 necessary to calculate the quantity a for use in

the above expression . It is found that for the gas mixture of interest (one atmos-
phere H.~0, ten atmospher es 1 12), y decreases from 1.3 cm

1 to 0.21 cm~~ as T
increas~ s from 300°K to 6000°K while  d~~ increases from .16 cm to 1414OO cm over
t h i s  tempe rature range at 2000 cnf ~ - so that (1 + ku/14 a)hl”2 is essentially unity
th roughout the temperatur e range , and cicorresponds to ku.
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R79—922895—25 FIG. 10

ABSORPTION COEFFICIENT FUNCTION g(W) VSW FOR H2O
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R79—922895—25 FIG. 11
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R79—922895—25 FIG. 12
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In Fig. 13 ku is given as a function of temperature at 2000 cm~~ for both
the case in which no chemical decomposit ion of’ 1120 is assumed to occur and the case
in which the 1120 pressure is assumed to be the equilibrium value shown in Fig. 7.
Exam ining Figs . 12 , 13 and 8 and recalling that k is derived from measurements which
are essentially an average over a 25 cm’1 interval , the results of the two cal-
culations seem consistent at temperatures below 2000°K above which the da~a base of
the line by line calculation becomes inadequate for accurate calculation of ci . It
is seen that the absorption per unit length for H2 is on the order of 10—2 cm~~ , for
a desirable CO laser line such as those near 1980 cm~~- until temperature in excess
of’ ~4O0O

0K are reached in which case the establishment of an unfavorable chemical
equilibrium situation renders 1120 essentially useless as a CO laser coupler.

Deuteroxide Radical — OD

~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Examination of Fig. 7 reveals that at temperatures ir~ excess of 5000°K in
an H2_1120 mixture the concentration of hydroxide radical , OH , is comparable to that
of 1120. The fundamental vibrational frequency of this molecule is 3735 cm~~ , too
far from 2000 cm 1 to conceivably be of use as a coupler at the latter frequency .
However , the corresponding frequency for the de’iteroxide radical OD , is 2721 cm~ - ,
raising the possibility that t rans i t ions  lying i~i the far P branch of the transition
may be of use for coupling at high temperatures. As will be seen in the section
dealing with D20, the peak OD concentration in a mixture made initially of D20 and
112 is more that an order of magnitude lower than that shown for OH in the correspond-
ing F{20/H 2 mixture in Fig. 7 due to H—D exchange with the large H atom population
present . For this reason the most desirable chemical environment for the OD
molecule is a mixture made initially of D20 and D2 and for such a mixture the OD
concentration will be assumed to be identical to the OH concentrating shown in Fig. 7
for the corresponding 1120/112 mixture, with the calculated loss per unit length being
therefore a upper bound.

~pectrosco~ic Characteri~ttc~

The ground state vibrational and rotational energy leve~ s fo r OD were
calculated using the energy constants provided by Herzberg .2 Since the ground
electronic state is a doublet, each substrate of which is further split by lambda
doubling , the absorption spectrum consists of groups of four closely packed lines in
place of the single lines which appeared in the case of CO. In addition the line
strength has a different algebraic form from those of CO. 27 The value of SBand for
OH is 110 cm 2 amagat 1 3 and this value was scaled by the ratio of band center
frequencies of OH and OD to 81 cm 2 amagat~~ . The line broadening coefficients were
taken from Ludwig and Malkmus3 with no further correction for reduced mass for
broadening by D2. The value of Q(T) was calculated by summation over the first 60
rotational levels and first 11 vibrational levels of the four electronic sublevels.
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ABSORPTION PER CM(k (2000 CM.~~ )u) FOR 1 ATM H2O IN 10 ATM H2
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convergent values of Q being obtained over the entire range of intere~ t. m e  by
line calculation of ci for one atmosphere CD in 10 atmospheres D2 was carried ut or
the temperature range 300°K to 6000°K. The calculation included P transition.. up to
1 9(30) for each of the four electronic sublevels, and the results are shown in Fig.
ib. At 1000°K the three main peaks shown are each made up of transitions from each
the four electronic states mentioned aoove with the peaks centered on the  P0(211),
P0(25) and P~

(26) transitions. Increase in temperature results in significant con-
tributions from excited vibrational states. The value of’ cxoD with and without
cquilibrium chemistry considerations included is shown in Fig. 15 for the P3(l3) CO
laser line at 2012.73 cm~~-. It is seen that although OD is a strong coupler at high
temperatures , due in part to the scarcity , relat ive to 1120, of vi brational decrees
of freedom which raise the value of Q at high t emperature, the relat ively low value
of cioD at even at its maximum value causes this molecule to be of little improvement
over H20 as a CO laser energy absorber. It is recalled that CD is to be considered
an alternate and not a supplement to H20 as a coupling molecule due to hydrogen atom
interchange. No significant contribution to the coupling to be expected from D20
in the D20 in the D2—D20—OD system, for an estimation of k indicates this frequency
lies to far in the wings of the H branch of the D20 v2 t ransition to have sign i f icant
contributions to its absorption coefficient from the latter .

Discussion

In this subsection three candidate molecules have been considered as couplers to
co laser radiation in the 2000 cm~~ region. Both line—by—line and , where needed ,

band model calculations have been employed to estimat e absorption coeff ic ient s , and
equilibrium considerations have been used to determine the temperature dependent

density of each. Of the three, CO seems by far the most desirable candidate barring
the highly unlikely rapid establishment of equilibrium chemistry conditions at -
temperatures below 1500°K. This molecule exhibits lar~e absorption and good chemical
stability with resultingly good coupling (ci > 0.01 cm~~ ) properties up to 6000°K and

in addition will not exhibit optical saturation in a hydrogen atmosphere at the
temperatures of intrest. In contrast, H2O exhibits both a smaller absorption coeff i—
cient and poorer chemical stability than CO , and the D2O—D 2—O D system , conceived
origi nally to take advantage of the thermal decomposition of D2O , does not equal CO
as a coupler because the OD concentration , even at its largest is still too small

• 
• to provide significant coupling compared to CO.
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ABSORPTION SPECTRA—ONE ATM OD IN 10 ATM H2
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ABSORPTION PER CM FOR 1 ATM OD IN 10 ATM H2 VS TEMPERATURE
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• Wavelength Region: 10.6 urn

~~~ 1I .~O and HDO

Chemical Characteristics

The equilibrium chemical situation for mixtures of H2 and H20 has already
been discussed, and Fig. 16 presents the corresponding data for a mixture made
up ini tially of 112 at ten atmospheres and D20 at one atmosphere . It is seen
that , were hydrogen atom interchange readily accomplished at all temperatures ,
the  D20 concentration would he rapidly reduced at all temperatures, the result ing
mixt~ire heir~C macic -~p of }m~-~~, HDO and ~~O . In this system the degree to which
chemical equilibrium is established is probably determined in large part by the rate
of the reaction in which a hydrogen atom extracts a deuterium atom from D20 to form
HD and OD. Using Dixon Lewis~

28 rate constant for the reaction along with the cal—

•~ ilaf ed hydrogen atom concentration due to the dissociation as shown in Fig. 16 it
is determined that reaction time becomes 10 msec, equal to the re~ idence time of
tne mixture in the high temperature region , at about 1500°C. As a result it is
-tssurned that a the rsixture made initially of 1 atm D2O in 10 atm 112, the D20 pressure
w ill remain 1 atm cmtil  150000 at which temperature the calculated equilibrium
pressures will be est a~r ] .i s }ie i i .

~ i r B ~ -Line-Calcu ~~t io n s

— Since for all three species of water molecule the dominant absorption
inc ; Rr.~sP f rom i I ~~- :  t he P br anch  of the V

2 
transit ion or from pure rot ational

transition~
; (type b ) ,  th~ energy levels of interest in the case of H20 lie in  the

(~~I 1 0 ) ,  (O lt) and (~~~t) vibratienal levels , and the extent of the data available for
this leveiF has already been noted . For the P branch of the 

~2 
transition, pre—

cisely the same- rocedure was followed for the frequency internal from 895 cm~~
~ 95 crn~~ as was descr~bed for the interval from 1965 cm~~- to 2065 cm~~ so
ti L t . no ‘r ,r~ need be mentioned here concerning the transitions except to note
that Wacker and Pratto ’s2t calculated line strength are underestimates of the
ir~~- valu- ’ in the P branch region . For pure rotational transitions, only transi—
‘~~s within the (000) vibrational level were considered. For transitions not

included in McClatchey ’n compendium ,7 the value of M0, W j ,  Et and Sd
,,, as cal—

5~ Ftt e(I rrOrn Wacker and Pratto ’s tables and divided by 2 , were substituted in
3 to give S ( 29 6 ) .  The d i v i s i on by 2 came as a result of trial calculations of

~~(~~)~~) wh i c h  were compared to McClatc hey ’sT results and found to be too hi~~ ,
cons i st ’-nt  with the expected e f f ec t  of centrifugal distortion on H branch type line
st r ” n j~ht s .  As before , the  nuclear spi n s t a t i s t i ca l  factors of 1/14 and 3/ 14 were

~~ r 1-e~-t ~ :,- appi t ed  in  uzi  n~ Eq .  ( 3 )

• 37

—- ~ L •~ —~~~~



--- - —— -- - --- -~-~ T
.__ - ___...~ ~‘‘~~~~~~~~~~~~~~~~~~~~

P79—922895—25 FIG. 16

EQUILIBRIUM CHEMISTRY OF 10 ATM H2 AND I ATM D20
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In Fig. 17, the calculated value of a is given as a func t i on  of temperature in
the frequency range from 895 cm to ~~~ cin~~- for a mixture of one atmosphere H20
in ten atmospheres 1I~ 

neglecting chemistry effects. n thin frequency interval , many
of the most intense absorption lines arise from pure rotational transitions with the

result that in the frequency region of interest the peak intensities show a definite
decrease with increasing w similar to the 11 branch behavior seen for 1120 at 2000 cm~~ .
The decrease is not so dramatic as at the larger frequency however due to the presence

of F branch transitions in the same frequency region .

sas:r transit ons capable of furnishing high power levels and in addition showing

relatively low coupl i ng to 1120 at 300°K , and therefore good atmospheric propagation
pI-oilerties , and high coupling to H20 at higher temperatures are the P(20) line at
Oh~~.l5 crn~~ and the R(1E) line at ?I2.2~ cm~~- - Good high temperature coupling and
good atmpsheric propagation are indicated at 962 cm~~ , but the corresponding CO2
laser line , the 11(2) Is not a high power line.

Hb0 — As was the case for 1120 the vibrat ional energy levels of interest are
the (000), (010) and (020). The (000) level is complete through J equals 11 with
some energy levels ~~~~~ for J as high as 19.

29, ~~, ~ For the (010) level
all levels for J up to nine are known with some levels known for J as high as l6.~
Finally, for the ( 020 ) all levels for J up to four with some levels known for
J as high as 6.29 Unlike r120 (o r  D20) EDO possesses no axis of symmetry , a
fact wh ich has two results : f irst there is no nuc lear spin factor to be introduced

• into the line intensity formula. Second , both the v2 and rotational band
exhibit both type a and type b transitions with the former being approximately
half as strong as the former. Thus the EDO absorption spectrum exhibits more
jines than that of iI - t ani these lines are less intense. Due to D being heavier
than H , all rotat ionai and v2 lines are displaced to lower frequencies compared
to their counterparts in

The EDO line by line calculation was carried out in the same manner as was
lone for H20 with SB being scaled down from its H20 value by the ratio of the

values of the “2 band for 1120 and EDO.
7 The results of the calculation are

shown in Fig. 18 as a function of temperature , an d the properties described
ah~~:e are apparent . The EDO spectrum appears to have more numerous but less

* ense spec tral lines than does 1120 and the decrease in intensity Is with
i€c reasing frequency , reflecting the greater dominance of “2 transitions in

this frequency region for the molecule.

For the gas mixture of interest , namely D20 at one atmosphere in 10
atmospheres 112, HDO is an intermediate product between the low temperature
ecupler , D20 , and the high temperature one , h20. Thus no dovetailing of laser
t rans i t ion  to coupler t r ans i t ion  is attempted .
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FIG. 18
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— For the D20 molecule , only “2 transitions make significant contributions
to the absorption spectri.~n in the frequency range between 985 and 995 cm~~-. This
is the result of the replacing of the second hydrogen atom with the more heavy
deuteron which decreases for to approximately 1180 cm~~- and shift s all
rotational transitions to still lower frequencies compared to 1120. Although the
transitions in the manifolds (ooi)— (oii), (0ll)— (021) and (1Ol)—(lll ) were included
in the D20 calculation,

29 the dominant transition still involved the (ooo)— (oio) and
(olo)—(O20) manifolds. For the (000) level all levels through J equals 15 have
known values ,15’ 31 for the (010 ) level , all levels through J equals 6 are known and
some levels for J as large as 12 are known.32 No compilation of rotational levels
for (020) was found. In the calculations to be presented first , the rot ational
levels of the (020) level were estimated using a method derived from the observation
that in the vth vibrational level of a diat omic molecule the energy separation between
the jth and zeroeth rotational level decreases linearly with v. Specifically, the
quant ity ~E0v0 (3 , t) was defined as follows

• AE0~0(J ,r )= E 0~0(J,r)—E 0~0(o,o) (18)

where E~~0(o,o) was calculated from the formula of Benedict Gailar and Plyler.29

The energy level E020 (J , t)  was then calculated according to

E020 (J ,r) E020(c,,o) + ~Eø,0(j,-r) + (AE010 (J ,r)— ~ E 000 (J ,r)) (19 )

In this way rot ational energy levels in the (020) level were estimated for the
same (J , r )  as are known for the ( 010 ) level .

020 having an axis of symmetry , nuclear spin factors again occur in the expression
for the line intensity. For levels of the type C ++) or ( — — )  the factor is 2/3 while
f or levels of the type (— + ) or (+ — ) the factor is 1/3.13 As in the case of 1120, only
type b transitions occur.

The calculation of S(296 ) was done in the same manner as for H20 and HDO using
the appropriate D20 energy constants constants and scaling SB according to ~~~~

.

The line by line calculation of a using the energy levels described above was
carried out as a funct ion of temperatur e , and the results of this calculation are
shown in Fig. 19. As in this case of HDO , the dominance of the “2 transition, with
origin near i18Q, is evident as ci exhibits a general decrease with decreasing f re-
quency typical of a P branch wing. In addition, at the lowest t emperatures ~ for
020 is seen to be significantly larger than that for 1120. Particularly interesting
CO2 laser transitions from the standpoint of coupling are the P(i8) at 9145 cm~~- ,
the 11(28 ) at 980 cm~~- and the 11(8) at 968 em~~ .
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FIG. 19
P79-922895-25 ABSORPTION SPECTRA—ONE ATM D20 IN 10 ATM H2
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In contrast to 1120, the calculated D20 spectrum exhibits relatively little
growth in intensity and line density with increasing temperatur e in spite of the
inclusion of some v2 t ransitions originating from the (001), (011) and (101)
vibrationa). levels. It was suspected that this may be due to the relatively small
size of the (010) energy level data base which resulted in an inability to calculate

• v7 transitions originating from the (000) level, and a study was carried out to see
whether it was possible to estimate the frequency positions of important high
temperature 020 absorption transitions and thereby to include these transitions in
the calculation of a. Because of the symmetry selection rules described previously ,
transition between rotational levels of D20 follow certain sequences which can be
conveniently denoted by (M , ~~~~ J” + t ”)  where tJ is simply the difference J ’—J ” ,
and ~~T is -r ’—t” where the single prime superscript refers to the higher lying
energy level and the double prime to the lower lying energy level involved in the
transition. Numerical experimentation using the known D20 energy levels revealed
that the following sequences contained transitions in the frequency region from
895 cm 1 to 995 cm 1: (—1 , —6 , 8) ,  (— 1 , —6 , 10), (—1, —14, 5), (—1 , —4, —7), (—1 ,

• —4, — 9 ) , (—1 , —2, 2n) where n ranged from two to ten, (—1, 0 , 2n +1) ,  where n ranged
from four to nine, and (0, —6 , n) where n ranged from 6 to 114. In addition it was

• found that many of these transitions had not been included in the calculation of a
because of lack of knowledge of the value of E010(J’, -r ’). The frequency of the
missing transitions was estimated by postulating that the energy difference between

“~ t ’)  and E010(J’, .-J’) was the same in the (000) state. Since E010(J ’ , —3’)
was known for 3 as large as 12, this method of estimation allowed the generation of
a considerable number of transitions. E~iploy ing these estimated energy levels and
Eq. (19) permitted calculation of transition frequencies between the (010) and
(020) levels. It must be noted that the method of estimation used is not very
accurate. For instance, the value of E010(7 , 2) calculated in this way was 1751 crn~ —

compared to the known value of 1773 cnr1. The point to keep in mind is that the
• higher temperature D20 spectra shown in Fig. 19 are missing many important transitions,

and the point of this exercise is to demonstrate the effect of transitions from
higher energy levels in the (000) and (010) states upon the absorption spectrum.

Finally , it is noted that frr values less than — 6  were not included due to the small,
less than l0~~, value of their line strengths as calculated by Wacker and Pratto. 2°

The D20 absorption spectrum , calculated with the transit ion s estimat ed as
described above included , is shown in Fig . 20 as a function of temperature . Although
it is again emphasized that these results are not accurate detailed representations,
the observed qualitative effect of expanding the D20 energy level data base is most
likely real in nat ure , with the spectrum being richer in lines as well as being more
intense with the intensity varying with temperature in a manner similar to that
shown for 1120 earlier. Reference to the results in Fig. 20 will be made in the
section concerning band model calculations for D20.
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P79—922895—25 FIG. 20
ABSORPTION SPECTRA—ONE ATM D20 IN 10 ATM H2 (D20 DATA BASIS AUGMENTED )
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~~~ - In the spectral region near 1000 cm~~ the band model analysis must be
carried out for two transitionq , the “2 with band origin near 1600 cm~~- and the
pure rotational band. Ludwig14 provides the value of ~ for the frequency range up to
1600 cm~~ for temperatures as high as 3000°K and this data was transformed to the
functions fr(w) arid g(w), given by Eqs. (9) and (10) in the frequency regions
below 1000 cm~~- and above 1000 cm~~ respectively. For each function the value of

~~ was obtained from the position of the maximum for each function and the quantities
• C’ and C , where

87r3M0
2C, 

3hc 
( 2 0 )

were obt ained from the values of g(w *) and f ( w *) respectively .

The derived values at C and w~ for the “2 P branch are shown in Fig. 21. Corn-.
parison with Fig . 11 reveals a marked consistancy between the ~~ values for the P
and R branches. In each case the temperature dependence 1 Tl/2 , as well as the
magni tude of w~ are nearly the same as would be expected from the definit ion of ~ > *

give n by Eq. ( 12) .  The value of C for the P branch , while agreeing with that
found for the R branch at lower temperatures is seen to increase faster with
temperatur e to become nearly an order of magnitude larger than the B branch value
at 300°K. This may be attributable to the fact that the P branches of transit ions
ar ising from the (010) and higher excited states are displaced to lower frequencies
relative to transitions originat ing from the ( 000 ) level with the result that the
rate of increase of C with temperature is accelerated . In addition , due to centri-.
fugal distortion effects , the line intensities for transitions in the P branch
originating from states having large angular momentum will be higher than in the
R branch. To the extent that these transitions become increasingly important at
high t emperat ure , the observed value of C will be augmented over its value in the
absence of centrifugal distortion. Each curve is shown extrapolated to 6000°K and
t~ie extrapolated values are used in the band model calculation of k.

Figur e 22 presents the temperature variation of C’ an w 1 for the pure rotational
transitions of 1120. As expected , the value of u~ scales as T

h/2 and is essentially
ident ical to w~ for the v2 P branch as expected from the definition of w~ . Also

shown in Fig. 22 as a dotted line is th~ value of w~ calculated from Eq. 
(12)

using for B the average of the three rotational constants of 1120, 
29 17.1 cm~~. It -

is seen that the difference between the derived and theoretical values of w~ is
about +30 percent for the three bands considered. In Fig. 22 the value of C’is
seen to be essentially temperature independent consistent with Eq. (20) having
an average magnitude of about 140 cm~~- amagat -~. In comparison, the calculated value
of C’, using Eq. (20) and the measured dipole moment of 1120 is 38 cm~~ amagat~~
in substantial agreement with the results of the band model data. The extrapolated
:ai Aes of C ’ and ~~~‘ at temperatures above 3000°K are used in the band model analysis.
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H20 C AND W PARAMETERS FOR V2 P BRANCH
VS

TEMPERATURE
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P79—922895—25 FIG. 22

H20 C’ AND W. PARAMETERS FOR ROTATIONAL TRANSITIONS
vs

TEMPERATURE
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The band model analysis  for d 20 ~~~ ~o::~~1e~~~1 ~y ca 1cu 1at i ie~ f r~~~*) and
at the desired temperature using the appropri~tte ~~~ C’) and (w i’, C) valuen ,
adding the two terms and multiplying by the stimulated emission factor ( 1—ex ~~ — hc ~-/

- • kT)). The results are given for ~50 cr;~~- in F ig .  23 along w i t h  Ludwig ’s~ values and
the value of a (9L5 cm~~ )/u. The agreement between the R a’d a/u is suite ~ond
until a temperature is reached where absorption by molecule:; in untabulated very
high rotational energy levels becomes dor5 :nn:;t in ca lcula t ing a .

As we:; the case at 2000 cm~~ , the f t :  (i + ~u / L a ) h / 2  is esser .t i a J iy  un i ty
in the present study and so Ru is plottei vs T in F ig .  2~4 fcc the cases in wi.~ ch a

• e i the r  includes or doec not include the eqai  llibriws chemistry e f f ec t s  relevant to
an i n i t i a l  mixture of 10 atm H 2 and one atm H 20. Taking a ku value of 10—2 cm~~
as the point at which  H 20 is a useful coup~~;r , it is seen that  H 20 does not “turn 0:; ’

ur:t ii about 1300° K anc is “turned off ” by chemistry e f fec t s  at 4800 °K . At 2000 ccT~
~Fi;~. 13) it is recalled that the cor res rond ing  t emperatures were 480 °K and 3500 ci<
and t h a t  the maximum ~ u ;-aiue was ~bc;:t ft ur t imes smaller than that show:; in Fi g.  214 .

Iho hand cadet ca l cu la t ion  for HI: - consisted f i r s t  of scal ing  the ( C , ~ *)
ao-~ ( C ’ , ~ *)  cetS obtained for the  H 20 molecule to correspond to the HDO molecule.
That is  each •.)~ value ~ac scaled accordin; t  ~ -o Bh / 2  wber e  B i s  the  average of the
three ro ta t iona l  enecg~ coestanos of t h e  :~~~eculc .  The value c -f  C’ was taken to  be
the  came for each molecule . Since S~ roa les  ~ C is expected to scale only as
c~1( T )  and thus to increace  wi th  temper - f .  ~ro fas te r  than does 1120. However ,
c en t r i f u g a l  di s t o r t  Inn  effeccs are expected to  be smaller in H~~ than in H 2 C , t h e r t ;—

•‘rclsir l g C to increase not as quickly with I. Tc take the latter into account ,
tbe value of C used for HP~ w’i~ taken t a  -~ the some as that of H 20.

ih e  vaiu~ of k at ~50 cm~~ and ; i o  et are .5io~ ted us temperature in Fig. 25.
T~~O i:ia : a n ~, of t ; e  l ine-  y - 1 - n ~: - - a l c u l t i c n  data was a temperature as low as 500°K

~~r c I  }ilC mo i ec;de  is ~v I t - - . -

- — :i th - case of HDO : - cha r ge w~ c made in the magnitude of C , an~ the
,:r j - - ’ :- -~~; I ;: a-det par - .~-~~or :  were scaled c t ce  )20 molecule  as di rec ted by Eqs.

~~ ( d u ) .  Th~ V 4 1 1 ~~fl of R , ~~~~ - ,5 / -c tsr the unexpanded D20 data h~ co a n i

~~~, i . 5 ) /  . r-~ r h u e  x:an- 1 - ‘is e are ;sh w:. in F i g .  Cb as f u n c t i o n s  of temper at :r~ . Thn
ad : l t i o L a l  C~~ a b s ar l t i on  1 i r ;e s  ~-e:j~ rate : by ex l-and ing the  data base are seen to
c r d ;t r ,~~e t h e  a - I e~~-~a y  of t h y  1i :• e~~I y _ l i r - c a lcu la t ion  as an es t imat ion of the absorp— -
t L on cn f f ~ i en t .
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W~(95O CM 1) AND k (945 CM 1) FOR 1 ATM H20 IN 10 ATM H2vs
TEMPERATURE
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P79—922895-25 FIG. 24

ABSORPTION PER CM (k(950 CM 1)u) FOR 1 ATM H20 IN 10 ATM H2
VS

TEMPERAT U RE
(u eq INCLUDES CHEMIST RY EFFECTS I
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819—922896 -25 FIG. 25

~(95O CM 1) AND k(964—1) FOR 1 ATM HDO IN 10 ATM H2
vs.

TEMPERATURE
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R79 —922895—25 FIG. 26

~(95O CM~~
) AND k(945 CM—1 ) FOR 1 ATM D20 IN 10 ATM H2

vs.
TEMPERATURE
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Finally, Fig. 2’?’ presents ~u for the ot~e atmosphere D20/l0 atmosphere H2
mixture . The two sets of curves, as labeled, include and ignore equilibrium

• chemistry effects. Since chemical equilibrium is not expected to become
established in the practical device under consideration until a temperature of 

-

1500°K is reached, the use of D20 instead of H20 is seen to result in significantly,
more than an order of magnitude at temperat ures below l000°K , higher coupling until
temperatures in excess of 1500°K are reached. At this point, with the establishment 

-

of chemical equilibribml , H20 becomes the dominant coupler and remains so.

A1?uitonia

Ch emical Characteristics

A mixture consisting initially of one atmosphere NH 3 and ten atmospheres
H2 exhibits the equilibrium composition shown in Fig. 28. Taking again 1500°K to
be the temperature at which chemical equilibrium is reached within the 10 msec
residence time of the device , it is readily seen that NH3 is a potentially useful
coupler only at temperatures below 1500°K due to decomposition of ammonia to give
N2 and H2.

~pectroscopic ~~~~~~~~~~~~~~

Taylor 33 provides all the data needed to calculate S(296) for ammonia for
all transitions of importance near ambient conditions. Also provi ded are the
val ues al~ 300°K of 1H (.015 cm~~ atmosphere ) whose temperature scaling was taken
to be T~~

2. The valu~ of was taken from Tayler33 and assumed to scale as T 1

The absorption spectrum calcurated using the line by line method is shown in Fi g. 29.
The spectrum shows NH3 to be an extremely good coupler with a spectral richness
which provides a wide option in the selection of a laser lines to which to couple .

Figure 30 presents a (9 145.9 14 cm~~~) for NH3 as a function of t emperature for the
two cases in which chemical effects either are or ar e not included. The frequency
is the CO2 P(i8) laser line. It is no surprise to find that the effectivenes s of
NIH
3 
as a coupler is determined solely by the question concerning the temperature

at which chemical equilibrium is readily established. Thus, the molecule is
“turned on ” es sentially at ambient temperature and “turned off” when a temperature
of 1500°K is rea.che1.

• Discussion

• In this section , three systems, H20—I{2, D20—H2 and NH3—H2 were considered as
couplers to the CO2 laser. Using chemical stability and an absorption length of
100 cm (a = 0.01 car1) as the most desirable properties , the following conclusion can
be reached for these systems in which the coupling molecule pressure is initial ly one
atmosphere and the H2 pressure is ten atmospheres . The 1)20—H2 system seems the most
attractive of the three , exhibi t ing a low “turn on” temperature due to the high
absorbtivity of D20 and the fairly good , to 14800°K, chemical stability of the H20
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879—922895—25 FIG. 27

ABSOR PTION PER CM (i~(950 CM~~~)u) FOR 1 ATM D20 IN 10 ATM H2 VS TEMPERATURE

(Ueq INCLUDES CHEMISTRY EFFECTS)
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R79—922895—25 FIG. 28

EQUILIBRIU M CHEMISTRY OF 10 ATM H2 AND 1 ATM NH3
vs

TEMPERATURE
~~ J I J ~~~~~~~~~~~~~~~~~~~ J I

• 
i00 —

H2

-

b _ i  — 
—

InuJ
w . -

H 

-

b — 2 — —

—

NH3

IO~~ ~ I 1 1 1 1 I i I I I I
1000 2000 3000 4000 5000 6000 7000

T—°K

77—12—30— 10

56

L _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  
•
~~~~~~~~~~~

‘
~~~~~~~~~~~~~‘



r~~~
. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

879—922895—25 FIG. 29

ABSORPT ION SPECTRA — ONE ATM NH3 IN 10 ATM H2
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879—922895—25 FIG. 30

ABSORPTION PER CM FOR 1 ATM NH3 IN 10 ATM H2 VS TEMPERATURE
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m~-lecule which bt- cumt~~ the dominant coupler as a result of hydrogen atom ex~~~~~ ’

~tt temperatures above 1500°K. The latter quality is also of course posses~;ed }y

he 1I2e~ H2 system which al s shows however a higher “turn on ” temperature ~f i -~~ I -

The Nil 3 mol ecule is “turned on” at all temperatures considered but its power ch’s ic-al

H 
- 

stability regulates it t-o use only as a low temperatur e , less than 1500°K, couj i e r .

Conclus ions

\5 i - i o u~c cctsd - I a t t -  m l e ~~u1es ha ve been cons~ dered analyi ical ly as coupl’r.
- - a o l  - - la: -r radiation wh en i m m e r s e d  at . a pressure of one atmosphere in t n

r~c-~ pheres 112 . Of all the systems considered , the CO molecule as a coupler to CO
la~er r ad i a t ion  is the best candidate. This molecule exhibits an absorption per

urh t 1 -n t~th of magnitude io 2 cm~~- at temperatures as low as 300°K and a chemical
:;t a ~ ili t y which permits this magnitude to be maintained to temperatures in excess
of (-~~ -~°K. In addition the fact that H2 is a good vibrational deactivator of CO
‘-lim inates the problem of optical bleaching of the  molecule. The system D20—H 2 as
o ~-;-unlE- r to CO2 laser radia t ion is second only to the C0—H 2— CO laser system. In

caso the  high absorht ivi ty  of causes the coupler to attain an absorption 
flci~~nt of 10—2 cm at about liOO°K hut dissociation of H20 at high temperature

--ouses  the loss per unit length to go below io_2 cm~~- at about 14800 °K . The H 20—
:. ‘ -:m was considered for both the CO and CO 2 laser. For the fo rmer the H20— H 2

e f f e c t i ve  from 1i0 0°K to 3800°K wh ile for the latter this range ran from
I -

~ ~~~~ - to  l~8’fl°K wi th a peak absorption c o eff i c i e n t  of nearly ten times larger than
th ~~rr~- r .  The concent ra t ion  of the OD molecule was never hi gh enough even in the
fl ~— f l -  system to be an e f f e c t i v e  coupler , and thermal decomposition prevented the

~-ii~ system from L e i n g  useful at temperatures much above l500 °K.
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H SECTION I I I

EXPERIMENTAL METHOD

Introduction

The purpose of the experiment al segment of this program consisted of measuring
t he  temperature dependent absorptio n per cm of H 2 /M 20 , H2/D20 and H2/NH3 mixtures
at 10.6 ~m wavelength , approximatel y ten atmospheres pressures and at tempera-
tures as hi gh as 6000 K . To attai n this information , each mixture was p laced
i n  a h i g h pressure gas cell  in which a hot p lasma , sustained by a focused
h i g h power CW CO2 las e r beam , provided the reg ion of hi gh temperature. This
c e l l  was placed in one arm of a Mach Zehnder interferometer with a CO2 laser
li g ht sou rce , operating at the wavelength of interes t , and the interferometer
was modified to provide nearly simultaneous determination of the power loss and
phase shift of the li ght traversing the cell due to the presence of the hot gas
i n s ide  i t. Due to the axial symmetry in the properties about the plasma , the se
data were reduced to provide the radial de pendence of both the gas temperature
and the absorption per cm and therefore the dependence of the latter on the

former.

As orig inall y p lanned , meas urements were also to be take n at 5MM in a similar 
-

manner using a CO laser instead of the CO2 laser as the laser li ght source .
A lthough t ime did not permit carry ing out these experiments , the CO lase r to be

used was constructed , and this laser is descr ibed in Ap pendix A.

In this section , we describe in detail the experime ntal apparatus , the

collection of data and its reduction to prov ide the informa t ion of interest.

The Hi gh Pressure Cel l

The gas ce l l  used in th is stu dy is drawn to scale in Fig. 31. The cell was
made from brass with coppe r cooling lines soldered to it. To heat the cell , hea t-

ing tape was wrapped around it. Between di fferent cell sections and at window—to—

ce l l  seals , 0—r i ngs made from a low por osity—h igh the rmal stability elastomer

were used. It is seen that the cell is somewhat “top heav y” in appearanc e due to

the  7.5 inch long section which res ts on the cross which ori g ina l l y cons tituted

the cell. This section was added to the cel l  af ter an earl y experiment in which

bouyanc y driven convective heat f low from the lase r sustained plasma caused the
hi gh powe r laser beam entrance window to crack. No recurrence of this accident - 

-

ha ppened once the entrance window was moved further from the plasma . The

entrance window was zinc selenide , two inches in diameter , 0.35 inches thick and

anti—reflec tance (“AR”) coa ted for 10.6 ~.im wavelength. The hi gh power beam was
dir ected through this window by a copper turning mirror in an adjustable mount
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n ot  shown , which was attached to the top of the cell. This beam had a diameter
of approximatel y 1.25 to 1.5 in c h e s  at this point , having passed through a two—
t o—one diamet er reducing telescope after emerg ing from the laser , the UTRC
7.5 kW high powe r electr ic discharge laser. The beam intensity was essentiall y
uniform across this diameter as the high power laser oscillates in the so—called
“top—hat ” mode . After passing through the entranc e window , the hi gh powe r
l a s e r  beam is  i n c i d e n t  on a one inch  foca l  length coppe r mirror , located on
the bottom of the cell , which retrorefl ects the beam and focuses it at a
point in the center of the field of view of the two side—sets of cell windows.
Referring now to the “s ide view ” portion of Fi g. 31 , laser induced  gas break-
down is made to occur at the hi gh powe r laser focal point by focusing at this
point the output of a pulsed CO7 laser with a fou r inch focal length germanium
lens through an at coated 0.35 inch thick germani um window . With the hi gh power
CW laser beam quality optimized and this beam well aligned throug h the input
wind ow onto the copper focusing mirror , and with the pulsed breakdown plasma
located near or on the  CW l a s e r  foca l  p o i n t , as judged by visua l observation
through the 3/8 inch thick pyrex vi ewing window i n d i c a t e d , s u s t a i n i n g  of the
plasma w i t h  the cw beam was quite readil y accomp lished at hydrogen pressures
from ten to as low as five atmospheres so long as the cell temperature was
n e a r  to a m b i e n t  p r i o r  to t u r n i n g  on the CW laser  beam. At h i gher c e l l
t e m p e r a t u r e s , o b t a i n i n g  cv l ase r  s u s t a i n e d  p lasma was much more d i f f i c u l t
r e g a r d l e s s  of the pressure. The reason for this is not known but may be due
t o  the  e x i s t e n c e , a t  h i gh cel l  t empera tu res , of t e m p e r a t u r e  and t h e r e f o r e
refractive index gradients in the hi gh power beam input window with a resulting
decrease in the focusab ility of the CW beam .

The final pair of windows , seen in the “front view ” of Fi g. 31 , are used for
passing the probe laser beam , used for measuring the properties of the gas mix-
ture , throu gh the cell. These window s are 0.35 inch thick germanium , AR coa t ed
for maximum transmittance at 10.6 ~m and s polarization since the CO2 laser
source is itself polarized. These wind ows are seen to be disp laced 5.6” from
the plasma with 4” long extens i ons. The purpose of doing so was to minimize
t h e  degree of window heating by the plasma which would cause changes in their
a b s o r b i t i v i t y  and/or  r e f r a c t i v e  index d u r i n g  the course of an experiment ,
thereb y reducing the quality of the data.

The Gas Handling System

The sys tem used for  in t roduc i ng the mix t ure of i nt e r e s t  i n t o  the ce l l  and
then of disposing of it is shown in Fig. 32. In this fi gure , the gas flow pro-
ceeds from the top of the fi gure to the bottom . The source gases , argon , hydro-
gen , an d ammo n i a , are stored in t ank s as shown . Argon was used first to flush
air from the cell and then to raise the cell pressure to the desired leve l prior
to the introduction of hydrogen. The flow rate of each gas was monitored u s i n g
the flow meter unit with the pressure and species correction appropriate to each
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flow tube used . By monitoring the H2 flow meter and the pressure gauge and
by adjusting the flow meter control va l ve the desired total pressure and flow
rate (10 standard cubic feet per hour ) we re obtaine d . All  measurements we re
made under flowing conditions.

For H2/H20 (D20) experiments water was int roduced to the hydrogen flow
b y forc ing  the l a t t e r  throug h the therniostated brass f low s a t u r a t e r  shown in the
f i gure. In the saturater , the ga s flow i s for ced through a fritted gas disper-
sion tube immersed in the water to form small bubbles which become saturated
with water vapor at the vapo r pressure associated with the saturater temperature.

For H 2 /NH 3 experiments , ammonia was introduced to the Stream by cracking
its flow meter control va l ve wide enough so that the flow meter indicated that

NH 3 was f l ow i ng i n t o  the hydrogen s t ream . For this gas , measurements were re-
stricted to approximatel y 5 atmospheres cel l  pressure since the cy linder delivery
pres sure was not much hi gher than this pressure. Exact determination of the
NH 3 concentration in the flow was made by fl owing  a known volume of the
mixture through a known amount of HCI solution which extracted the NH3 from
the gas to form NH4CI. The amount of NH4C1 formed and thus the NH3
c o n c e n t r a t i o n  in the f low was de te rmine d electrochem i c a l l y (Or ion  Research
a m m o n i a  e l e c t r o d e  mode l 95—10 ) .

Other  e l emen t s  in the gas h a n d l i n g  sys tem are as f o l l o w s :  a shu t o f f  ba l l
v a l v e  to s top the f low of combus t ib l e  H 2 in case of f a i l u r e  of a wi ndow or some
other sealing element in the system , a particle filter to remove particles larger
t h a n  60 ~m d iamete r  from the flow , a condenser to remove wate r  from the gas
exi t ing the cell , a relief valve to prevent the occurrence of cell pressures
h i gher  than  190 ps ia , a check valve to prevent the mi gration of air into the
sys tem conta in ing ambient pressure hy drogen in case of a wi ndow or seal failure ,
and an electricall y heated hot nickel wire to catalyze the combustion of waste
hydrogen emerging from the system .

Diag nos t i c Apparatus

The diagnostic apparatus to be described was des i gned to pe rmi t  the nearly
s i m u l t a n e o u s  d e t e r m i n a t i o n  of the spa t i a l  depe ndence of the power loss and opti-
cal phase shift experienced by 10.6 

~~ 
li ght passing through the gas mixtures

of i n t e r e s t  to this stud y. The apparatus is shown schematica lly i n Fi g. 33.
The p r e v i o u s l y de sc r ibed  ce l l  was placed as shown in one arm of a Mach Zehnder
in t e r f e r om et e r  upon a s l i d i n g  s tage to permi t the c e n t e r  of the plasma formed
w i t h i n  the cell to be moved horiz ontall y alo ng the y axis with respect to the
in terf e ro m e ter li ght beam . The lat ter ori g ina t es fr om a 9W CO2 elec tric di g—
charge laser operating on the P(18) transition at 946 cm~~ freq uency. The
beam f rom this laser passes through the telescope , made up of mirrors M1 (1.0 in --

rad i us of curvature) and 1.12 (l.47m radius of curvature) to be expanded in size
prior to entering the interferoineter to a diameter of abou t 14 nun. As the laser
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output was polarized , the interferometer beam sp lit ters B 1 and B2 were coat ed
for 50 percent transmission at 10.6 ~m wavelength and S wave polarization. Upon
emerging from the interferometer at beamsplitter 

~2 
the CO2 Laser beam passed

through lens L1, whose func t ion will be described shortl y, and onto the rotat ing
m i r r o r  M R which  sweeps the beam across the gold doped germanium detector A ,
equ ipped with a mask and a 0.2mm p inhole , whose output is thus the y dependent
intensity of the beam emerg ing at B2. To ensure that in reducing the data

the intensity readings to be compared refer to the same position on the y axis ,
the beam from the helium—neon (HeNe) laser is also directed onto MR and thence
to the p in diode de tec tor  P whose output  is superimposed on that  f rom A , g i v i n g
a da ta  record cons i s t i ng  of a short , n e g a t i v e  voltage sp ike corresponding to the
HeNe beam followed by the broader positive voltage curve which is proportional

to the CO 2 beam i n t ens i t y .  The mir ror  M R rotates at 4000 revolut ions per
minute so that the t ime interval between successive data records is 15 msec .

Under conditions where absorption of energy from the hi gh power laser beam ,

by either the plasma or simply the gas m ix tu re alone , is hi gh , density grad-

ients within the cell are large enough to ca use con s ide rab le ref rac t ion of the
CO2 probe laser light. Uncorrected , this refrac t ion causes large errors in
determining the y dependent power loss and phase angle shift , and the lens L~
is p laced as shown to reduce this problem. The germanium lens L1 has a 20 cm
focal length , is AR coa ted at 10.6 ~m wavelength and is positioned to image the

axis of the hi gh power laser within the cell onto the p inhole of detector A.
As a result , all refraction effects occurring near the high powe r beam ax i s  ar e
removed as far as t he i r  e f f e c t  on the measurement of the beam intensity

p r o f i l e  at the de t ec to r  A is concerned .34

In order to obtain both power loss and phase sh i f t  in fo rmat ion , two shut te rs ,
herein referred to as shown on Fig. 33 were used. Shutter I is a Princeton

App lied Research Model l25A operating in a manner so as to chop the beam going

through the cell at a rate of 2000 per minute so that this beam is swept
across detector A on every other revolution of the mirror . Shutter 1 is equi pped
with a li ght emitting diode and detector which operate to provide an output
voltage whenever shutter I is open. This voltage is fed into a Tektronics FG504
function generator the output of which is used to tri gge r shutter 2 , a Laser
P r e c i s i o n  CTX S3 4 R a d i a t i o n  Chopper in such a manner tha t  the l a t t e r  is locked
on to chopp ing the beam through the reference side of the interferometer at

half the rate that shutter I chops the beam passing through the cell. As a

result , on four successive rotations of Mg~ detector A receives the following
information; Firs t , with both shutters open , the interferometer throughput
1 1(y); second , with shutter 1 closed and shutter 2 open , the throug h put of

the re ference side of the interferometer onl y, I~ (y); third , with shutter 1
open and shutter 2 closed , the throughput of the cell only, 

~~~~~ 
fourth ,

wit h both shutters closed no laser intensity is seen by the detector , bu t any
detectab le spontaneous emission occurring in the cell as a result of the
p r ese nce of plasma is recorded by the dectector , i~ (y).
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Assuming that no spontaneous emissio n is detect ed so that l~~(y) is zero ,
the absorption ~P(y ) and phase ang le change ~~(y ) were aldul ated from intensit y

profiles measured w i t h  p lasma p r e s e n t  comb i ned with those obtained prior t o  t h e
establishment of plasma , denoted by the supe r sc r ip t  zero:

Ai~~y)~~Zn tI,(y )/ I~
( y)) +in (I~

° ( y)/ I~ 
( y) )  (?j )

‘ (y )~ C O S ( I ( Y ) ~~Ir (y)-I~ ty) 
\ 

- cos~ (I~ (y ) -I~ (y) - 1 (y) 
\

2 (I r ( y )I~ (y ) )I/2 
I 2 (It’ (y) Ic

O (y) )I/2 /

I t  s pon taneous  emissio n is detected , the q u a n t i t i e s  11( y ) , l r ( y )  and lc (y ) were
cor r e c t e d  f o r  t h i s  s imp l y b y s u b t ra c t i ng 1~~( y )  f rom e a c h .  It is thus seen that
tile quantities t~P(y) and ll~P(y) were obtained from information collected in two

insec i n t e r v a l s , r e s p e c t i v e l y l o c a t e d  after and prior to the establishment
of the laser sustained plasma .

Detector Si gnal Conditioning and Storage

As can be seen from the foregoing discussion , comple te da ta se ts consis t ing
of 1 1 (y), Ir(y ) , Ic(Y) and i~ (y ) were collected at the rate of about 17 sec ’

for a total of nearly 100 sets for a six second long da t a col lec t ing in terval ,
and i t  was necessary to f i nd  a means of storing this mass of data until it
was c onvenient  to anal yze it. This was done by storing the data signal on
magnetic tape.

The output of detectors A and P were fed into the positive and nega t ive input
channe ls respectively of a T e k t r o n i x  IA7A d i f f e r e n t i a l  amp lifier , and the gain of

~‘o latter was adjusted to obtain an amp l i f i e r  o u t p u t  si gnal  of 0. 10 to 0.15 volt
i ’ t h e  maximum value of i 1(y). Larger output si gnals from this amplifier re—
S 1llte d in a saturated signal being recorded on the tape due to saturation of the
- I-Jl ~- L i i i e r  of the tape recorder wh ich had a gain of about ten. The output of the
lA /A was fed into a Tektronix Type 0 operational amplifier with unity gain which
prov ided  the impedance m a t c h i n g  necessary  to ob ta in  successful recording of the
-,i gnal on the magnetic tape by the Sony AV—3650 videocorder used . If for the
in te r f erometer , the angle $ is defined according to Eq. 23 ,

/2

‘~~ Ir + i~~+ 2  i~I r Ic ) CO S 4’ (23)

then the largest signal recorded is 1 1 (y) correspond i ng to $ equaling zero.

The magrntude of this signal was on the order of one volt.
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Data Processing

Data Selection

Experimentall y i t was found that subsequent to a si gn i f i c a n t cha nge i n
the rate of energy depos i ton in to the cel l  cont en ts , ei ther by simpl y turning

on the hi gh power laser or by establishing a CW laser sustained plasma in the

ce l l , there was always a period of no more than 5 seconds during which the quan-

tity 11(y) exhibi ted marked temporal variat ion prior to settling in to a q uasi
stead y state in which its temporal variation was much smaller. This induc t ion
t ime is cons i s t an t  in magnitude with the calculated t ime , 1 , needed to obtain

a steady state temperature distribution by thermal conduction ins ide a radius

of m agnitude a in a gas of density, 0 , spe c i f i c  hea t Ci,, and thermal conduc-

tivity K as giv en by

~ (214 )

F:)r hydr ogen a t eleven atmospheres and a radius , 1.6 cm , c o n s i s t a n t  w i t h  the
h i gh power laser  beam—to—cel l  wa l l  d i s tance , a value of 5 seconds is ca l cu la t ed
for  1~ Typ ically, then , an experimental run that lasted 15 seconds provided 10
seconds  of da ta  d u r i n g  which a quas i s tead y s t a t e  s i t u a t i o n  pe r s i s t ed  ins ide the

cell. During this period , 11(y) did not remain constant but typicall y showed
per iods  180—235 msec long of rapid variation followed by pe r iods of similar dur-

a t i o n  dur ing  wh ich it remained nearl y cons tant. The reason for this behavior is

not  known bu t may be due to instabilities in the buoyancy driven vertical gas
• fl ow field about the hi gh power laser axis . The tape record for the quasi steady

s t a t e  t ime interval was scanned , adva ncing the tape manuall y wi th the recorder

a t s top ac t ion playback , and da ta was selected for reduc t ion under the c r i t e r i o n
t hat the data selected occured between successive ident ical 11(y) profiles .

Tra nsf e r  of Data to Computer

Each da ta record , consisting of the He—Ne and CO2 probe laser intens ity

profiles was 200Msec long for the beam dim ension , m i r ro r MR rotation rate and
MR~

tn
~
A dista nces used in these experiments. From each data record , detailed

and accurate intensity informat ion had to be obtained for use in Eqs. (21) and
( ?~~) .  To do th i s , each selected 200iisec long voltage trace stored on the mag—

netic tape was digitized and stored as a 512 element array on an IBM Diskette

1 type “floppy disk.” Wi th the tape recorde r in the stop action—play back mode
a p o r t i o n  of the t ape containing the 20Oi~sec interval of interest was repeat—

edl y scanned and fed into a Tektronix 7A22 differential amp lifier in a Tektronix

7704A oscilloscope system equipped wi th a P7001 processor. The desired 2O0~ sec
int erval was selected using the oscilloscope ’s 7B7 1 Delay ing Time Base , and this
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interval was sampled twemty t imes to average out noise not present on the tape
record  and then  s to red  on the “ f l o p p y  d i s k . ” The computer system used is a
Dig i t a l  RXO l equ i pped to interface w i t h  the  P700 1 processor , and the  c o m p u t e r
program STOR2 used is l i s t e d  in Appe ndix B. Details of the language and corn—
puter subroutines used in t h i s  and the  o ther  computer  codes l i s t e d  in the
appendices are found in Ref. 35.

Final Adjustments on Computer—Stored Data

Prior to  t h e i r  use in E qs.  (2 1) and (22) , t he  d a t a  records , now c o n s i s t i n g
of 512 element numerical arrays , denoted herein simpl y by the al phabetic character
assoc ia t ed  w i t h  the ph y s i c a l  qua n t i t y ,  are finall y adjusted to ensure first that
the g iven address in each array refers to the  same v a l u e  of y ,  second that the
base line of each array is correctl y zeroed and third that a tape recorder
imposed noise si gnal approximatel y 7 my in magnitude and ô6Psec in period is
subtracted from each array. When appropriate , the spontaneous emission from
the cell as stored in I~ was subtracted f rom the  i n t e n s i t y  iecord . This
exercise is carried out  using the computer program RED5 , described in Appendix C.

H B. C a l c u l a t i o n  of Absorp t io n

w i t h  the  da ta  cor rec ted  for  zero leve l , pe r iodic no ise and a r ray  address and
spontaneou s emission as described above , a power loss ar ray  was ca l cu la t ed
u s i n g  a computer  program corresponding to Eq. (21), and this program , DAL I , is
d e s c r i b e d  in A ppend ix  D .

Cil culat ion of Phase Ang le S h i f t

To c a l c u l a t e  t he  phase angle  s h i f t  a r ray  ~$ experie nced by the probe laser
beam passing through the cell with p lasma presen t , three distinc t calculations

wer e  made , s t a r t i n g  f i r s t  w i t h  the calculation of the pha se ang le array $ from

H Eq . ( 2 3 ) , and the computer program , P , associa ted with this calculation , is given
i n  A ppend ix  E.  The q u a n t i t y  • was then calculated using the computer program ,
0R1 04, l i s t e d  in Append ix  F. Op e r a t i o n a l l y  th is  program f i r s t  computes the

a r r — 4 v - . X and cosX and then compares each element in cos $ with each in coaX , to
ee le v t the element in the l a t t e r  c losest  in v a l u e  to the forme r and f i n a l l y to
as’.i gn the corresponding element in X to $.

As i n d i c a t e d  by E q .  22 , to  c a l c u l a t e  ~$ the  p reced ing  opera t ions were c a r r i e d

out on data sets taken prior to and during the presence of the laser supported

plasma , wi th ~$ being t he  resultant difference between the calculated values.
However , the onl y values of $ directly calculable lie between —II and 0 and there 
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is therefore a second array , —* , corresponding to the same values of cos$ .
There is therefore the ambi guity as to which of the four quantities •~$ ,  •+~~~,
— — $ ,  or — $ + $ acc ura t ely describes ~ $.

The above amb iguity is resolved by cons idering the physical si tuation g iving
rise to A $.  The phase s h i f t  is g iven in terms of the change in the index of
re fraction , n , along the path (—X0, X0

) t raversed by the beam

~~~ 4, ( y )~~~ f l f
x o (fl(x ,y) fl°(X ,y)) dx (25)

-X~~

whe re A is the radiation wavelength , lO.6Mm. The index of refrac t ion is related

to  t h e  gas press ure ? ~~ and temperature T as well as the polarizability of the

gas a according to ~~~~ /

n :2 f lD a
kT (26~

It is seen that ~$ (y) is negati ve and if as in th e present experiments , the

temperature distribut ion has cy lindrical symmetry with a maximum on the axis ,

which is the high power laser beam axis , then A$ (y) passes through a minimum

at y equals zero. With this knowledge , ~$ is obtained first by examining the
four quantities describe d above and deciding which is most likel y to describe

~$ based on its shape and the position of its minimum compared to the position

of the plasma center as determined from the position of maximum detected p lasma
spontaneous radiat ion. This procedure was carried out in the computer program

CHOOS2 described in Appendix G .

Obtaining Absorption Coefficient and Temperature

Given a sample wi th axial symmetry in the property £ abou t the z axis on any

xy p l ane , the observed quan tity E meas ured along the X direction at a distance y

f rom t h e  zx plane is g iven by

• 2 2 1/2 ( 27)
— y  

€ ( r ) dx
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where r0 is the radial boundary past which the property E (r) vani shes . With
E ( y )  meas u red and kn own , t(r) is obtained from the Abe l trans form 37

E(r) ..
~~~ 

J
~rO dE ()~ ( y 2 — r 2 )~~

2
dy (2 8)

r dy

When the quantit y E(y) is the absorption t’p, ~(r )  is the d i f f e rence be tween
t h e  produc t of the absorption coefficient k(r) and the  absorber  density
u(r) f rom i t s  v a l u e  pr ior  to e s t a b l i s h i n g  the plasma . Similarl y, whe n E ( y )
is the  phase ang le  s h i f t , e ( r )  is the  r e f r ac t ive index d i f f e r e n t ial n ( r ) — n °( r )

In the present work , this techni que , c ommonl y refe rred to as Abe l inversion ,
was accomp l i shed  by firs t fitting E(y) to the form

N 2n
(29)n~ o

fo r  w h i c h  case

N
£ (r ) :~~~ 2n a ~~F~ (r) 

( 3 0)

where

r . ( 2 f l - t )
Fn (r ,là) f 2  

~~~~r (y — r

and 

F~
(y,~~) ~~~~~ (_1)

m 
2

2m
m! (n- i ) !  (

2 ? )~~~~~
2tn-m-I)

( 2 r n + i ) !  (n—rn— I)’

Tha t Eq. (31) is true is seen by observing t ha t

• dF~ (y, r0) 2n~ ( 32)

d : 2  2~l/2
Y ky —r I
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The task of fitting AP(y) and A$(y) to y is acc ompl i shed by use of the computer
program MA SAG 5 which is listed in Appe ndix H. In this program , the porti on
of the array to be fitted to a pol ynomial is se lec ted , and random noise in this
p o r t i o n  is averaged over .  The s u b r o u t i n e  ass i gns values  of y to the loca t ion .
.. f  the a r ray  to L e  fitted , and the a axis is in practice always assigned
to  w h a t e v e r  addr &-as is observed to occur at the p lasma center  as observed f r o m
the spontaneous emission from a p lasma es tabl ished in H 2 .  In assi gning  y
v a l u e s  to  a r ray  loca tions , use is made of a factor which is th~ numbe r of
cent i m e t e r s  per unit change in array address number and is based on the rota—
t i o n  r a t e  of the mirror , the mirror—to—detector distance and the known 2O0~ sec
t e m p o r a l  w i d t h  of the arrays used in this work. The size of this factor is
.00535 cm per array address change . It is thus seen that the 200~’ p inhole

—I causes  the recorded data to be effectivel y an average ove r near l y four array
addresses. In selecting the expression E (y ) to fit the data , the pol ynominal
order , is increased u n t i l  the  r e s u l t i n g  grap h of E (y )  is jud ged by v i s u a l
i nspection to be a good representat ion of the data.

The va lue  of r0 is the val ue of y for whi ch the pol ynomial fit first
crosses zero . In the case of ~$, the procedure as described thus far does not
permit accurate determination of the magnitude of the minimum in t~$. That is ,
t he  min imum c a l c u l a t e d  may d i f f e r  f r o m  the  ac tua l  value  by an increment  equal
to an in tegral factor of 2 -li . For experimen ts in which the hi gh power laser
be am was s imp l y focused in to the gas mix tu re wi th rela t ive l y smal l  in terac t ion
w i th  i t , the temporal variat ion in I~ was slow enough to permit accurate
estimation of ~+, and it was found that in these cases the magnitude of ~$ was
such that r0 was equal to or s l i gh t ly less than the distance of the a axis to
t he  c e l l  wa l l , 1.6 cm. When the hi gh power beam—mix ture interaction was
intense as in the pressure of plasma , the variation in was too fast to
foll ow from the recorded data and so the increments of —2~ were added to the

• val ue of the minimum in ~$ until the calculated value of r0 fell close to 1.6

cm.

Wi th  the data fitted to the pol ynomials , the task remained to carry Out
th e Abe l inversion , and this was done for both ~P ( y )  and ~$(y) by the computer

program ABEL8 listed in Appendix I.

Obtaining k ( r ) u ( r ) from A P (y )  was carr ied out in a qui te s t rai gh tforward
manner , but the method of obtaining T(r) from A$ (y) merits more discussion at

t h i s  p o i n t .  Combining Eqs.  ( 25) and ( 26) and s u b s t i t u t i n g  the dens i ty  P fo r
• p/kT inversion results in calculation of the temperature itself but rather the

p roduc t of the density and the species averaged po larizability ~ of the
medium at radius r:

p (r)Ti(r) :_
~...2. €4 ,( r)+ p ° ä 0 ( 33)
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where  £ $ ( r )  i s  t he  v a l u e  of £ ( r )  w i t h  E ( y )  b e i n g  $ (y ) .  U s i n g  t he  t e m p e r a t u r e
dependent chemical e quilibrium calcu l ation shown in Fi g. 7 and a s i m i l a r  one
for ten atmospheres pure H , along with literature values of the zero fre-
quency po larizabi lity of H2 ,  H and 02 , 0 and 1120 , t he  speci es
a veraged  p o l a r i z a b i l i t y  was c a l c u l a t e d  for  ten atmospheres 112 and compared to
t h a t  fo r  ten atmospheres 112 and 0 . 5  1120. The latter was found  to exceed
the for mer by 8 percent due to the large H 2 0 p o l a r i z a b i l i t y , b u t  this differ-
ence vanished at around 3000 K due to the dissociation of 1120. Due to the
small size of this difference , the p~ larizab ilit y of a mixture ori g i n a l l y pure

H2 was used in the t emperature calcula t i o n. The density P ° in  Eq.  ( 3 7 )  was
obtained from read i ngs of cell press re , P0, and temperature , T0, using the

p r e s s u r e  gage in  Fi g .  32 and a chrome i — a l u m e l thermocoup le  i n  the lowe r thermo—

coup l e  w e l l  in Fi g .  31.  In pract i ce , the cell pressure , P ’ , during the experi—
m e n t a l  run was f o u n d  t o  d i f f e r  f r o m  P0 by as much as 15 percent due to the
heat addition from the hi gh powe r laser beam . Accord i ng ly ,  this pressure was

used in obtaining the t emperature at r from p(r) a (r) and a calculated p lot

of D ( T ) ~~(T)  vs .  T.

As a result of this invers ion , bot h the temperature and the a b s o r p t i o n
per cm we re known as a function of radial position relative to the hi gh power
laser beam axis , thereb y reveal ing the dependence of the latter upon the

former.
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SECTION IV

EXPERIMENTAL RESULTS

Refrac t ion E f f e c t s

in an experiment in whch a laser beam is used to obtain spatiall y detailed

information near a hot dense p lasma which g ives rise to steep temperature and

refractive index gradients , the question arises as to what extent the latter
cause significant refraction of the diagnos t ic laser be am and thereb y a f f e c t

the quality of the data. As ment ioned earlier , the 20 cm focal length lens was

placed at the exit of the interferometer to correct such refrac t ion effects ,
and this section describes the success obtained .

With the cell filled with 112 at 150 psi g ,  a laser sustained plasma was
established and data taken as descr ibed in the previous sections. Fi gu re 34
shows the arrays t r ’ ‘c ’ Ir~ 

and I~ ° the forme r pair exhibiting substantial
d i s t o r t i o n  due to spontaneous  emission from the  plasma , and Fi g. 35 shows the
array I~ containing the detected spontaneous emission. The arrays ‘r and
were processed through RED5 which subtracted out I~ to eli m inat e the e f f e c t

of the  emiss ion  on the l a t t e r , and the same four a r r ays  are r e — p l o t t e d  in Fig .
-b. The attenuation of 1r by the p lasma is seen to occur at nearl y the same
location as the onset of the radiat ion intensity. The exact separation
between the two onsets is about 0.05 cm , wi th essentiall y no distortion in

occurring at points further away from this point wh ich is 0.4 cm from the

p lasma core . When this data was full y red uced , the onset of absorption was

c a l c u l a t e d  to occur at a radius  of about 0.4 cm , where the temperature was

c a l c u l a t e d  to be 8200 e K , in subs tan t ial agr eemen t wi th the res u l t s given fo r
the onse t of inverse brem sstrah lung absorption in hydrogen in Ref. 41. Of more

importance however , the fact that no distortion of occurs at greater

radial positions and lower temperatures , as expec ted for pur e 112 ,  in fe rs  tha t
refraction , even in the presence of p lasma , has no si g n i f i c a nt e f f e c t on the
data in the temperature reg ion of interest to this stud y.

The Laser Sustained Flame

tnt roduct ion

In all three of the gas mixtures reported on here , an i n t e r e s t i n g  phe no-
me non was observed which has important implications for the laser energized

rocket thruster as well as providing a second source of experimental data for
the present stud y. In all of the H2/N H 3 experimental runs and in many of the

112/11 20 ari d 112 /D 2 0 runs , a tenuous visible glow appeared at the focal spot of

74
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MEASURED PROFILES I~.0 AND ‘c0 ALONG WITH I
~ 

AND Ic
IN THE PRESENCE OF LASER SUSTAINED PLASMA IN 11 ATM H2
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FIG. 35

MEASURED SPONTANEOUS EMISSION PROFILE I,~
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PROFILES OF 1 ,0, ‘c°~ ‘r
AND I 0 AFTER BEING PROCESSED THROUGH RED5’
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the hi gh powe r laser beam in the absence of p lasma . T h i s  g low was not observed
in pure 112 and its color was characteristic of the mixture in each case ,
h i ving in each case a shape reminiscent of the flam e from a match or stove
burner , hence the app licatio n of the term “ f l ame ” t o  t he  phenomenon . Each
t i a m e  was blunt at its L se which was several millimeters in diameter and
!ocated at the hi gh powe r beam focal spot. In length , each flame extended

s-~vora1 cm above its base. The term flame does not infer the presence of

~om h u s t i o n  in  the c e l l  but  r a t h e r  the  presence of a ve ry hot reg ion , as hi gh as

~~ ) t ) ~ K—4 0 00 K , hea ted  by the  abso rp ti on  of energy from the focused hi gh powe r

l~~ser beam by the mixtur e under study .

impo r t a n c e

The imp lication of this phenomenon to the laser energ ized rocke t is seen
by e x a m i n i n g  the  a b s o r p t i o n  per c m / t e m p e r a t u r e  curve for  H 2 /H 20 i n Fi g. 24.

~r i s  seen t h a t  the  m a g n i t u d e  of the  a b s o r p t i o n  per cm r e m a i n s  r e l a t i v e l y low
u n til a tem 1).’rature of about 1500°K is rea ched , imp ly ing that some method of
pre—h eating of the mixture is necessary to render it s u i t a b ly opaque for
p ractical use . The flame phenomenon howeve r , implies that a 300 K H2/H 20
m ixture irradiated with hi gh int ensi ty CO 2 laser  r a d i a t i o n  is u n s t a b l e , wi th
t h e  ab s o r p t i o n  of a smal l  amount of l a se r  power c a u s i n g  elevation of tempera—
t ire wh i ch cause s an increase in ku which causes more powe r absorption and so
on u n t i l  t e m p e r a t u r e s  of practic al interest are reached without the use of
auxiliary preheaters or low t empera ture  absorbers  such as NH 3, w h i c h  in  f a c t
wa s  or i g i n a l l y i n c l u d e d  in this study because of its possible use in this

way.

W a t e r F l ames

As mentioned previousl y ,  plasma was most easily sustained when the cell

was r e l a t i v e l y coo l and i t  was under  these  c o n d i t i o n s  t h a t  H 2 /H 20 f l ame s
were most readil y observed. This fact may be a t t r i b u t a b l e  at least  in pa r t  to
the greater focusabi lity of the hi gh power laser beam when the cell is cool ,
-i s hy p o t h e s i z e d  p r e v i o u s l y .  Ano the r  exp l a n a t i o n  may be the f o r m a t i o n  of s m a l l

~rop let s of water in the mixture when , as was often the case when water partial

:,r~- ss’J r e s of about 0 .3  a tmosp heres were des i red , the saturator temperature 

~‘d the cell temperature. Evaporation of these drop lets or larger ones on
.hp  C~,(.pg j fl g mirr or surface would  cause the 1120 concentration and thu s the

i~ is •i-~ ’~ ion -. - r  cm i n  t he  b e,am t o  i n c r e a s e  s u b s t a n t i a l l y  and c r e a t e  a f lame .
• - - • ..mpe rar ø .‘l.~v;i r i on  c h a r a c t . - r i s r  ic  of a f l a m e  was obtained in an

~~~~~ 
s.- - ’~ In  -~~~ icL he c.-l I t . .mp ora ’  o r ,  •-x - - .”ded that of t h e  saturator ,

- . . Pi~, • --
~ - - ‘ n.j i o n~ qu c h  -

~ hi’ ;o - - -.‘nce of d r o p l e t s  may not be
~~~~~~ t~~, fj .~. • - ‘ r’~1t i ~n . l ’- sp.rimi . n~~ w i t h  II , H , ~ - m d  A r / H 20 m i x t u r e s
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Ammonia  F l a m e

The H2/NH 3, flame , lik e that for 112/1120 and H2/D 20 was orange in color but ,
for the NH3 concentration tested , redder and not as bri ght.

Exa mp le of Data Reduction

R e d u c t ion of D a t a

With the cell filled with h ydrogen to a pressure P0 of 147 psi g (11.0 atmos-

pheres) 112 along with 0.3 atm 1120, the recorded detector output appeared as shown
in Fi g. 37 , and the presence of p lasma in the cell had the effect shown in Fi g.
38. Althoug h the detected spontaneou s emission in this experiment was not
large enough to permi t determination of the position of the high power laser
be am axis , this property can be obtained from the ca1cu~ ated values of 1m4’ and

~P shown in Fi g. 39 and is seen to be at array address  170.

P a r t  of the  process of fitt ing an ana ly t i c  e x p r e s s i o n  such as t h a t  given

in Eq. 33 to the &~ or ~P d a t a  is ch oosi ng the a r ray  address  i n t e r v a l  over 
-

wh i ch t h e  fitting is to be made. The main criterion for this selection process
is that the detector si gnal—to—noise be large enough that the resulting random

noise in 
~~ 

and ~P be small. The resulting fits are shown in Fi gs. 40 and 41 ,
and the corresponding curve of ku vs T, which resulted from inverting these
fits to get the radial dependence of ku and T, is marked with an asterisk in

Fi g. 42.

Error Anal ys is

The inversion of the above data was repeated with small variation s in each
of the following measured input variables: ~P, t~$,  T~, and P0 and P’. The
r e s u l t i n g  change in the calculated values of ku or T reflected the sensitivity

of t h e s e  on the v a r i a b l e s .

The effect of chang ing tiP is to cha ng e t he va l ue of r0 for tiP. The app lied

change in tiP was ±0.1 which changed r0 by ± .15 mm . The resulting change
in  ku was ±0 .05  cm~~ on t h e  hi gh powe r beam axis where the temperature

wan hi ghest . Far from the axis , the variation in ku increased markedly ,  bei ng
about t 0.15 cm~~ at the largest radi i for which the caluclated ku value exceed

zero. Therefore , the effect on the ku vs I curve in Fi g .  42 of i n c r e a s i n g  tiP by 0.1
i s to decrease si gnificantl y the severity of downward trend in ku with decreasing

t e m p e r a t u r e  at the  l owest t e m p e r a t u r e s  wh i l e  h a v i n g  much l e s s  e f f e c t  at h i gher

t e m p e r a t u r e s .  S i m i l a r l y d e c r e a s i n g  tiP , i n c r e a s e s  t h i s  downward t r e a d .
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S i m il a r l y ,  the effect of shifting 8$ is to change r1~ for ti~ At
large radii and the low end of the temperature range , near 2000 K , it was found
t hat a ±1% change in 8$ resulted in a ±3% change in T while at the 

—

smaller radii and larger temperatures the error increased to ±7%. From
Fig. 41 , it is seen that the error in 8$ is likely to be typ i ca l l y t3~
generating a temperature error of 180’K near 2000’K and about 1 200 K near
6000 K.

A variation of ±1K° in the value of T~ 
as measu red by a thermocoup le

in the lower thermocoup le wel l  in Fi g. 31 was calc ulated to generate a ±1%
error in T at 2000 K and a ±5% error at 6000’K. Due to the large therma l
cond uct iv i ty of hydrogen , the massiveness of the cell and the depth of the H
w e l l , it is felt that the error in T1, seldom exceeded ±l °K.

A v a r i a t ion of ~1% in the pressure P0 and P ’ as measured by the
pressure gauge shown in Fig. 32 ge ne ra ted a 

~~~ 
error in T near 2000°K and

a ±12% error near 6000 K , with the bulk of this error being due to the
error rather than P’. The random variation of the latter during an experimental
run was observed to be ±2 psi at 11 atmospheres or ±1.2% which in turn
generated ±1.2% in temperature over the entire temperature range . Of more
si gnificance is the systematic error in the P0 reading which for this type
of gauge is typ ica l l y as high as ±3%. The largest systematic error in I is
in t h i s  case ± 12% ( 240 K) at 2000’K and ±36% (2200 ° K) at  6000 K w i t h

- 
this error being systematic rather than random in nature. Qualitat ivel y ,  using :1

the ku vs T curve shown in Fig. 24 for comparison , if the pressure gauge error
is positive , the resulting ku(T) curve- will have a maximum at an erroneousl y

— - low temperature and too small a half width while a negative pressure error
will shift the maximum to higher T and inc rease the half width.

Measured ku(T) Curves

Results for 1120

As ment ioned previo usl y,  in all the experiments involving water , the

lat ter was added to hydrogen by bubbling it through a thermostated reservoir

filled wi th the li qu id prior to be ing flowed into the cell. The cell was

g e n e r a l l y kep t near room temperature as plasma sustainment was found to be most
attai nable under this condition . However , under this condition the condensa—

• ti on of water inside the cell became a problem which was circumvented by
imposing a limit on the t ime for which water was added to the 112 pr ior  to
establishing plasma and tak ing data. This t ime limit , along with the condensa—
t i o n  wou ld  ac t  to cause the indicated water pressure , which corresponds to the
vapor pressure at the reservoir temperature , to be an upper bound on the
pressure actuall y in the cell. On the other hand , to the extent that H20.

• condenses on the focusing mirror and is flash evaporated into the gas mixture

Sb
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when t h e  h i gh powe r laser is turned on , the indicat e d lI~~) pressure would be
l ower than that actually in the cell. Thus , the actual water pressure in the
experiments reported on in this and the following D20 section is characterized -~
as being only an estimate.

The measured value of ku as a function of temperature is presented for the
H2/H 20 system in Fi g. 42. In this fi gure , there are five separate curves.
The three solid curves are experimental results from data obtained in the
presence of the laser sustained p l asma , the one marked with an asterisk having
been obtained as described in the preceding subsectIon . The dashed curve is
also an experimental result obtained in the presence of the laser sustained
H2 /H 20 flame . The dotted curve is the anal ytical result shown in Fi g. 24.

Comparing the two sets of experimental results , denoted “plasma data ” and
“flame data ”, it is seen that they are quite consistant in magnitude while
being comp l ementary with respect to temperature , combining as they do to cover
the temperature range from 700 K to 5500aK .

Optical Saturation Effects

The simi l arity in magnitude between the flame and plasma data at 3000 K is
interesting when one notes that in the forme r case , this temperature is hi gh est
in the cell and occurs at the hi ghest incident hi gh power laser intensity , one
to ten NW/cm 2, whereas this same temperature range in the case of the plasma
data lies outside the core of the laser sustained plasma where the incident
hi gh powe r laser intens i ty is on the order of 0.01 MW/cm2. It is recalled
that the hi gh power laser operates at essentiall y the same wavelength as the
diagnostic laser so that the measured value of ku is apparently not
greatl y affected by optical saturation effects at intensities as hi gh as 1 to
10 MW/cm 2.

With respect to optical saturation , two subject areas have been considered
during the course of this study : first , collisional effects wherei n the depopu—

.4 lation of an absorbing energy l evel by photon absorption exceeds the depopula—
ion by int er m o l € c u l a r  co l l i s ions , secon d , d i f f u s i o n  e f f e c t s  wherein the c o l l i —  t -

sion al effect is masked by flux of ground state molecules into the region
irr adiat ed by the laser. The former of these was treated in some detail in
Section II for ~ 10:1 H2/CO mixt ure at ten atmospheres pressure irradiated by CO
la- ;er ra diation . In that study , the CO laser saturation intensity , I~~, at
which the CO absorption coefficient decreased by 50% due to optical saturation was
calculated to increase from 5.6 MW/cm2 at 2000°K to 12 MW/ cm2 at 3000 K.
Alth ough the se values are consistant with the incident laser intensities used

in the flame s experiments , it must be remembered that collisional deactivation

for diatonic molecules such as CO occurs at a much l ower rate than for pol y—
at om i c  molec u les  such as H 20, and the I~ va l ues ca l cu l a ted fo r CO are
pr obabl y low compared to the actual value for H20 so that the observed gap
between the flame and plasma data for H2/1120 is  probabl y not ascribable to
optical saturation i nvolving collisional phenomena.
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Th e second phenomenon mentioned was cited in Ref. 42 for cancelling
optical saturation involving collisions by renewi ng, through diff usion into the
laser beam , the supply of ground state molecules at a faster rate than through
colli sional deactivation of excited molecules. The beam diameter at which the
rate of collisional deactivation equals that of diffusion is given by the
square root of the ratio of twice the diffusion coefficient to the collisional
deactivation rate and this diameter was calculated for 112/1120 to range from
9.76Pm to 3.95I~m over the tempera ture range between 300°K and 6000 K at 10 atm
pres su re .  Since the  smal les t  h i gh power beam diameter in the fl ame experiment s
was roughl y 8OWm, it is seen that diffusion effects cannot influence the value
of 1~ in these experiments.

Si gnifican ce of Results

The most noteworthy feature of the results shown in Fig. 42 is their
magn i tude  compared to the calcula ted value.  It is seen that the fo rme r are
c o n s i s t a n t l y about an order of magni tude  greater  tha n the l a t t e r  throug hou t the
t e m p e r a t u r e  range shown . At the  same t ime , it is seen that a curve rough drawn
t h r o u g h the e n t i r e  exper imenta l  data  set is near l y para l le l  to the  calculated
curve . These facts indicate that although the magnitude of the experimental

• r e s u l t s  is si g n i f i c a n t l y hi gher  than  c a l c u l a t e d , t h e i r  t empera tu re  dependence
is consistant with tha t predicted by ana l ysis. Par t of the difference between

the anal ytical and experimental results may stem from the fact that the former
are derived from measurements averaged over 25 cm~~ intervals so that signifi-
c a n t  excurs ions  from then are expected for  measurements  made over narrowe r
intervals as in the present case . The expected degree of variation over a 25
cm ’ wide interva l m ay be seen in Fi g. 8. The important point to be noted
i s that the measured value of ku is so large as to make 1120 a ve ry a t t r a c t i v e
molecular seed for a laser ene rgized rocket thruster.

R e s u l t s  for  D20

The measured  va lue  of ku (T)  i s  shown for H2 /D 20 m i x t u r e s  in Fi g. 43.
As was the case in Fi g.  42 several exper imen ta l  runs are shown . The solid and
das hed curve s resu l ted f rom pl asma and f lam e da ta respec t ive ly take n a t a D20
pressure of approximatel y 0.3 atm in 13 atm 112. The solid line—and—circle s
curv e resulted from a flame measurement in which the cell temperature exceeded

the saturator temperature so that more confidence can be p lac ed on the D20
pressure given than in the other H2/D20 experiments. As in the case of the

H 2 / 112O expe r imen t s , the f lame and plasma d a t a  at the same w a t e r  p a r t i a l
— p r e s su re  are seen to  be consistant with one another and to provide data from

about 500 to 4500 K. In addition , the f l a me da ta taken a t the lower D20
p a r t i a l  p ressure  is q u i t e  s i mi l a r  in shape to the  other  f lame curve , bu t  the
two curves  do not e x h i b i t  m a g n i t u d e s  which  scale as the D20 par t ial pressure ,
i n d i c a t i n g  t ha t  the 0 .3  a tm  D20 p a r t i a l  p ressure  g iven is probabl y an uppe r
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bound to the value actuall y present in those experiments. The fact that the
maximum observed flame temperatures do not coincide may be due in part to
e x p e r i m e n t a l  e r ror  at the h i gh temperature end of the curves as discussed in a
p r e c e d i n g  s e c t i o n  and a l so  in  part  to the  fac t  t h a t  the two sets of measuremen t s
were taken in sli gh t ly diffe rent vert ical posi tions in the cell with the hotter

flame measurement being taken quite near the hi gh power laser beam focal spo t
and the colder flame measurement being taken sli ghtly above it.

There are two anal ytic curves presented in Fi g. 43. The fi rst curve ,
lab le d “020” was calculated for the indicated H2/D 20 mixture in which the
onl y effect of increasing t empecature was to l ower the gas density and change
the internal energy leve l population distribution in D20 concentrat i on due to
t he establishment of c h e m i c a l  equilibr ium which , for the mixture indicated ,
would cause D2O to vanish wi th 1120 and HDO becoming the princi ple cou p l i n g
molecule. These chemistry effects are included in the curve labled “1120”.
The c h e m i c a l  k i n e t i c s  d r i v i n g  the  H 2 /D 20 system to  e q u i l i b r i u m  are s low at
l ow temperatures and increase in speed with temperature so that an experimentall y
measured ku CT) curve for H2/D 20 is expected to follow the “D2O” cu rve a t
low t emperatures and the “H20” curve at hi ghe r temperatures with the transi-
tio n between the two curves occurring at the temperature at which the t ime
needed to establish chemical equilibrium equals the residence time of the gas
i n the hi gh t e m p e r a t u r e  reg ion . E x a m i n a t i o n  of the dashed flame data curve
indicates that in this experiment , the not ed condition occurs in the 500—900 K
interval. Most important howeve r is that the D2O data indicates this molecule
to be an excellent seed molecule coupler with the advantage over 1120 of
having a large r absorption coefficient than 1120 at lowe r temperatures ,
i ndicating this molecule should be easier to act ivate to maximum absorbtivity.

R e s u l t s  fo r  N H 3

The ku CT) curve for the H2/NH 3 system is shown in Fi g. 44 wi th only
t he flame data be ing shown . The ammonia molecule is known to couple very well

to CO2 l aser radiation at room temperature , but , due to i t s l ack of chem ic al
stability at temperatures above 500°K, i ts usefulness is expected to be limited

to relative ly l ow temperatures. The results shown in Fi g. 44 are the refore

quite surprising, fo r i n st ead of d e c r e a s i n g  from i ts measured room temperature
value , shown as the s o l i d  sq ua re , the value of ku instead remains constant
until 1 000°K is reached at which point it increases more than an order of
magnitude in value , re ach i ng a max i mum a t 2000°X. The reason for this behavior

is not known , but one p o s s i b i l i ty is tha t the spatial reg ion o-,er which the
measurements are taken is small enough and the chemi cal kinetics slow enough
that the equilibrium condition is not reached until temperatures in excess of
200O~ K. In con trast , i n  the presence  of p las ma , the NH3 concen t ra t ion in  the
c e l l  i s  seen to f a l l  by about 40% in ten seconds when exposed to the hi gh
temper atures associated with the plasma .
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The persistance of a Large ku value at high temperatures makes NH3 a more
attracti ve coup li ng candidate molecule than was heretofore expected.

Coupling Measurement s

tntroduct ion

In order to gain ins igh t to the propert ies of the laser sustained flame in
H ,!wjter mixtures , meas ureme nts we re car r ied out to de termine the degree of
:~~up L r g  between the high power laser beam and these mixtures as a function of

~at’r ~oncentration and beam power. In order to do away with the problem of
condensation within the cell , the la tter was kept at temperature higher than

~h e saturator temperature in each case. The range of part ial pressures was 20
to rr to 180 torr for H20 and 20 torr to 130 torr for D20. In each run ,
the increase in the centerline temperature determined from the interferometric
measurement was used as a measure of the coupling . In the H2/H20 measurements
the measurement s indicated little if any beam-m ixture coupling over the entire

partial pressure range , and only the results for the H2/D20 measurements
w i l l  be presented . Of the latter , a not ewor thy res ult was the att aining of a
ve ry hot , 3900 K, fl ame in only one of the runs , at 76 torr partial pressure
and 7.1 kW laser power. The ku (T) information obtained in this experiment is
shown in Fi g. 43. The observed temperature rise in the remaining 112/D20
experiments in this series was nearly a factor of ten smaller , even though one
of these was carried out at higher D20 pa rt ial press ure , 130 torr , and the
same beam power. However , another difference between these two H2/D20
experiments was that the former was carried out at a cell temperature 25K°

cooler than the latter , so tha t flame crea t ion, like plasma sustaining , is
apparentl y cri t ically dependen t on tempera tu re gradien t s in the high power beam
i nput window and their effect on the quality of the beam to be focused into the

gas mixture.

The Meas ureme nt s

The coupling measurements consisted of not ing the change in the axial
temperature measured with the interferometer. It is re—emphasized tha t in only
one of the experiments reported on in this section was a laser sustained flame

attained presumedl y because of the input window problem . The remaining measure—

nients are best understood by model ing the laser—beam—mixture interaction
region as a heat source of dimension R cooled by bouyancy driven gas flow . The

b~i l ance be tween the absorption of energy from the incident laser beam of

intensit y I by the gas with absorption per cm n resulting in a cen ter line
t emperature rise AT cooled over the dimension P. by gas flow of speed V is g iven
by

pC~VAT
I a -  R (34 ,,
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If I is given by the ratio of beam powe r p to its area A , and a is approximated
for D20 in the temperature range from 300 to 1O00~K by

a ~ T d0 (
~~5)

Then the quant i ty ci0P/AT is a linear function of P the incident beam power
and can be written in the form

~ ( 36)

where
R

AVpCp

The absorption per cm of the mixture was measured under pre—run conditions to
be 0.026 cm~~ at 130 t orr D20 pressure and 368°K , and this value was
combined with the experimental values of P and AT to calculate 

~QP/AT as a
function of P as shown in Fi g. 45. The results denoted by the solid point s are
seen to be consistant with this simp le model , giving values of 1.37 cm deg/W and
5.3 x lO~~ cm

1 deg 1 , fo r a and 6
~ 

res pect ive ly. The lone flame results ,
denot ed by the cross, is seen to fall far from the others due to the much larger
AT value attained in this experiment.

In s tudy ing the effect of D20 concentration on the coupling Eq. (34) was
;olved for a~ using the value of a and ~~ derived from Fig. 45 , and the
va lue of so derived from the data is plotted vs. the D20 concent ration
in Fi g. 46. Within rather large error limits it is seen that a straight line
which passes through the ori~~i n can be drawn through the data. The slope of
t his line , 0.23 cm ’ amaga t ’ is the experimentall y derived value of k for
D20 in the temperature reg ion near 330 K and is si gn i f i can t ly larger than the
c a l c u la ted value of T~ p l ot t ed for D20 in Fig. 26.

~~~~~



A79—922895—25 FIG. 46

EFFECT OF BEAM POWER ON COUPLING

130 TORR 020 IN 11 ATM H2
NO F LAME

+ LASER SUSTAt NED FLAME

l.a I I

0.8~~ -

0,6 - -

-

0. 2 -

+
C I

0 2 4 6 8 10

P k W

79—06—12—15

94



R79—922895—25 FIG. 46
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SECTION V

DISCUSSION

Summary of Result s

An analyti cal and experimental program has been carried out to evaluate
the usefulness of binary mixtures of hydrogen wi th H20, D2O and NH3 for
coup li ng energy transported from a distant source by a laser beam to heat a
rocket work i ng fluid. Specifically, the desired information was the tempera-
ture dependence of the absorption per cm of these mixtures for temperatures as
high as 6000’K. To obtain this information , the gas mixture under investiga-

tion was p laced in a high pressure cell in the presence of a hot , l0000—15000’K,
CW laser sustained plasma with the cell in turn placed in a diagnostic apparatus
which measured s imultaneously the absorption per cm and the temperature at
points about the axis of the laser beam sustaining the plasma . These measure—
ments indicated that the absorption per cm for the H2/H20 and H2/D20
mixtures significan tly exceeds the magnitude expected from the analytic study
while also exhibit ing a tempera ture dependence cons istant wi th the es tablishment
of chemical equilibrium within the region of elevated temperature. The magni-
tude , 0.1 to 1.0 cm~~ in the 1000—5000 K temperature range , makes either of

the se mixtures ext reme ly attractive for use in a laser energized rocket thruster.

In addi t ion , in each of the mixtures studied it was found that the

i nterac tion between the focused high power laser beam and the mixtu re was
of ten intense enough to crea te a hot luminous region at the focal spo t ,
refe rred to in this report as a laser sustained flame . Although the cen ter
li ne temperatures in the flame were quite high , as high as 3900 K in one case,
the flames were cooler than the plasma and served to supplement the plasma da ta
by ext ending the observed temperature range to lover values. The magnitude of

the absorp tion per cm measured in the H2/vater flames was consistan t with

tha t in the plasma experiments even though the high power laser in tensity in
the measurement region was much higher , indicating that optical saturation
effects are not important for the }12/vater mixtures and CW CO2 laser
i ntensitie S up to 10 MW/cm2 used in these experiments. For the H2/N03
flame , the measurements indicated the NH3 molecule to be absorbing at tempera-
t ures as high as 3000 K in contras t to the prediction of the destruction of

NH3 at chemical equilibri um for temperatures above/500’K. This indica tes
th at the kinetics driving the H2/NH3 sys tem to equilibr ium may be slow

enough to permi t use of ammonia in a rocket thruster at temperatures higher
than previously believed possible. In the plasma experiments involving ammonia,
the destruction of this molecule at the temperatures associated with the plasma
was very apparen t, indica ting that there is a limi t imposed by chemical effec ts
on the usefulness of 1’1113.
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Unknown Flame Properties

One of the more interesting results of this study is the observation of
the ability of the high power laser beam to raise the temperature of the
mixtur e unde r stud y to a leve l useful in a laser energ ized rocket thruster.
Very l i t t l e  i s known abou t the ease with which such flames are made. It is
known that for a focal spot diameter of about 0.01 cm , f lame s ca n be crea ted in
H2/H20, M.~/D2O and H2/NH3 mixtures wi th 7 kW of laser power. However , the re is
evidence , described in Section IV , that if the laser beam qua lity is decreased ,

~v di stortion on passing throug h the cell window , and the focal spot
diam eter become s larger , creation of the flame is more difficult. This prob l em
was also encountered in sustaining plasma with laser radiation , and one is
therefore led to the conclusion that just as the laser power needed to create
and sustain plasma in gases exhibits a beam diameter dependence ,43 so will the
powe r needed to create and sustain a flame . Put another way , it is not clear
that just because 7 kW focused into a spot lO~

3 cm2 in area will create a
flame , 7 MW focused into a spot 1 cm2 in are a will do the same even though
the i ntensity i s the same in both cases. Other questions of interest concern
the beam diameter at which the time needed for NH3 destruction is exceeded by
t he diffusion lifetime of NH3 inside the beam, and the possibility that the
be am powe r needed to create a flame in H2/H20 mi gh t be lowe red by the
ad dition of a NH3 “Priming charge” to br ing the H20 absorption per cm hi gh
enough to permit ignition of the H20 flame .

In any event , the discovery of the H20 laser sustained flame was an
unexpected result of this Air Force sponsored research program and one which

mi ght prove extreme ly val uable in the area of laser energ ized rocket thrusters.
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APPENDIX A

CARBON MONOXIDE LASER LIGHT SOURCE
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The carbon ns’nox ide I aser . w)ii~ Ii w as t o  he used c. I lu d ia~~’i ’ ’ . I i

source at f rcqucn~ ics near .‘UO() ciii , w e .  l’u I It  1.1! ye l v  I .e  ed on h~ w~’r~
descr ibed In R e f .  4 4 .  The laser c av i ty  it sc H  was ppi .~~ir . ite1v  .2  i i , t  i~~~

.

in length , with .i 10 m radius of ct ir i.’, ture gol $ — v o a t e d  ~~~~~ r high ret  le t i : i t v

mirror , and a flat germanium 95 percent reflectance mirr or outpu t  i,1,h r. I~~
nt  lye medium was an e l e c t r ic  discharge , powered by i r r c - r . t  re-gu i at • d

sti pp i ics , In .i gas mix ture  of approx imat e ly 16 torr j r - ~s i r i -  con ta in  iii~ li& 1 1
ca rbon monoxide , n i t rogen , and oxygeii in t he ra t io  of I ‘ O I  : -40 : : I . Iit~
he lium was passed throu gh a coil o~ copper tubing immersed in 1 lqiiid nit ro~ eii
to f reeze  out any wat e r  in the hel jum pri or to en tc r iny  t i n- di sc - ha ry& ~~~ ion .
The’ d ischa rge tube had two identical sect  ions r ode f r e - , ‘. i ‘. . and ~oic:, i in
t h e middl e b~’ a short pyrex cross which held t h e  gas e u t ] t t  is we l l  as t h~
coirmon cat hode to  each sect io n ’s d ischarge . The inside d~.a ro- ter  ot t he d u o  iiar~~e
tet be~ was 3/ .  in. The act ive medium was sealed at each end wi th  water  cooled
ca l  c born f l uo r ide  windows mounted at Brewster ’s Angle , and the region bet wee n
eac h window and cav i ty  mirror was continually f lushed wi th  dry nitrogen to
dr ive out water  vapor which , if left in the cav i ty ,  absorbed cavi ty radiat ion ,
thereby becoming thermally and opt ica lly inhomogeneous and causing the laser
outpu t to be both tempora lly unstable and diminished with respect to both output
and beam qual i ty. The laser could be operated bot h at ambient temperature ,
w i t h  wate r cooling , and cryogenic temperature wi th liquid nitrogen cooling.
The cooling j ack e ts  for each discharge section were approximately 75 cm long
w i t h  a meta l  be l lows blown into the middle of the outer wall of the jacket.
The purpose of the bellow s was to rel ieve stress caused by the d i f ference of
1en~’th  wh ich  was assumed by t he inner wall of the cooling jacket at liquid
nit rogen temperature compared to the outer wall which , of course , assumed So~~c

teni l ierature between liquid nitrogen and ambient. Experience showed that c r ack in g
of t h e  j a c k e t s  rout inely occurred in the absence of the bellows . The In te r—wa l l
d is tance in t he jackets was 1.6 cm. It was found that such a large d is tance was
necessary to have the discharge tube comp letely immersed in the lIcu ~ d nit rcgcr.
wh i l e leaving enough f ree space at the top of the jacket to allow nitr ogen -:apcr

to  co l lec t  and exhaust without causing wave formation in the liqul i nitrogen which
resu lted , at smal ler inter—wall spacingn , in blowing liquid nitrogen out of the
exhaust port .  Wi th  water cooling , the multiline output of the laser was as high
as 20 wat ts , with 13 watts being obtained routinely over hour—long periods. With

liquid ni t rogen , 70 wa t t s  of mu ltiline output power were obtained.
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C~ 4PUTER PROGRAM “STOR2”
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2 RE?1 11 IS ~~~~~ TRACE P&JI1~~R--NLPIERIC
3 LET P 8
4 ~~Pt RI IS RUN NUP~ ER--~~ELLED OUT
5 PRINT “INPUT RUN NLHIBERi TI€N ‘~~ TL~ N”
6 INPUT RIie L~~C “OPO”
28 ATT~~ H *2 AS OPO
25 I’IEH 02 IWIS “c01’ GO~~~ 48
26 RETL~ N
48 PUT “PI 11410 02
4 2 P~~~43 LET H$ STP<N)
44 LET RI1$—R$$H$
46 OPEN *1 AS DXI RH$ FOR i*ITE
50 Fi~ 1 Hi I P*~in W~4U[f Uk11 I U I.~ k j  L~~ ~LUG- P1, ~~ - .~~FOWt1$ MUST SP~ -4 10 01 US
68 PRINT ‘ UNGROIJ4D PRC*t ~~ ) ~(IJUST kNC*~S FOR P~~)PEP SENSITIVITY”70 PRINT “P~~SS ‘~~ TURN’I*€N ~~~~Y
~~ WAIT

~~ ~~ .EFO~~1 ~~ iS 11) 1P~~1l*4..~~ *1~~ PUT “STO INTO *2, A”
u S  PUT NPEPI I INTO *2128 PUT “2110” INTO *2, ”A
1~~~ PRINT “TO ACQUIRE GROUP-ID-REF LRENC~ LEI*.L. GR OUP-ID PLUG-iN”
148 PRINT “P~~~SS ‘ PROG C~.t.L ’ ~ JTTC 1’I 14 OH OPO-PRESS ‘RLTLJd’I’ *€H ~~~~ Y”1~~ WAIT
1~~~ P~~~170 PRINT “TO U 1RE. ~~~ I~~.~ FOM’1, UIGROIJ10 PLUG-1N
1~~ PRINT PRESS ‘~~~TU~~I ’ *~~4 ~~~~Y”
1~~ WAIT
1~~~ P~~~1% PUT “STO” 11410 *2,”A”
1~ ? PUT ~~~“_ 11410 *2288 ~~T WA FRON e21 ”~~.~ 2e A”
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21S~~~~~ 1WA
211 ~~ITE SIWA212 Q.O% 01
213 LET PMISI

RET~~~

*
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8 DIN ~~~511)
9 DIM WW 51I)11Q(511)
10 DfUT ZI
28 OP~ 4 01 AS DX1’Z* FOR ~~~

.
—— •1~$Q

41 ~~~~~ *1
- ‘ - ~~~D UT A*H ~~ 0pD4 01 AS DXI AS FOR

78
71 ~~~~~ 01

~~ ~~~~H WZ(0’ 188)
108 WAIT
Ill P~~~128 ~~~~H WACO ’ 108)
1~~ WAIT
14S P~~~1~5 1*UT A B C D E

FOR IuA TO B ST~~~C
178
ISS PEXT I_
1~~ GOTO JN0
1~~~ P~~~

-
.

281 WAITas I - -
210 D U T  Jas w ~s ThEII GOSUB 108
fl9 GO91 2085as cei *1 m o~c1:Bs FOR
248 ~FITE 01~~Sas cioe *1
~~o.
i IPUT ~~

108
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r r - - -

~~~~~~~~~ 1

1010 L SOE
1015 P~ Z
1~~~ GOTO 288
1S~~ ~~TL~ N
,~~~~~~~~~~ I ~~~~~~~~~~~~£~~~~~ale ~~~~~ ii~~
~~2e INPUT 8*
~~J0

~~~~H *( 360 509)

~~1S WAIT
~028
3~~~ INPUT IBUB
~~~8 FOR 1.8 TO 511
JI~8 ~~(I) .I (I)-1~~~CO8( 2~*3.14159$((IB-I)’167.5))
~~6O I~~CT I
W~ GOTO 1~~

*
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10 DIM A(511).B(511),C(51I),D(51*)
28 INPUT AS 8*, CL DO
30 OPEN 01 AS Dxl AS FOR REM)
40 READ O1,A
50 CLOSE *160 OPEN *1 AS DXI 8* FOR READ
70 READ s i B
88 CLOSE 01
90 OPEN *1 AS OXI’C$ FOR READ
180 READ * lC110 cLOsE 01
128 OPEN *1 AS Dxl ~DO FOR READ
138 READ *10
140 CLOSE 01
149 P~~~150 ~~~~H A B ~CD151 WAIT
160 EL~~

( A/B )+LOG( C’D)
178 P~~~• 179 ~~‘~~TE A1LC.O
1BS~~~~PWE• 190 INPUT H
285 IF P~~ THEN GOTO ~::210 INPUT RI
___ OPEN 01 AS Dx1’R* FOR I~~ITEas 1 1Tf SIt
240 CLOSE *1as wro ~~~DELETE 150
310 ~~TO 30
415 E?O
READY
*

L~~~~~~~
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COKPL ITE R PROGRAM “P”
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-

18 DIM A (51D,B (51l),C (511),D (511)
28 INPUT A$~B$ C*~D*
30 OPEN *1 AS DXI AS FOR REf()
40 READ O 1 A
50 CLOSE *1
68 OPEN 01 AS DXI :81 FOR READ
78 READ S I B
08 CLOSE *1
90 OPEN *1 AS OXICS FOR READ
180 READ S i c
110 cLOSE *1128 P~~E
130 GRAPH A ,B,C
139 WAIT
140 D—( A—8—C )‘( 2*SOR( B*C))
150 P~~E
160 ~~~~H 0- • 161 WAIT
162 P~~~170 INPUT H
180 IF P~~ T1EN GOTO190 OPEN 01 AS Dxl :0* FOR WRITE
!~~ WRITE * 10210 CLOSE SI
as o~
READY
*
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10 DIM A 00),B 5ø~~,W ~~5j l) ,~~C(5j 1)
15 P1—3 . 14159
16 X—-PI
28 FOR 1.0 TO 508
38 A( I ).X
40 B(I).COS<X
45 )C X.P I ~~~~~~
50~ EXT I
65 INPUT RI
65 WA-C
66 AX.8
78 OPEN *1 AS OX1 RI FOR READ
80 READ
89P~~~90 CLOSE *191 WA
~~~WAIT100 INPUT ~ 4 ’PV (

• 128 FOR I-Pt4 TO MX
121 IF ASS(~~~ I)X 1 lIEN GOTO 12?
122 IF ~~~t)>0 THEN GOTO 125

• 123 A)~( I ) - P I
• 124 GOTO 170

125 ~~(I).e126 GOTO 170
127 FOR ~~0 TO 500130 IF ~~~(I~ (I)-eCJ)x.SE-e3 lIEN GOTO 150
140 tEXT J
150 ~ ((I)~~~J)
175 tEXT I
178 P~~~179 PRINT RI
180~~~~~~H W A ,AX
1*1 WAIT
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190 INPUT SI
205 OPEN 01 AS OXI SS FOR WRITE
215 WRITE Ol AX
220 CLOSE 01
238 DC

*
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V.—

9 DIM S(511)R( 511)
10 iNPUT SI RS
15 OPEN *1 AS OXI SI FOR READ
25 READ * 1S
30 CLOSE *1• 35 WA1T
40 OPEN Si AS OX1 RI FOR READ
50 READ S I R
60 CLOSE *16 1P~~~62 ~~~~H SR63 WAIT
7 8 P~~~O0 PRINT ”
90~~~~ H S
100 WAIT
I1S P~~~128 PRINT “

130 ~~~~N P
140 WAIT
141 P~~~-

•

165 PRINT “ S$J ” —“RI
1?B-~~~~~H D
185 WAIT
101 P~~E
190 D.*-S
285 PRINT •
z1.~~~~w D
-

~~ WAIT
221 P ~~~235
240 PRINT •
25S~~~~ H D
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260 WAIT
261 P~Z
270 D-O
as PRINT H

290 GRAPH D
300 WAIT
310 P~~E
-~~~ 

INPUT P1
330 IF 1~~ THEN GOlD 588
340 INPUT TI
350 OPEN 01 AS DXI II FOR WRITE
360 WRITE * 1 0
370 CLOSE 01
500 DC

*
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1 REM tW~TH SMOOTHING RCLITIP€ 9~~~~~”9 DIM $~~ 5 l1 ) ,NB(511) .W C(5l l )~~~~511),W9, 1S)
10 INPUT R$,S$
20 GO9JB ~00921 ~~~~H NB
22 WAIT
24 ~~~~H WA25 INPUT P*4 MX

40 INPUT 5.~50 IF S A 1  lIEN 110
51 NC-C
65 INPUT~~~
05 DISPLAY 1,NC Pt4 P~G
90 INPUT SA
100 GOTO 50

• 110 I~~~111 NB.0
113 G09..E 4~~~2000 OPEN *1 AS Dxl_RI FOR READ
asi LOF *1 GOlD 2~~0

RE~~2803 CLOSE 51
2025 r~~~~ 5000

~~~~ ~~R J’W84 TO ~ < STEP ~~.13501 NC( J~~~
~~~2 IC(J )uO

3000 FOR I.J TO J+~~øI~~ I-I~~ I)
-~
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3~~9 WC( J+JA’2 )~~~~‘( ,$~+j)3010 ICC J.~~’2 ) ê18( J+~~’2)
3~~0 1EXT .J
3030 RETU~ 4
4000 REM
4~~ 0 I I S
4030 FOR I~~*1 TO POC4040 IF NC(I).0 THEN 4000
4000 WA (II)~~CCI )
4060 NB(II).WDCI)
4061 PRINT WA(II)NB(II) ,I1

- . 407$ 11.11.1
4050 IEXT I
4090 INPUT K0 JJ
4191 ~~~~~~~ , 2*JJ IS TIC L~~GEST POIER OF V
4002 JJ<-8 AS DEFINED BY DIPKRI
4093 A.0
4185 FOR 1 1  TO JJ+1
4110 FOP J-1 TO JJ.2
4120 FOR K.K8 TO Il—I
4121 IF J—JJ 2 THEN 4141
4130 A (IaJ~~AC IsJ>+ABS( WBC K))<2*CI+J 2))
41~~ GOTO 4150
4141 AC IJ).A( IJ )+WA (K )*ASS(~~~K))~<2*I-2)4150 NEXT K
4168 tEXT J
4170 tEXT I
4175 PI*JJ I
4179 FOP 1.1 TO JJ+1
4180 ~~~~~S( A( I1))
4285 L.I
4210 PO(.I+1
4220 FOR K.KK TO 1*44235 IF )GI)~~S(ACK I)) TI’EN 4260
4248 >S1-ASS( A(K I))
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4250 L’4(
4260 NEXT K
4279 FOR J 1  TO 114+1
4280 BA C I 1 J )
4~~~ ~~~I J) A(L J)
4300 WL J)-0
4310 NEXT J
4329 N”I14+1
4330 A(I,Pfl—A( 1 P1)’wI,I)
4340 IF PI~-I THEN 4370
4350 M-~~~ I4360 GOTO 4330
4370 IF 1<—I THEN 4408
4300 14.1
4390 GOTO 4440
4400 14.!
441$ 14.14-s i
4429 IF 14.1 THEN 4419

• 4430 IF H>PP I THEN 4490
4440 1441
4450 ACN M).4(N,M)-AC p4,I)$ar I N)

- -
• 4460 IF P0(sI TIEN 4410

4479 r ~~11
4400 GOTO 4458
4490 NEXT I
4580 PRINT A( 1 JJ.i,JJ.2 )
4509 INPUT P~

(
4518 FOR 1.0(0 TO N(
4530 FOR J.1 TO JJ+1
4540 NC( I ).0C( I ) A C  J,JJe2)*~~~CNBC I ))‘(2*J-2)
450S PEXT J
4~~ 2 PRINT ICC I ), b~~ I)4568~~~~~~~I
4565 PRINT PSi ” US ,8*~~ P5$ I~~ i *.“i~~ , ø,~~~~~~ IN “ i~~~~’S’
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4579 WAIT
4575 (Pi.~I4 WC(Iti MX)
4580 WAIT
4583 GO~ E 5000
4505 FOR I~~ 4 TO MX
4590 14CC I )
4595 FOP J.1 TO JJ+I
4600 IIC( 1 ).WC( I )+A( J, JJe2 )$~~S( NBC I ) )%( 2*J-2)
4618 tEXT I
4624 PRINT “MAKE SURE RIGHT DISC IS IN Dx1’
4626 GOSL$ 2985
462? PRINT A(1 JJ.1,JJ~2)
4628 WC(213 )AC1 JJ+2 )
4635 GRAPH WA~~~~~~~ WC( I89 PO( )
4635 WAIT
4640 DC
5889 FOR 1.511 TO S STEP —1
5010 NB( I i—5 . 35E-83*C 1-213)
5~~S~~~~~~I5030 RETURN

*
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S DIM PC 101 )~~ .(191 ),T~ 191 )1TT( 181 )
6 DIM AC? ) P(?)~C(? ?),L(?) H(?)
7 DIII ~~ (? )
18 INPUT l0 PLPP A1RA.P,RP
11 ~~~~15 INPUT ~ 4.RX
1? P1—3 14159
18 R(0 H
20 FOR I0 TO 10
21 ,. 1
f l Z~~~25 X—SOR(Z’2-R(I)’2)
30 GOSUB 1000
31 FOR .4.1 TO 7
~~ L(J) -X (2*J-1 )’PI
33 tEXT J
34 G~~ * 2800
36 X-~~R( Z*Z -R( I>2)
3? FOR J l  TO 7
38 I’KJ)s-X’(2* J-1)’PI
39 tEXT J
40 GOSL~ 1800
41 GOSLB 3980

• 45 T(1)s2.68E-I5~ 4+5.8E-43*PS’TS
46 GO9~ 400047 R(I+1 )’~~(I)+<~~<-~ 4)’1S4S A-(W~SS t€(T I
53 PRINT ~~~~~~~~~~~~~~~~— 50 FOR 1 TO IS
56 PRINT R(I)~AL(I)~T( I)1TT(I)
60 tEXT I
62 WA IT

I-
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63P~GE
65 ~~~~H ~t.(0 le)
66 WAIT
67 P(~ E
78 GR~~H 1(0 18 )
72 WAIT
73 P~~E
75 ~~~~ H TT(0 1S)
80 WAIT
0 0 D C
1058 C 0
1851 IF P~ 8 THEN 1988
1852 A~~1858 Pt-I
1059 FOR J—i TO 7
lOib C(J~1 ) Z ~’< 2*J 2)*ACJ)*2*J1.15 IF J 1  THEN 6010 1612
1~~~ IF ~.4.2 THEN GOTO 1522
1030 IF .4.3 lIEN 6010 1432
1048 IF J.’4 lIEN 6010 1342
1000 IF ~.4.5 TIEN 6010 1252

-
• 1068 IF J.6 TIC-I 6010 1162

1072 C(?,2) —4*Z’ 1$*A(7)*14
1073 C(7~3)-8*Z~~~A(?)*14
1074 C( 7 4  )--64’?*Z -6** 7)514
1075 C(715) 384’63*2’4*W7)*14
1076 C(? 6)—-512’231*Z 2*W?)*14
10?? C(?,7)—3072’1809*W?)*14
1.70 GOb 1612
1162 C(6~2).-10’3*Z 8*AC6)*12
1163 C(6,3).I6’~~Z 6*A(6)$12
1164 C(6,4)—32’?*Z”4*W6)*12
1165 CC6.5).12$’63*Z 2*A(6)*12
1166 6~6)—2%’693*W 6)*12
1167 6010 1612

ii
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1252 C(512)—-8’3*Z’ 6*AC5)*1e
1253 C(5.3) 16’5*Z 4**5 *181254 C( 5.4 ) -64/35*ZA2*AC 5)519
1255 C(5,5) 128’315*AC5)*II
1256 GOTO 1612
1342 CC 4,2 ) -6’3*Z’4*AC 4 )*8
1343 C(4,3)58’5*2A2*AC4)*0
1344 Cc4 ,4)~-16’35*W4)*8
1345 GOTO 1612
1432 C( 3~2 ) —4’3*ZAZ*AC 3 )*6
1433 C(3,3)sS’15*A(3)*6
1434 GOTO 1612
1522 C(2~2 )s—2’3*W2)*4
1S23 GOTO 1612
1612 tEXT J

• 1613 RETL~ P4

~~~1 FtP .4.1 TO 7
2810 FOR K 1  TO 7
2928 ~ ..( I)~~ .( 1)4UK)*CC J ,K)
2*35 tEXT K
2040 P€XT J
~~~9 RETL~~I3010 N.S
~~~1 FOR Jel TO 7
351$ FOR K 1  TO 7
3~~~ t4.tI$KK)*C(J1K)
3535’ tEXT K
3040 tEXT J

~~~~~~~~~~~ TT( I ~~~~~~~~ . 277E—03*PP’T( I)
4010 IF TT(1X300* THEN GOTO 4890
4~~~ TIC I).4.90~~--03*PP’T(I)
4~~~ IF TT( I )>4500 THEN GOTO 4090
ISiS TT( I~~~

12o
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4099 RETU~ 4
• RE~~V

*
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