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FOREWORD

An investigation of fundamental molecular processes in support of laser sys-
tem design was begun at the Environmental Research Institute of Michigan, formerly
the Willow Run Laboratories of the Institute of Science and Technology. The Uni-
versity of Michigan for the Advanced Rescarc't Projects Agency under Contract No.
DAHC-15-67-C-0062. The current effort is a continuation of this work performed
under Contract No. DAAH01-72-C-0573. This current work concerns transition
probabilities for several molecules and the transfer of vibrational and rotational
enerygy between HF molecules. The work wis performed with R. E. Meredith as
Principal Investigator for approximately six months. Dr. Meredith left The Uni-
versity of Michigan on 1 June 1972, and at this time Mr. George Lindquist became
Principal Investigator. Direcior of the program is R. R. Legault. Contracting Of-
ficer is Dr. Fred Haak of the ARPA Support Office, Army Missile Command, Hunts-
ville, Alabama. The Institute number for this report is 191300-1-P.

The authors wish to thank Robert Turner for his contributions. The authors of

Section 5 wish to acknowledge the cooperation of The University of Michigan Physics

Department. Purticular thanks are due to Professor C. W. Peters for his interest and

helpful discussion.

The views and concluslons contained in this document are those of the authors
and should not be Interpreted as necessarlly representing the officlal policies,
either implled or expressed, of the Advanced Research Projects Agency or the

U.S. Government.

The contract expired 31 Decembe» 1972,

i
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ABSTRACT

A complete set of electric dipole transition probabilities for H{C] has been com-
puted by means of a numerical procedure developed previously. To produce these
computatlons, the dipole moment and Internuclear potential for the HC1 molecule
were modeled with the available experlmental data. The results are presented in
tabular form for vibrational quantum states from 0 to 12, for changes in vibrational
states between 0 and 5, and for all rotatlonal states between 0 and 35. Progress on
experimental measurements of the intensity of the v = 0 1o v' = 4 band of CO are in-

ciuded as well as progress on an experiment to measure rotational relaxation in an
excited cell of HF,

Measurements of the strengths and widths of lines in the v = 0 to v' - 3 band of
HF are reported. Tils work was begun under an earlier contract with the Advanced
Research Projects Agency, and was completed under the current contract. The
electrlc dipole matrix element for the band has been determined from the measured
strengths to be 1.628 x lO.21 esu-cm. The rotatlonal dependence of the measured
hali widths agrees wlth the Anderson theory of collislon broadening if off-resonant
collisions are taken Into account. A complete code has been wrltten to compute line
widths resulting from collisicn broadening. A section describing this program is

included. Sample calculatlons which show good agreement with avallable experl-

mental data are presented.
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INVESTIGATIONS OF CHEMICAL LASER PROCESSES

By 1972 Fhroueh 30 June 1972

1
INFRODUCTION AND SI'MMARY

The primary tasks ol the cnrerent progvam have heew (1) o meregse the know ledire ol the

trmsition probabirhities Tov the hvdeogen hatide aod tor carbon monoxidy moteenles (Task b,

anck (2) to measuve the relyxation vates an an excited cel ol BE (Fysk 1D

PO TASK B MATREX FEEMENT DEFE RMINATIONS
hecarher work elecinme dipole mooament s clements were ealenlated (o B and DE

Tar trmsitoons expectod 1o e mmportant an HEE gl DE Bysepes [ CO Lisers shing promise ot

Fist ontpot . and lenee mat e e lements Aave ta he campnted tor tis moteenls Other hvdropen

hahdes ave also shown s e Aaction m thets vibvation=potation Danels

eonsideraton Fhe present olligt cons tsts ol

(1 Mode by, (e el tyge dipole moment e CO Lo Loy hvadragen hinlides andd comput

tig thets electyl dipote mateis elements tar the vthratton=vatation fransttions OX-

pectedin Bastng aetion

(h Making absorptiom itne steength megunrement s in the second amb thied overtone hands

HCON 0 =v Tandvy D ey ) o be uked o relintug the dipole moment moudel

Tor €O () (v 18 the vibratlomal MRt amhe )

Todate, we have completed the dipole moment monbe lin,

d mateix-element ralewlatlons on
e only

Goneral resnlts ol these cilentations arve summartzed be

lew ol more spectihe de-
Gitls e presented 1n Seetion 2,

W monkebert the HCE potentind g pote moment nsing existing spectrascopie data, These

modeds prosluce matelx elements and henee transitinn probabiiitien which result in agreement

within expevimental aceuracy with the measured teansliion proh

abilitien. The latter are avall-
abie only for viheatlonal levels wp ooy

J. Thewe models were used ta calculate the

transition
probhabllities for teansitions invalving vibrational levels wplovy «

12. The accuracy of the re-
sults of thewe caleulations ave undelermined for vilirationn! leveln above v

3 becaune the
relationship beiween ihe dipole mameni expansion uned and (he aciual

dipole moment at the
large internuclear Neparalions, whica occur at the higher v leveis, I8 unknown, However, the

trannition probabilliies for levels somewanl above v = 3 (e.g., v - 4, 5, and 6) are probably

reasonably accuraie extrapolations.
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An original objective was to measure absorption line st rengths (or, equivalently, electric |
dipole matrix elements) in the second overtone band of CO. However, since results hive been
published for this band for near-Doppler lines [2], we will perform measurements primarily
on the third overtone band, returning to the second overtone to determine Lorentz widths if P
scheduling permits it

Present plans are to determine individual vibration-rotation line styvengths and Lorents
half widths in the v 0 = v 4 band of CO for gas pressures near 2 atm. Path lengths on the
order of 200 m will be used. The experimental preparations are going well and we expeet to en-
counter no probiems in the completion of this portion of the program. The progress of this
effort is reported in detail in Section 2.3. ‘

The CO motecule will he modeled during the second half of the contviet period when we |
have the outcome of the experimental intensity measurements. The results of the experimentat
strength and matrix-element determinations and the caleulations for CO wiil be inctuded m the

timal report.

1 2. TASK Il. MOLECULAR ENERGY TRANSFER RATES

Because of the virious processes which eompete with a laser action, in the deshzn and
operation of chemical lasers, it is necessary 1o know the rates at which energy in the various
degrees of freedom is transferred among, molecules. Molecular coilisions with the cavity warlis,
maolecular diffusion into and out of the aetive reglon, and colllsions between molecuies In the
active gas medium ali produce changes in the population of the various energy states. In Task
I, we are concerned with the redistribution and loss to transiation of rotattonal and vibrattonal ‘

energy, as the resuit of collistons among the gas molecules within the aective medium.

The primary objective of these studies is to determine experimentally the populations of

HF molecules as functions of (1) time and (2) their vibrational and votational state in cells ‘
containing excited HF and in the absence of diffusion and wall effects. Once radiative processes
are accounted for, experimental transfer rates resulting from collision processes can be de-

termined. From these, energy-transfer cross sections for the various processes can be de-
termined. )

In the experiment presently being prepared, the stimulation in the HF cell is to be produced
by an HF laser operating on a single HF vibration-rotation line. This wi'' produce an excitation
condition in which the molecules in all but one particular rotational state will have a Boltzmann
distribution of rotational energy. A fraction of those molecules in the selected rotational state
| will be raised from 'he v = 0 to the v = 1 level by absorption of the energy from the monochro- .

matic HF laser tcam,

AT ) : : " B A e . .
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! The relaxotion of this excitation condition is expected to occur primarily by collisional
| processes, first by equilibration of the rotational energy of the molecules excited to the v ]
level and then by equilibration of the vibrational energy back to the original state. We will

monitor the relaxation process by monitoring the absorption of the beam from a second HF

Liser of very low power, This laser will also operate on a single HF line. The rotational re-

Lixatton will be monitored by observation of the absorption of the probe laser operating in a

v btov o 2 transition either at the same, or at a different rotational state from that pumped

the varmation it the populiation of a given vibration-rotation state with time ean be determined.

u by the stinyilating loser. sy monitoring the absorption of this probe laser as a function of (ime,
' he detanis of the rotational relaxation process ean be determined from o series of such mea-
¥

wrements e which the stimulating transition is not chonged but the transition o the probe Li-
' e s vared
' A st of compntations showing the teasibility ob such an expermment is presented in sections
1 Aot threoush 301 Sonte ob the requirements on the stimulbativ g and probe Lasers are discussed
and the etteer ot radiative relaxation on the measurements s conswdered. Some jglternate means
l L monpttort, the relaxation process are discussed and the choice of probe laser absorption peq
darrenments over Huoreseence measurements is justitred. The apparatus to pertorm the expern

ment 1= bhemng assembled  The progress made to date 1= reported in Section 3.0

13 ADDITIONAL BEFFORT

We expended some effort to write and test g code for computing collislon-broiadened tine

widths using Anderson’s theory ot cotlislon broadening [3].

The variation in the galn of the laser wedlum with frequency is a very important tactor
wher the mode structure of the laser is a conslderation. Line broadening resulting from col-
listons is important as a homogencous hroadening mechanlsm in gas fasers which operate at or

near atmosphe e pressure. Hence, knowledge of the coflislon=broadened widths can be an im -

portant parameter in some laser-design situations. Yet measurements of coitiston-bhroudened
widths are difficuit and have heen performed oniy for a reiativeiy s rall number of active gas-
perturber combinations. In narticular, determinations of the coiiisional broadening of the

transitions of the active gases in gas-iaser media are largely nonexistent. Measurements of

' the broadening in such cases would be very difficult because of the compiex, nonequiiibrium
| .: nature of the gas in the cavity. Theoretical computer codes to perform such calculations are
3

]

hence a useful tool for predicting such effects. The code which we have generated provides a
useful beginning although it is limited to diatomic and linear molecules.
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The technique used in the code is described in detail in Section 4. Some sample calcula-
tions are also presented. Some of these calculations represent the conditions under which
collision-broadened half widths were obtained experimentally in other progrvi ms. The agree-

ment hetween the half widths predicted by the computer code and the experimental half widths
is very vood.

Seetion 5 includes the measurements of the v 0 - v 3 dipole nutrix elements of ¥
performed partially under a previous chemical laser study contrac’, Contract No. DAUHC-15-67-
C-0062. This work was not completed under that contract and hence was not reporied. How-
cver. beeause of its connection to the present effort it was completed under the present contract
and we teel 1t appropriate to report it here. The measurements pertormed during that effort
Lere succcsstul and complete; the results obtained were utilized in the complete set of matrix

clements caleulated for 1TF under the previous contract [1].

Appendix | presents a dervivation of the equations governing 1he interaetions of radiation
with matter desered by the Einstein coetficients and is supplemental to Seetion 3. Appendix

I contiains the detarled results of the matrix element caleulations performed for THCL
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2
MATRIX ELEMENT CALCULATIONS AND INTENSITY MEASUREMENTS

F. G. Smith. G. Il. Lindquist, and R. L. Spellicy

2. 1. MATRIX ELEMENT CALCULATIONS
Consider a gas having a nonequilibrium population of vibrational and rotational states so

that a known population inversion exists. Inorder to deternunce the ability of that gas to produce

stimulated emission and hence lasing action in its vibration-rotation bands, it is necessiary to

know the transition probability for stimulated emission for the states involved in the inversion.

For a particular change of state, the three Einstein cocflicients represent transition prob-
abilities for spontancous emission. stimulated emission, and stimulated absorption ol radiation.
These Emstem cocflficients are a molecular property and, in the case ol vibration and rotation,
can be related to a quantum mechanical desceription ol the vibrational and rotationid motion ol
that molecule and its dipole moment. It has been shown that the three Einsteimn coelhicrents are
cach directly proportional to the quimtum mechanical electrie dipole matrix element oy thid
transition [4]. Nence, deternamiation o such nuntrix elements is extremely usclul i the deter

mination of the required transition probabilities,

The most accurate method ol determining transition provabilities 1s by measuring absorp
tion under equilibrivm conditions In which the populatlon ol states is well known, However, such

measurements cannot be made on many of the transitions ol Interest In laser studles becaase

the states mvolved are not signilicantly populated at reasonable temperatures, The computation
ol the electrie dipole matrix elements associated with such transltions provides a powerhul tool

Tor the estimation of the transitlon probabllities.

2.1.1. THE DIPOLE MOMENT AND CALCULATED MATRIX ELEMENTS FOR lICI

The electrie dipole matrlx element for the v, J = v'. .|l' transltion 1s defined by the follow -

! Ing [1]:

v, Jhu(r)lve, g va. J.u(r)»'/v ,rzdr

where y'/v, e the radlal wavefunction for the upper state of the transition
&,'/v i* the radlal wavefunction for the lower state of the transition

- ® .u(;) = the dipole moment as a function of r

"

r = the internuclear separation

v. v' = the lower-and upper-state vibrational quantum numbers

J, J

-

the lower- and upper-state rotational quantum numbers

i
!

a
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Calculation of the matrix-element integral vequires initial and final state wavefunctions
and the molecular electrie dipole moment function. Once the form of the potential function s

known, the wavefunctions are calculated by numerical integration ol the Schrodinger equation.
Our procedure allows any functional form for the dipole moment function, but experimental in-
tensity data are required to determine the values of the coefficients of the dipole moment fune -
tion. The procedure used to establish the potential and dipole moment functions is described

betow and the resutts are used to cateulate NCL matris elements.

9.1.2. DFTERMINATION OF THE INTERMOLECULAR POTENTIAL: GENERAL CON-
SIDERATIONS

Phe three most commonly used poteutial functions are the Dunham {or polynomial) poten-
fol the Rybere -Klemn-Rees (RKR) potential, and the Morse potential. The Dunham potential
detines the enerpy as i power series in(r - r(‘) where ris the intevnuclear coordinate and e s
the cquibibrium value ol itevnuelear distance. 1 his original paper, Dunham shows that the
cocliicients of the sertes expanstan may be obtained dirvectly from spectroscopic constants | 5]
Pie Dupham potentrat allows analytie solution of the radial Schrodinger equation and evaluation
ot the dipole moment tntegral by a standard. but tedious, application of perturbation the vy,
Tecont v, Toth, Tant, and Plyler [6] hive used this method to obtate Jdbration-rotation .nter-
whion Lactors for 0 =1 0 =2 und 0 = 3 bands of CO. The Dunham poteatial is not very usce-
tul tor numerieat caleulittons, however, sinee the Dunham expansion Is not constrained to

wpprateh vealisie larms in the Timits ol Lavge and small intevauclear sepavations.

The Morse patentlal 1s ananalytic tunctlon containing three parameters which may be
choscen to obtein agreement with the vibrational and vatational evergy levels of the molecules,
The primary advantage ol the Morse oscillator over other analytle forms 1s that it is simple,
vet its wavelunctlons are analytic. It predicts accurate elgenvilues aver a fairly wide range of
oscillations.,

The RKR potential is simply a labulation of enevgy versus Internuclear distance, constructed
to reproduce the obsevved energy levels of the molecule. The RKR potentlal is constructed by
determining the turning poluts of the molecular osclllatlons with the Wentzel-Kramer-Brillouln

(WKDB) approximation {7, 8, 9]. The procedure requires ouly the spectral line positions.

Whatever the form of the functlon, If It Is to realistically represent the potentlal for a
dlatomic molecule, It must fulfill certaln minimal conditlons, as polnted out by LeRoy and

Burns [10]. The conditlons are that:

{1) the outer br.r h of the functlon should asymptetlcally approach the known dissnclatlon

limit of the electronlc state of the molecule.

(2) the slope of the inner-branch of the potentlal must be negative.

]
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(3) ‘he inner branch of the potential must become steeper with decreasing internuclear

distance, i.e., its second derivative must he positive in that region.

The Punham potential does not fulfill condition (1) since {inite polynomial series diverge at
intimty.  Analvtic functions generally are constructed to fulfill all three conditions but way fail
in other respects e in the prediction of energy levels. Since the RKR potential may be con-

structed to tulfitl alt conditions, we have chosen to use it in this study.

2.1.3. THE RKR POTENTIAL

The veneration of an RKR potential vequires a know'edge of the vibrational energy levels
and rotationat cnevey constants of the molecule inits various vibvational states. From spee-
troscopie data, Dunham coetfirients Yi.] can be determined which describe the value of the
Gquantities by a power series in v the vibrational quantum number. ‘Fhe vibrational enerey levels
arc given by

I .
G, My v 2

' )
o (1)

1 0

and the rotational constants are

m

BooNY e 2 (2)
vl
1 0

I'he number of constants are chosen to Tit the data within the measarement ervor. The (}v and
l!‘_ values, or equivalently the Y coeflictents, provide input data which uniquely define the RKR
potentiai, The method used to determine the potential ls described in a paper by Vanderslice
etat. |9]. For the aetual cafeulation presented fater in this report we have used i computer

program written by Zare [11] modlifled to run in FORTRAN {Von aniBM 360 67 computer.

The necessary Y coeffleients for HC1 have been obtained by Rank, et al. using v = 0 through
v 5 llne and band positlon data [12, 13]. The vibrational and rotational constants which they
obtained are glven in column (a) of Tabies 1 and 2 respectively. Using these constants to gen-
erate an RKR peiential, we obtained curve a of Fig. 1. The dissociation energy corresponding
to the acrepted D, value of 4.43 eV [14] is 37217 em™) and is also indicated on that figure as
De (D0 is the energy difference between the dissociation limit and the v = 0 level). It may be
seen that, for a realistic potential function conditions (1) and (3) are violated by the :onstructed
potential. This is not surprising since the Y's used were detcrmined only from data on the six
lowest vibration states of the molecule. Since we are interested in transitions involving v as

high as 12, the potential must be upgraded.
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TABLE 1. VIBRATIONAL CONSTANTS rOR 1T1

(i) b)
From Rank et al. [12] Adjusted Constants

(('m_l) (('m-l)
Yio 2990.9463 2990.9270
Yoo -H2.8185 -52.7842
Yag 0.2243 0.199160
Y0 -0.0121 -0.004536
Y50 0.0 -0.000806

TABLE 2. ROTATIONAL ENERGY CONSTANTS FOR IICI

() (h)
From Rank et .. [12] Adjusted Conslants
(('m-l) (('m_])
Yo 10.593416 10.593246
Y -0.307181 -0.3054 12
. Y21 0.001772 0.000670175
' Y31 -0.0001201 0.000171434
Y41 0.0 -0.0000231052

R M e v —
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2.1.4, CONSTRUCTION OF THE RKR POTENTIAL

Inorder to construct an RKR potentiai which fulfiils the minimum requirements ol LeRay
and Burns, we have followed a procedure outitned by them for adjusting the Y's to obtain a better
potential Tunction. This is a two-step procedure. First the vibrational constants are modilied
to fultill condition (1) and sccond. the rotational constants are adjusted until conditions (2) and

3 ave met.

Condit:on (1), that the dissociation energy be asymptoticaily approached at large internuclear

sepiariations, is equivitient to two constraints on the energy-level curve:

T e S ——

G
\. .
Yy

wher p '8 the vibrational quantum tevel corresponding to dissociation and

( Y D (4)

\ t

whers I)( s the enerpy ditference between the dissociation lmit and the bottom of the potential
wells Equatton (1) tor G, with the vibrational constants of Rank inserted into Eq. (3) gives .

\ 27.834. The vatue of l)(‘ obtained from this value of v is 40600 ('m_l. This result can be

«-ci;)mp;m-(l with the acceepted dissociation energy of 37217 ('nll)-]. and it confirms what Fig. 1 has
dicated: ey, Rank s vibrationai constants do aot properiy represent the energy jeveis of HCI
near dissociation. I an additionad constant, in the present case, \'50. is added to the vibrationai
cnergy expansion, then Egs. (3) and (4) may be fulfiiled and a good fit to the experimentai data

dalso nunntinned.

A FOPTRAN program incorporating an iterative procedure was used to caicuiate sucih a
consistent set of Yi.O constants. The first step in this procedure was the solution of Eq. (3)
with Rank's constants for an initial value of Vp: This vaiue for vy Was then used to define a
iincar system of equations consisting of Eq. (4} and four equations relating the poiynomiai for

Gv to experimental vaiues of Gv' The complete system used for the HCI case was

5
I -
ZYLO(VD +1,2) DO
i1
and

5
i
/ = =z
Zyi.o(" +1/2)= G, forv=1,2,3,4 (5)
i=1
The values of Gv used on the right-hand sides of the latter equations were calculated from

Rank's constants. The linear system was solved to obtain a new set of Y, o constants which

10
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were then used in Eq. (3) and iterated vatues of Vp Were obtained. The iteration w

D varied by less than 0,001,
constunts at that point in the iter

as contained
until successive iterates of v The corresponding values of the Y
ation were taken as the adjusted vibr
givenin Column b of Tabte t, The G(v) curve

m Fig, 2,

1.0
ational constants and are

determined from this set of constants js plotted

Columns () ond () of Tabie 5 compare the observed hand oriy

ins with thosc catceulated
with the adjusted set of constants. Finally,

an RKR potential was generated from these adjusted
hratiowa constants ind Rank s rotational constants: it is curve 2 of Fig. 1,
function exhibits the correct behavior at laree mternuclear se
futfill the

As expected this

parations. However, it does not
requiremaents at smatl sepavations

Th order 1o construet i potentral which tulfills conditions (2)

ve varied an additional Dunham coefficient,
tancously adjusting the towe

and (3) on the form ol this
function,

Y4 1 in the expansion tor Bv while simul-
r-order coclficients to maintiain the

least-square f1t to the mei -
sured Bv vatues, Tabled contains some

sets of rotational constants which were tested
12, 3 shows the upper sections of the inner branch of the RKR functions resulting

Inspection of that figure show

. and

from these
scts of rotational constants, s that none of these potentiafs fulfifi
to the dissociation limit, This could he

another adjustable constant.

condition (2) alt the way correeted by the addition of
We chose, however, ot to add

another constant but simply to use
: 5 o £ -1
Function b of Fig. 3 up to 36,500 ¢m

and a 12-deg polynomial extrapolation

above that point.
d since the effe

We betieve this is more than justifie ¢t of this portion of the potenti

al should be
insigniticant for vibration states below v 12 which are of prim-ry interest here,

The final
potential form which we have used in ail the

catculations that follow is curve

cof Fig. 1. In
values are compared with the v

alues defined by the adjusted rotationai
rives Bv for ail the vibrationai states predicted.

The final RKR turning

Table 5, the observed ”v

constants and Fig, 4

points for the bound vibrational levels
the actual calcuiation, the potential is dete

a cubic spline interpol

are tabuiated in Table 6. In
rmined at 199 values of internuclear separation and
ation is used to interpolate between those points [15].

'The numerical
adial Shrodinger equation determine the vibrational energy |

evels. The band
able 3.

solutions of the r

origins calcuiated from the humerical solutlons are glven in Column c of T

2.2. THE DIPOLE MOMENT FUNCTION

2.2.1. THE POLYNOMIAL APPROXIMATICN
The most important consideration in the calculation of the cloctric dipole matrix.elements
Is the determination of the

dipole moment parameters. For a diatomic molecule, it may be

assumed that the vector dipole moment function is direc
the function can be represented as a scalar function of t

ted along the Internuclear axls and thus
he internuclear separation. The stan-

11
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FIGURE 2. VIBRATIONAL ENERGY LEVELS
FOR HCl DETERMINED BY THE MODIFIED
DUNHAM COEFFICIENTS USED TO GENERATE
THE RKR POTENTIAL
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FIGURE 3. INNER BRANCH OF RKR POTENTIALS
CALCULATED BY MEANS OF THE TRIAL ROT.\-

TIONAL CONSTANTS IN TABLE 3
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FIGURE 4. ROTATIONAL CONSTANTS FOR HCl

AS DETERMINED BY THE MODIFIED DUNHAM

COEFFICIENTS USED TO GENERATE THE RKR
POTENTIAL

TABLE 3. OBSERVED AND CALCULATED BAND ORIGINS FOR HCl

(a)
Observed
{Rank et al.) [12]
(('m-l)
1-0 2885.978
2-0 5667.984
3-0 8346.782
4-0 10922.803
5-0 13396.217
341 5460.804
4-2 5254.856
5-3 5049.503

(b) (c)
Calculated Calculated
{Adjusted Constants of Table 1) {Numerical Schrodinger Solution)
(cm-l) (cm-l)
2885.974 2886.891
5667.974 5669.352
8346.715 8348.559
10922.789 10925.289
13396.009 13400.008
5460.801 5461.668
5254.815 5255.937
5049.234 5051.449

13
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TABLE 4. TRIAL ROTATIONAL CONSTANT VALUES

(cm'])

(a) (b) () (d)
YOl 10.5932490 10.5932460 10.5932440 10.5932410

Y]1 ~0.3059344 -0.3059118 -0.305889 -0.305867

Y21 0.0006909 0.0006702 0.0006494 0.0006287
\'3] 0.0001655 0.0001714 0.0001774 0.0001833
Y“ -0.0000225 -0.0000231 -0.0000236 -0.0000242

TABLE 5. OBSERVED AND CALCULATED ROTATIONAL
CONSTANTS FOR HCl

(a) (b)

Ohserved Calculated
(Rank et al.) [12] (Adjusted Constants of Table 2)
. (em™) (em™)
BO 10.440254 10.44047
? B1 10.136228 10.13634
132 9.834665 9.834431
B3 9.534845 9.534647
9.236010 (4-2 data)
] B, 9.2363  (4-0 data) 9.236362
8.93743 (5-3 data)
By 8.9395 (5-0 data) 8.938385
;
-
14
-
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¥
1
l
] .
TABLE 6. RKR POTENTIAL FOR HC]
Enefglzy rnolin rmzlx y
\% (cm ) (A) (A)
0 1482.292 1.177068  1.3931u2 1
1 4368.266 1.117050  1.496985 :
2 7150.270 1.080607  1.578597
3 9829.070 1.053586  1.652208
4 12405.080 1.031951 1.722040
5 14878.300 1.0139810  1.789915
6 17248.130 0.9986415  1.857172
7 19513.380 0.9853323  1.924772
8 21672.090 0.9736691  1.993561
9 23721.480 0.9634037  2.064413

10 25657.840 0.9543734  2.138287
11 27476.430 0.9464760  2.216341
12 29171.380 0.9396601  2.300038
13 30735.610 0.9339066  2.391312
14 32160.720 0.9292040  2.492930

T g e ——

15 33436.890 0.9256439  ° 508497
- 16 34552.790 0.9231968  2.744314
lr 17 35495.490 0.9218721  2.910449
18 36250.340 0.9215231  3.126173
19 36800.920 0.9214401  3.436183
20 37128.870 0.9178123  3.996376

= B e
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dard functiona' (orm chosen is a polynomial:
WD) M - )
Lo e
i

where M are the coefficients of this dipole moment expansion. The M coefficients can be
deter mnwd cither by theoretical calculations or through reference to e\penmental data. Ex-
perience has generally shown that ab-initio ealculations are only reliable for dotermining the
MO and M] coefficients accurately; therefore, for a better determination of the dipole moment,
reference to experimental data s necessary. The usual procedure for determination of the \1

coefficients from experimental data is by solution of the following set of linear equations:
n

S '
[—

J 0(1 -r )u r2dr 0lur)lv> forv - 0,1....n (6)
i0

where the <0/ (r) n> 1s the highest overtone matrix element which has been measured. Once

the Mi have been determined for the above equations, any other matrix elements can be approxi-
mated as follows:

n

ulr)lv> ZMift,'/v,(r - re)lx,’/vrzdr (7)

i-0

It may be seen that the relationshlp between the various matrix elements is somewhat obscured
by the interposition of Ml's. In a previous report [1]. we derived expressions which define any

matrix element as a linear combination of the overtone matrix elements. We repeat the deriva-
tion here with slightly different notation and in a more general form to allow direct comparison

with simllar relationships derived by Trilscika and Salwen from the wavefunctlon expansion
method [16].

2.2.2. DERIVATION OF RELATIONSHIPS BETWEEN VARIOUS MATRIX ELEMENTS

In this sectlon, we devlate from the standard notatlon and deslgnate a matrix by a capital
letter and elements of that matrix by slmply attaching subscripts to that capltal letter. Thus,
the dipole moment coefficlents M1 can be wrltten as a one-dimensional matrix M. Let us de-

flne a one-dimenslonal matrlx I" which contalns the overtone matrix elements by:

I"v = <elpl®> vl .. .n

(8)

we also need the n x n moment matrix A deflned by:

lige E2
Av‘1 fwa(r - re) v, rodr (9)
If the: » relations are used, Eq. (5) can be written In matrlx form as:

AM =T (10)

16
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It A-l exists then (1) can be solved for M giving:

M Alr (11)

We define a n < xm matrix B by:

j=0....n

B, , JU .[)'!L'r 1'2dr v=0,...m
IR v v
v 0,...m

and an m » m matrix R containing the dipole matrix clements between the m bound states of the

LY U e T -

molecule:

Rv',v viigive (13)
I Equation (7) can then be written:
R - BM (14)

The substitution of Eq. (11) into (14) gives:

p R pa’lr (15)
| This can be rewritten in terms of the elements of the matrices as:
|
n I
Rv'.v Z_, Bj,v',vAj,iFl (16)
js1=0
] If we define the n X m x m matrix C by
| 3 1
1 Ci.v',v '_ZBj,v'.vAj.i (17)
{ J—O
* then
! n
* Rv',v B Zci,v',vri 18
i=0
' This expression gives a set of linear equations relating the overtone matrix elements to all
i other matrix elements. These are not exact relationships but approximations determined by

n, the degree of the polynomial approximation used. Coefficients calculated with the cubic
polynomiai approximation are given in Table 7. The coefficients can be compared with those
in Table 8 which contains similar coefficients calculated by Kaiser, who used the wavefunction

approximation [17]. It can be seen that the polynomial and the wavefunction approximations

17
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TABLE 7. SELECTED Ci,v',v COEFFICIENTS FOR HC1 WITH A
CUBIC POLYNOMIAL APPROXIMATION

i S0 S S22 o1 12 Cis
| 0 1.0 1.0 1.0 0.0 0.0 0.0

1 9.0 0.5838 1.233 10 15148  1.9915

2 0.0 1515 3.892 0.0  1.2337  3.4093

3 0.0 0.000394  2.111 0.0  1.9916  7.2681

TABLE 8. SELECTED Ci oy COEFFICIENTS FOR HC1 CALCU-
’
LATED WITH THE WA’VEFUNCTION APPROXIMATION

iS00 G Ci22 Ci01  Ci1,2 i3
0 1.0 1.0 1.0 00 0.0 0.0

1 00  0.5839 1.234 1.0 1.5148  1.9914
2 00 1.55 4.001 0.0 1.2335  5.4305
3 0.0 0.000417  3.4%0 0.0 1.994  7.7752
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are nearly equivatent wheu the Rv v,’s arc calculated with these tabulated C. vy’ coefficients.
,

These coefficients will be valuable later for comparing various types of exp‘cr.imentnl data. 1|
In the remainder of the paper, the notation of Trischka and Salwen is used, i.e., the Initial and |
‘ final states are written as superscripts. 1
1
2.2.3. EXPERIMENTAL HCI MATRIX ELEMENTS
1 Numerous line-strength measurements have been performed on HCl. The most complete ¢
work appears to be that of Benediet, Herman, Moore, and Silverman (BHMS) [18]. They mea- 1
sured the HCI overtone matrix elements Rl'o, R2‘0. and R3’0 as well as Rz’l. and R3‘2. More J
! recently Toth, Hunt, and Plyler (TRP) [19] have measured the fundamental and first overtone
" bands. They have also included a table of the overtoue band strengths measured by other lab-

oratories. We have caleulated experimental matrix elements corresponding to these tabulated
strengths. They are given in Table 9. Inspection of Table 9 shows that the errors quoted by

f the different laboratories do not, in general, overlap.

Since the band intensity is proportional to the square of the dipole matrix element, additional
| information is necessary to determine the sign of the RV’O matrix elements. For HC], when
10 and R%O

2,0 . . ]
i than zero and the R matrix element is less than zero. We will not repeat the arguments, but

RO’O is assumed positive, it has been shown that the R matrlx elements are greater
Kaiser has shown that only this choice of signs is compatible with his high-precision measure-
ments of R“ and R22. Simllarly, THP have concluded that *he above signs give the best agree-

ment between their calculated and measured vibration-rotation intensity measurements for the
0-1 and 0-2 bands of HC1.

A comparison of matrix elements determlned in diiferent laboratories [20, 21, 22] is pre-

|
sented in Fig. 5 where fundamental and first overtone matrix elements are represented as di-
mensions in a two-dimensional space. In that figure, the fundamental and first overtone matrix-

{ element determinations have been represented by a slash on the horizontal or vertical axes,

; respectlvely. In the three cases in which both matrix elements were measured by one labora-
tory. the measurements are represented by a point in the space. A point representing the aver-

l age of the results of all the infrared intenslty measurements is also plotted.

In addition to the directly determined experimental matrix elements, some additional points
are also shown. The point labeled K represents the choice made by Kaiser [17] as being the
i most probable value of the Rl’o and R2’0 mairix elements. In essence, he assumed that the
BHMS value of R3’0 was correct. He then solved Eq. (18) for Rl’o using his measured value of

RO’O - Rl’1 and using the coefficlents In Table 8.
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TABLE 9. VARIOUS DETERMINATIONS OF THE OVERTONE MATRIX ELEMENTS
FOR
rO1 r%:2 0,3
(esu-cm) (esu-cm) (esu-cm)
Used in Present -20 =21 -22
Caleulations 712 x 10 =775 % 10 5.15 x 10
Average 7.02 -7.74 5.15
Derived rom
Kaiser's Daq (KD) 7.23 ~7.78 5.15
Kaiser's Choice (K) [17] 7.00 £ 0.10 -7.00 + 0.50
Benedict et a1, (BHMS) [18] 6.70 1 0.12 -7.02 1+ 0.28 .15 3 0.21
Toth et al. (THp) [19] 6.80 1 0.13 -8.00 + 0.15
Penner and Weber (pw) [20] 7.411 1,01 -7.94
Babrov et al. (B) [21] 7.17 + 0.16
Jaffe et al, () [22] -7.94
-6.2x 10721
Choice
-8.0 THP + for Use in
Present +PW
—J Calculations
"E‘ -7.8 |-
o Average +
g 7.6 |-
A
= alls
3
©
vV .2k
? -7.0 |- BHMS+
[
6.8 ] ] T L

6.4 66 68 7.0 72 7.4 g4, 1020
<0|ull>(esu-cm)

FIGURE 5. EXPERIMENTAL DETERMINATIONS
OF <0lul1> AND <0y 2>
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We have calcuiated the point marked KD by solving Eq. (18) using the C]. 0.0° Cj 11 and

(‘,j 9.9 coefficients from Table 7 and using Kaiser's difference measurements. This gives two

equations in the three unknowns Rl‘o, R2‘0. and R3,0:

0 2,0

0.5838 R0 . 1.515 r? Lol

. 0.000394 0 . g1:1 _ g0,0
(19)

0 2,0

1.233 110 3,892 g% 3.0 R2.2_R0,0

2.111 R™ R™™ - R™

If we assumc that R3,0 is known from BUMS's measurement, the Rl’o and R2‘0 may be deter-

mined. The resuits are as foiiow:

0 20

r10 723 . 10"

2,0 21

R -7.19 < 107

That is the point marked KD in Fig. 5. Two sources of experimentai error are expected in the

point KD: one arises from error in Kaiser's measurement of matrix-eiement differences and

3,0

the other arises from the error in the BUMS R determinations. We have caiculated the effect

of these two errors on the soiution to Eq. (19). The solid error bar shown on the KD puint rep-

resents the error in the Rl’o and R2‘0 matrix elements assuming a +107%, error in the Bi{MS

R3.0 vaiue. The larger, shaded region shows the error bounds expected ‘~om the error estimate
given by Kaiser for his matrix element difference measurements.

1,0 and R2’0 are not obvious from Fig. 5. However, we chose as the best

Best estimates of R
values, a point halfway between the average of the infrared measurements and the vaiue deter-
mined from Kalser's data. 1t “e assign a +37, error to this choice, there is overlap between
aii of the measurements and our choice except for the data of BHMS. It appears, as Kaiser has

aiso concluded, that their overtone measurements are systematically low.

Our finai choices for the best experimental overtone matrix elements are glven in Table 10.

1,0

The RO’O matrix element Is again from Kaiser's work. The choice of the R"'" and R2’0 was ex-

plained above. BHMS have reported the only measurement of R3,0

for HC1 so we have taken
their value and assigned it +10% error. Uslng this set of matrix elements and the errors given,
we have computed the corresponding Mi' These are tabulated in column (a) of Table 11. Our
caiculated Mi are quite close to the THP values, except for the M3 coefflcient, but they do not
overlap. The comparison wlth Kaiser's values for the Ml show overlap between the present
calculation for M0 and M]’ but not for the h(i)gger coefficients. It appears to us that elther
Kaiser has used the negatlve slgn for the R’" matrix elements, contrary to hls paper or

that the procedure he has used to determine polynomlal coefflcients by fitting to the wavefunc -
tion expansion has introduced the differences. The flrst suggestlon seems more llkely for
several reasons. First, we have calculated a set of Ml using the set of matrix elements In

Table 12. By setting R4’0 equal to zero, we have created a set of Mi somewhat analogous to
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TABLE 10. OVERTONE MATRIX
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ELEMENTS USED IN THE PRESENT

0 1.10847 + 0.0005 x 10~
1 7.12:0.21x10
2 -7.75+0.23 x 10
3 5.15 + 0.52 x 10~

WORK

Rv,O

(esu-cm)

-20
-21
22

18

TABLE 11. DIPOLE MOMENT COEFFICIENTS FOR HC1

Present
Work
(a)

Toth
et al. [19]
(b)

1.0935 1+ 0.0007 1.095

M1 {esu-cm cm;x 1012 0.947 + 0.023
M, (esu-cmrcms) x 10-6 0.015 + 0.041
M3 {esu-cm/cm") x 10 -0.814 + 0.116
M, (esu-cm cm4) x10014 g0

0.9031 + 0.017
-0.06 + 0.025
-0.73 + 0.07

0.0

TABLE 12. R"® UsED
TO COMPUTE COLUMN
d OF TABLE 11

B W N = O

Ri,O
(esu-cm)

1.10847 x 10”18

7.00 x 10°20
-7.00 x 10°21
-5.15 x 10”22

0.0

Kaiser [17]
(c)
1.0933 + 0.0005
0.925 + 0,02
0.08 + 0.055

-1.277 + 0.3
=191+ 1.2

Calculation
using RI’O
of Table 12
(d)
1.0923
0.930
0.25
-1.057

-2.9
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. . . . . . 0,v
the wavefunction approximation Kaiser used in which all the R" '’ overtones greater than those

measured are assumed to be zero. The Mi coefficients from this calculation are listed in
cotumn (d) of Table 1i, and they are very similar to the values reported by Kaiser. Second.
when Kaiser's M. are compared with the M, determined by THP for various sign combinations
of R2’0 and RB,O lwo have found that the bes: agreement is obtained between Kaiser's Mi and the
Mi‘s given by THP for the combination RO’O, Rl’o > 0 and Rz’o, R3’0 < 0. Thus, while we
agree with the signs determined by Kaiser for the Rv,O matrix elements, we believe that an

vrror has been made in his determination of the M.l's.

2.2.4. THE VIBRATIONAL MATRIX ELEMENTS
In Figs. 6 to 9,the calculated vibrational matrix elemnents are shown for the sequences Av
0, 1. and 3. In addition to the data considered inprevious sections of this report, the only ex-

1,2 and Rz’3 matrix eiements. In Table 13,

perimental data are the BHMS measurements of the R
the results of our calculation of those matr x vlements are compared with the BHMS data and with
those from a similar calculation ia which the BHMS set of RO,\' overtone matrix elements were
used. The cajculated matrix elen:ents in which we used our new RO,v give better agreement

with BUMS's Av = 1 data than do the calculations inwhich the BHMS overtone matrix elements

were used.

In Figs. 6 and 7, we have also indicated error estimates for the various Rv,v'. As ex-
plained in our previous report [ 1}, we know of no way to predict the error involved in approxi-
mating the dipole by a cubic polynomial; we can however, determine the approximate error
introduced throuvgh use of the experimental overtone data to determine the polynomial coeffici-
ents. Thus, the error indicated on the figures as well as the previously assigned error in the
M.l's is measurement-induced error rather than dipole approximation error. Unfortunately,
the latter error will be most significant for high Av transitions and, for a given set of Av
transitions, will be most impo *tant when higher vibrational levels are involved. We have no
way ui estimating these additional uncertainties. The dipole moment used (with the coefficients
of Table 11) is plotted in Fig. 10. The experimental information includes values for matrix
elements involving only v levels from 0 to 3. Thus, the dipole moment expansion can be con-
sidered strictly valid only for that range of internuclear separations encompassed by the wave-
functions for v < 3. This corresponds approximately to the range between 1 and 1.6 .& Al-
though the dipole moment function has a reasonable form both above and below these values,
there is no way of determining its quantitative uncertainty at the larger internuclear separa-
tions encountered at high vibrational levels and, therefore, no way to assign total accuracy
values to the matrix elements involving the highvr v levels. This situation unfortunately
limits the usefulness of these calculations for predictions of laser performance at the higher
vibrational levels.
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FIGURE 6. Av = 0 MATRIX ELEMENTS FOR HCl
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FIGURE 7. Av = 1 MATRIX ELEMENTS FOR HC1
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2.2.5. ROTATIONAL DEPENDENCE OF THE MATRIX ELEMENTS

Once we had obtained an expansion for the dipole moment which satisfied the known experi-
mentai information (the Mi's shown in Table 11), we were abie to compute the J-dependent
mitrix elements. The procedure used is identical to that used to compute the rotationiess

matrix eiecments except that an effective J-dependent potentiai was obtained by adding a centrif-
ugal force term to the potentiai [14]):

hJ(J + 12) (cm_l)

8r cpur

Here, h is Pilanck's constant and ¢ is the velocity of dight. Energy cigenvaiues which inciude

hoth the vibrationai and rotational contributions were then used to obtain rotationaliy dependent

wavefunetions. Matrix eiements for a specific v and J change were computed with the previousiy

determined dipoie moment expansion.
A compiete set of the results from these calculations is presented in Appendix II. Vibra-
tional levels as high as 12 are included for 0 < Av =5 and for J going from 0 t> 35. Both the P

and R branches of the vibration-rotation bands as well as the pure rotation bands are included.

These resuits, though presented compietely, are also of undetermined accuracy for vibra-
tionai levels substantially above 4 for the reasons discussed in the previous paragraph. The
rotation-dependent matrix elements contain uncertuinties resulting from measurement inaccu -
racies comparable to those presented in Figs. 6 and 7 for simiiar v and Av. Again, we have no
wav of estimating the additional uncertainties that are present at higher v's hecause of uncertain-

ties in the dipole moment at large separations.

The rotational dependence of the matrix elements for the 0 - 1,0 - 2, and 0 - 3 bands can
be compared to resuits obtained by THP [19]. Rather than treating the matrix elements them-

selves, this representation treats the vibratiun-rotation interaction factors, F. defined by:
' ] L]
<y, Jlulr)ly, 352 - v lu(r)lv> 2 FY Via) = (RV'Y)2FY V(m)

where m has the value -J for the P branch and +J' for the R branch; m = 0 corresponds to the
rotationiess transition so that F" Vo) = 1. THP have determined quadratic expressions for Flo,
F20, and F30 in the following form

l"vo(m).—l‘\CerDm2
v v

THP have determined analytical expressions for Cv and Dv using a cubic representation
for the dipole moment, a quantic power series for the internuclear potential and third order
perturbation theory {6]. In addition, they have determined experimental values for Cl and C2
and D, and D, basedon 0 ~ 1 and 0 - 2 absorption measurements [19]. An experimental value
was also obtained for C3 from the data of BHMS. These values are present:d in the first and
second columns of Table 14. Values of F(m) were determined from the rotation-dependent

matrix eleménts calculated iuring the present program and presented in Appendix II. These
27
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TABLE 13. COMPARISON OF MEASURED AND CALCULATED Rl’2 AND R2’3

Experimental Calculations for

(BHMS) Present Cialculation BHMS Ro’l, RO,Z. and }{0’3
R"% 971: 048> 1072 9.67 + 0.35 x 1072 9.38 1+ 0.22 - 1072
2% 118840591002 1155309~ 10°2 11.32 4 0.32 « 1072
|
TAB..E 14. F-FACTOR COEFFICIENTS FOR HCI
THP Observed THP Calculated Present Calculations
c,  -0.0260 + 0.002 -0.0279 + 0.0006 -0.0269
C,  -0.0086 + 0.0015 -0.0066 + 0.0005 -0.0061
Cy 0.017 0.011 + 0.003 0.011
D, 45+2.0x1074 2.8+02x10? 2.65 x 10~
D, 4.1:2.0x107 2.7:03x10™4 3.76 x 1074
D, 3.3:05x10? 1.03 x 107
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were fit by least squares to o quadratic polynomial as a function of m to obtain values for Cl' C2.
(.‘3 and Dl' 1)2. l)3 corresponding to the present work. These coefficients are presented in the

third column of Table 14.

As one would expect, the results of the present caleulations are very close to the calculated
values of THP. However, they are not so close that the present caleulations overlip with the
THPuncertainties. Theagreement with the experimental results is similar to that of the calculations
of THP and is not improved by the present calculations. There is quite a substantial difference
in the vidues for 1)3. Since both values shown are computed values, this difference must rep-
resent either the differences in the calculational techniques or the differences in the Mi used
in the two cases. We cannot reconcile this difference without recomputing Cv and Dv using the
expressions of THP with the dipole moment function used in the present work. We have not
included error limits on the results for Cv and Dv because of the complexity of the dependence
ol Cv and Dv on the dipole moment coclficients through the numerieal calculations. General
comparisons ol our techniques with the analytical techniques of THP would be a useful future
exercise to show the range of validity of the approxlmations of THP. The present technique,

though less sophisticaled, is potentlally more accurate than that of THP.

In conclusion. the matrix elements for HC1 computed herein and presentedhere andinAppen-
dix 1l provide a good characterization of HCl molecule to the degree that the dipole moment
function accurately represents the molecule. The use of a completely numerical technique
means that the results are free of any truncation errors introduced by the representation of the

potential by a power series.

2.3. PROGRESS ON THE OVERTONE ABSORPTION MEASUREMENTS OF CO

The original wor” statement calls for measurement of absorption line strengths (or equiv-
alently electric dipole matrix elements) in the second overtone band of carbon monoxide.
lHowever, results have been publlshed for thls band for near Doppler llnes by Toth, Hunt and
Plyler [2]. Measurements wlll therefore be made primarily on the third overtone band, re-

turning to the second overtone to determine Lorentz wldths if schedullng permits it.

JOresent plans are to determine individual vibratlon-rotation llne strengths and Lorentz
half widths in the v = 0 = v' = 4 band of carbon monoxide for gas pressures near two atmo-
spheres: path lengths will be on the order of 200 m. Our data and data from other Investigators
will be used for the fundamental through second overtone bands to determine the coefficients of
the dipole moment expanslon for CO through fourth order. Liic strengtas will be determined
by Integrating the area under the observed absorption coefflclent curve. Line strengths will
also be obtained from the data by use of the Lorentz relation and the peak absorptlon coefflcients
and half widths. Llne half widths wlll be measured directly from the observed data and com-
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pared with those predicted by the Anderson theory. Distortion of the spectral lines introduced
by the spectrometer slit function will be corrected by meansof a modified direct measurement

method | 23].

2.2.1. MEASUREMENT FEASIBILITY

To determine the feasibility of observing the third overtone band of CO with path ltengths
obtainable in the laboratory. we must estimate the strength of the band by calculating the ratio
of the squares of the rotationless dipole moment matrix elements which are proportional to the

band strengths S:

oo st 305

Since the matrix elements are defined as

Rv,O

= <0l p(r)lv> ft{/ou(r)wvrzdr

they may be evaluated through numeric integration by means of wavefunctions obtained by
numeric solution of the radial Schrodinger equation and the polynomial expansion for u(r)
known through third degree from previous experimental work. This was done by means of the

existing matrix element ealculation program. The value obtained in this manner is:
S(0 - 4)/8(0 - 3) = 0.0045

Once the ratio is known, estimates of line strengths in the third overtone band are ob-
tained from those observed in the second overtone band [2]. We ean then ealeulate approxiniate

peak absorptions for the lines by assuming Lorentz line shapes and using the expression:
) P /
a (m)=1-exp[-K (m)PL]=1 -exp[-8(m)P/yn]

where ap(m) = peak absorptances for the line
S(m) = strength of the line
Kp(m) = peak absorption coefficient

P - pressure of the gas (atm)

{ = path length in em

v = Lorentz half width
line index, -J in the P braneh, +J' in the R branch
initial and final rotational quantum numbers of the transition

m
J, &

]

Calculations of this type for a path length of 200 m and a constant half width of 0.05 cm"1

at 1 atm give the results presented in Table 15. This table shows that with path lengths of the
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TABLE 15, RESULTS OF CALCULATIONS OF PEAK ABSORPTIONS

P, Pra
oLe s ‘_06 P, = =L 126 (300-m Dath

Line (atm ~ em %) at 2 atm) Line (atm “cm %) at 2 atm)
R(0) 0.62 7 P(1) 0.6 i
R(1) 1.2 13 P(2) 1.1 12
IR(2) 1.7 18 P(3) 1.6 16

' R(3) 2.0 21 P(4) 1.9 19
R(4) 2.6 26 P(5) 2.0 21
R(5) 2.7 27 B(6) 2.1 22
R(6) 2.9 28 P(7) 2.1 22
R(7) 2.9 28 P(8) 2.6 21
R(8) 2.9 28 P(9) 1.9 20
R(9) 2.6 26 P(10) 1.8 19
R(10) 2.4 24 P(11) 1.5 16
R(11) 2.2 22 P(12) 1.4 14
R(12) 1.9 20 P(13) 1.0 11
R(13) 1.6 17 P(14) 0.8 9
R(14) 1.3 14 P(15) 0.6 7
R(15) 1.0 11 P(16) 0.5 6
R(16) 0.8 9 P(17) 0.3 4
R(17) 0.6 7 P(18) 0.3 4
R’18) 0.4 5 P(19) 0.2 3
R(19) 0.3 4 P(20) 0.1 2
R(20) 0.2 3
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order of 200 m, we should be able to determine iine par
ail lines between Pi6 and R18.

ameters in the third overtone band for

To minimize instrumental distortion of the observed spectra, spectrai lines which are

broad compared to the spectral resolution of the instrument are required. It is aiways possible

to merease the pressure of the gas under observation to obtain broad {ines: however, this aiso

has the effect of overiapping the wings of adjacent lines and incre

asing the difficuity of data re-
duction.

To determine the seriousness of these problems in the present study, the amount of

line overiap for the Pres-tres to be used during observation must be estimated.

Since CO has a very smaii dipoie moment, quadrupole tr

ansitions dominate the pressure
broadening.

We therefore expect only siight variations in Lorentz haif widths between second
and third overtone bands. Previous experimentai data [24] give widths of the order of 0.053
cm ! atm ™! for R(17) and P(18) lines and values of 0.07lcm-l ntm-lfor R(1) or P(2)iines. Since
the spectral resolution of the instrument being used is of the order of 0.05 cm-l

oiution to {ine width ratios of 0.5, pressures of

, to obtain res-

approximateiy two atmospheres shouid be used

for the higher J {ines, and, pressures of one to one-and-a-half atmospheres for {ines near band

center. To determine the amount of overlap evident at these pressures, we assume a Lorentz

iine shape, distorted by the instrumentai slit function, and then evaluate the distance from line

center at which a specified absorptance is observed.* With a resolution-to-line width ratio of

0.5, a distorted iine with a peak absorption of 307, has an absorptance of 0.17% at a distance of

18.8 half widths from iine center or approximately 1.9 cm-l. Since the CO lines are separated

by 4 cm-l, overlap effects are not serious at these pressures.

2.3.2. APPARATUS

The iong path lengths required for observation of the third overtone band are obtained with
a 5-m White cell**, A photograph of the cell chamber is shown in Fig. 11,
windows are seen on the front bell housing and the turbo
the system is visib}

Entrance and exit

~molecularpump used for evaluation of
e in the background. The optical system of the cell consists of three accu-

rately ground,spherical mirrors placed one radius of curvature apart. Long path lengths are
obtained by successively imaging the light intercepted by the pair of back mirrors onto the sur-
face of the single front mirror. Figure 12 shows thelight pathfor eight passes.
traversals of the cell is set by rotating the two back mirrors about vertical axes,
distance between successive images on the single mirror to decrease.

justment for this purpose has been Incorporated into the cell design.

The number of
causing the

A single rotation ad-

Figure 13 is a photograph

*For a detailed discussion of the methods and tabulations of results,

see Ref. [23].
**Cell designed and constructed under Contract DAHC-15-67-C-0062.
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FIGURE 11.

FIVE-METER WHITE CELL FOR OBSERVANCE OF THE THIRD OVERTONE BAND
OF CO
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of the optical system removed from its vacuum chimber,

Visible In this figure is the path

folle ved by 6328 :\ radiation from a He:Ne taser with the cetl set for 16 traverses.,

The spectrometer used is a 1.8-m focal length Ebert Vacuum Spectrometer with a 190 -mm
+ 135-mm Bausch and Lomb replica geating. Resolution of approximateiy 0.05 ('m-] over the
third overtone CO band is obtainable with a 3-pm blaze grating in third order. doubte passed.
To insure stabitity of the spectrometer wavelength drive, the room temperature is heid constant
to within 0.5°C.

Sinece the spectrometer operates at {710 and the White cell at £/ 45, vacuunmy f-number
matching optics are required to ¢ouple the two systems. A schematic of the optics built for this
purpose is shown in Fig. 14. A photograph of the entire opticai system consisting of the White

ceil, matching optics, and vacuum spectrometer is presented in Fig. 15,

During data ¢ llection, the CO pressure in the White cell is continuously monitored with
an MKS Baratron capacitance bridge-pressure gauge. This gauge permits observation of pres-
sure variiations of 0.06 torr at two atmospheres. Although thermal effects aione may cause

variations of this magnitude, pressure stabiilty is expected to be better than 0.1%,.

The infrared energy will be detected with a seleeted PbS photoconductive detector and a
Princeton Applied Research lock-in ampiifier. The detector Is operated at =790C and has a
measured dimensioniess detectivity (D*) of 1.4 < IO11 cm Hz1 2 wl, In the complete optieal
system, with a chopping frequency of 510 Hz, a signal-to-noise ratio of 200 has been observed
with the White cell set for a 16-pass operation. The analog signal from the lock-in amplifier

is digitized and integrated with a digital voltmeter and the result is fed to an IBM card punch.

2.4. DATA REDUCTION
{ Two major computer codes have been written {~ handle the data reduction. The first of these

determines the strength of the spectral lines through numeric integration using:
# - LKy - - Sk log 7(v')dv'
. P P( ¢

where S = strength of the spectral iine
P = pressure of gas under observation (atm)
{ = path length (cin)

7(v') = spectra transmittance = 1 - w(v')

=

K(v') = spectral absorption coefficient

"

v' = spectral wavenumber (cm'l) .

The same program evaluates the peak absorption coefficient and the Lorentz half width for

each line. All of these values are distorted by the spectrometer slit function however, and
34
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FIGURE 12. WHITE CELL OPTICAL PATH: EIGHT TRAVERSAL OPERATION ‘

FIGURE 13. OPTICAL SYSTEM OF FIVE-METER WHITE CELL -
REMOVED FROM ITS VACUUM CHAMBER. Path lines ar» for j
6328 A radiation from the He:Ne laser with cell set for 16 traversals. 1
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FIGURE 14. REDUCTION OPTICS FOR WHITE CELL

« FIGURE 15. WHITE CELL, MATCHING OPTICS AND VACUUM SPECTROMETER
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correction procedures must be used to obtain the true line parameters. Therefore, we use Q

second program which follows the procedures of a direct measurement method [23] and corrects

these values for instrumental distortion yielding the true strengths, widths, and peak absorption

coefficients.
Calcutation of the dipole moment coefficients and matrix elements has been discussed earlier.

and Andersaon theory pressure broadened widths is presented in Section 4.



— B et st L s = et e S

Z FORMERLY WILLOW RUN LABORATORIES, THE UNIVERSITY Of MICHIGAN

3
INFRARED DIAGNOSTIC STUDIES

G. H. Lindquist and C. B. Arnold

3.1. INTRODUCTION

In the desigr and operation of chemical lasers, it is necessary to know the rates of crea-
tion and loss of molecules in the energy states involved resulting from the various processes
which compete with laser action. Molecular collisions with the cavity walls, molecular dif-
fusion into and out of the active region, and collisions between molecules in the active gas
medium all produce such changes in the population. This portion of the program is concerued
with the redistribution and loss to translation of rotational and vibrational energy. Such re-
distribution and loss are the result of collisions among the gas molecules within the active

medium.

The primary objective of the studies Is to determine experimentally the populations of HF
molecules as a function of time and of their vibrational and rotational state in a cell of excited
HF and in the absence of diffusion and wall effects. Once radiative processes are accounted
for, experimental ti.nsfer rates resulting from collision processes can be determined. From

these, energy-transfer cross sections for the various processes can be determined.

3.2. EXPERIMENTAL DESIGN

3.2.1. EXCITATION TECHNIQUE

It would be most realistic if energy-transfer cross sections cnuld be determined under the
chemical excitation conditions existing in a HF laser cavity. However, because of the large
number of different excited states that exist in such a case, it would be difficult to trace the
flow of the excitation energy during relaxation. To make the interpretation of the experiment
simpler, we have decided instead to excite the HF gas with a monochromatic beam from an
HF laser operating on a single vibration-rotation line. This procedure would excite only those
HF molecules in the cell with rotational energy coinciding with the lower state of the vibration-
rotation line upon which the laser is operating. The relaxation from this relatively simple
departure from equilibrium can then be studied .. one of the ways described below.

Turther, a number of investigators are currently studying the vibrational relaxation of
excited HF molecules [25, 26, 27]. Although it would be intercstinre to study vibrational relaxa-
tion under our particular excitation conditions, it is our opinion that more useful and unique
results can be obtained by concentrating on rotational energy relaxation. The decision to study
rotational energy transfer in itself precludes the use of a realistic laser cavity, because the cell
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pressure required to yield rotational relaxation times on tt e order of 1 usec are about 0.01 torr,
much lower than typical cavity pressures (the relaxation ti ne must be long enough to be observed

with typical infrared detectors).

The excitation technique described above, although allowing simple Interpretation, has se. -
eral limitations which stem from its failure to reproduce the real situation. The most severe
of these limitations is related to the possible rotational levels that can be studied. Under chem-
ical excitation, it appears that substantial energy initially goes into high rotational levels ac
evidenced by Deutsch's success in building a pure rotational laser at low pressures (~ 1 torr)
operating at high rotational levels and by the calculations of Wilkins [28, 29]. At the usual
pressures at which chemical lasers operate (10 to ~ 100 torr), rotational equilibrium occurs
fast enough that little or no rotational disequilibrium is apparent [30]. The current experi-
mental design precludes the possibility of studying the high rotational levels because such levels
cannot be populated in a cell at or near room temperature. There are essentially no molecules
available to absorb the energy from a vibration-rotation laser ope-ating at high rotational levels.
At present, we can visualize no method whereby the ease of interpretation of the presently planned

experiment can be retained and in which higher rotational levels can be excited.

3.2.2. RELAXATION MONITORING TECHNIQUE

Once the cell of gas has been excited, a means must he devised whereby the history of the
populations of the various states involved can be observed during the relaxation process. All
of the techniques considered are optical techniques whereby the interactiun of the excited gas
with optical radiation in either the vibration-rotation region or the pure roi.:tion region is mon-
itored by Infrared detectors. The relaxation of the excited gas can be monltored by observation
of either emission or absorrti~-. In addition, the ronitoring can be perfor v, «! ir zither the
vibration-rotation bands }ure rotation bands. Both techniques have been used in the
vibration-rotation reginn (ov, 31]; however, observations in the pure rotation region have

never been used.

Observations of emission from the active gas generally yield signals large enough to be
visible above detector noise in the vibration-rotation region. However, calculations for emis-
sion in the pure rotation region indicate that only marginal signal-to-noise ratios are availahle.

Observations of absorption are not practical in the vibration-rotation region when spectrally
continuous sources (e.g., incandescent lamps) are used because, at Icw pressures, the absorp-
tion is very small and the spectral slit width of any practical observin; instrument is large
compared to the true line width. Thus, the cbserved absorption is even lower than the true
peak-line absorption. However, if the source used in the absorption #:2asurement is an HF
laser, operating at the peak of one of the HF vibration-rotation traneitions, the absorption of
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such a monocromatic source can be high enough to be easily measured. We have chosen this
technique as the primary monitoring technique for this experiment. Absorption measurements
are also feasible in the pure rotation portion of the spectrum where absorption is greater.
However, there is increased operating difficulty involved in this region. The analysis in Sec-
tion 3.3 indicates that the use of absorption measurements in the pure rotation region allows
relaxation measurements to be made for a greater range of rotational energies than are pos-
sible in the vibration-rotation region provided that pure rotation lasers can be obtained for the

desired lines.

To summarize, the relaxation of the excitation produced in a low-pressure cell of HF and
possible dilutents are to be monitorad by measuring the absorption (as a function of time) of
the energy from a second or probe li-er operating in a single line in the HF vibration-rotation
band. Absorption histories obtainec for a number of different vibration-rotation transitions
{corresponding to the operation of the probe laser on different lines) will yield histories of the
populations of the different states. Sectica 3.3 presents estimates of the emission and absorp-
tion signal levels available in both the vibration-rotation region and the pure rotation region

and discusses the basis upon which the above monitoring technique was chosen.

3.3, COMPUTATION OF EXPECTED RESULTS
The following describes an analysis, based on radiative considerations only, of both the
excitation techniques and the various possible monttoring techniques. No collision or diffusion

processes are accounted for.

It is necessary to determine the approximate cell conditions necessary in order for rota-
{ional relaxation to be observed. First, for observation with a system having about a 0.1-usec
rise time, the pressure must be low so that the relaxation will be slow enough to be seen. This
rise time is about the shortest that can be obtained without use of specially constructed high-
speed infrared detectors and preamps. We estimated the collision cross section for rotational
energy transfer between HF molecules to be between 3 and 30 3 from calculations based on
the theory of Sharma and Brau [32]. We assumed a cross section of 15 A and obtained a re-
Jaxation time at 373°K of about 0.035 psec at 1-mm pressure. Pressures of ~ 0.01 mm are
therefore required to obtain relaxation times of the order of 1 usec. The temperature of 373%k
was used since it is necessary to heat the HF to about 100°C to prevent polymerization of the
HF. Cell lengths longer than about 50 cm are difficult to accommodate in the experimental ap-
paratus. Therefore, cell lengths of 5, 30, and 50 cm were considered.

3.3.1, EXCITATION
The excitation is to be stimulated by directing a pulse of monochromatic radiation into the

cell containing the HF mixture. The stimulating beam will be generated by a pulsed HF laser
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& .

operating on one of the vibration-rotation transitions of HF. Since the cell will be at equi-
librium before the stimulating pulse occurs, most of the 1>lecules will be in the v = 0 vibra-
tional state (v is the vibrational quantum number).

Thus, to obtain maximum excitation, the stimulating beam should operate inthe v - 0 -
v'  1band. The HF laser used to generate the stimulating pulse will operate with only a par-
tial population inversion: therefore its output will be largely limited to the P branch of that
band. Only those molecules in the cell can be stimulated which are in rotational level J, (J is
the rotational quantum number) corresponding to the lower level of the stimulating transition

and which have v 0. Those molecules will be stimulated tothe v' = 1, .J' = J - 1 level.

We can treat the excitation quantitatively, using the equations for laser amplification. In
this case, where the only radlation of interest (the stimulating radiation) is collimated or unidi-

rectional, the conservation equations for photons and molecules can be given by:*

0 p / \
7 Ll [ =

photon conservation TR puc(nc“Bru "uuBuf (20)

’ -~

cnﬂp \
molecule conservation ki -pUC‘\nopBﬂu - nuuBuf‘ (21)

n )

1%
5 +p1'0\n0 Bﬂu- nu Bu(’\ (22)
v v

Note that the number densities have been written as spectral quantities to account for the fact
that the photon density of the stimulating beam, P, has a spectral distribution associated with
it and that the molecules, by virtue of their random thermal velocities, are ready to absorb
energy in a distribution of frequencies corresponding to a Doppler profile,

No terms are included for relaxation by spontaneous emission, or by any other mechanism
for that matter, since the stimulation pulse is assumed to occur much faster than any relaxa-
tion process. These equations can be reduced to diniensionless form by defining the following
dimensionless variables. A dimensionless number density difference 7 is defined as:

n n

"

E, €
n(x,t):—N—u

14

*See also Appendix I and Ref. [33].
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where ¢ { and ﬂu are the dereneracies of the lower and upper states and where N n, +n

the sum of the molecules in the upper and lower state ready to absorb energy at frequency v.

The spectral populations, n, and n, can be written as:
v v

n{” ncs(,(." - r'O)
n, nusu(i' - .'O)

I

where S and s, are the Doppler distributions of n and n, about the center frequency of the

transition "o Al.so, n, " N, a constant by molecula. conservation in the absence of other

processes that create or destroy molecules. Further, if we assume that the stimulated absorp-
tion or emission does not affect the translational energy of the molecule, and if the spectral

width of the incident laser pulse is larger than the Doppler width in the HF cell, then
n, tn N (23)

and

blx, U = - (24)

Equations (21) and (22) can now be added to obtain:

Ql’.. = =
= = bn[eN (B, + By (25)

Equation (20) becomes

Wb
4 q’n(CNquBQu) (26)

ey
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Equations (25) and (26) can be simply solved (e.g., see Ref. [33] to give:

X
n(x, 0) exp Zl_[ n(x', 0)dx’
s, 0 e L 3 (27)
exp Z2 j $(0, t)dt'] + exp ZIJ n(x', 0)dx'| -1
0 0
} and
«b(O, t - %)
b(x, 1) = 7 (28)

X

1 -<1 - exp ley;(x', O)dx_‘] exp |-Z, j &(0, t')dt’
] 0

where Z1 : NugoB‘.u

Zs £ CN;:(BPu + B

2 o

If we now let the input flux be a laser pulse having an integrated energy per unit area of

PO distributed uniformly over a spectral width, Ay, then

Po fpu..\ucdt e le’fb(O, t)(Av)cdt pholons/cm2
At

where A! is the pulse duration. For a rectangular pulse

l PO = ¢0.MAVCN" (29)

The total fiux passing through a position x 20 is

x/c+At x/c+At il
"N oAet o 0
P(x) = f cNu(b(x, tdt' = CNV f X t-x/c
x/c x/c i -{1 ~ exp Zlfn(x', 0)dx'| > <exp 22 J d>0dt
{ L 0 0
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This can be reduced to the following expression

* * *
PTg.\:) - L* log I1-exp(-P )+ exp (L -pP) (30)
0 p exp L
*
where P is u dimensionless energy input given by
P .7 P
* 07 0
g N Are BByt B! (31)
*
and L is a dimensionless length
L Z.x0,x) - g Be X -ny It=0 (32)

14 1%

*
L is a spectrally varying quantity. In order to get substantial power from the HF lasers we

constructed, we had to use relatively high pressures and high cavity losses (low mirror reflec-
tivities). The high cavity losses indicate that tue effective spectral width of our stimulating
pulse could be wider than the Doppler width corresponding to absorption in the cell. In such a
case P‘ can be taken as constant over the Doppler profile and L* will vary both with x and with

the spectral distance from line center, v - Yo At the line center

n nc

where D is the Doppler half width of the gas absorption line.

"0+ /2kT
c Va
where .4« = the molecular mas~

k = the Boltzmann constant

T = the temperature

Before stimulation n, >> nu since nu is a state where v = 1 and n, is a v = 0 state. Thus

n

4 (0)t =0
&

K v ut:O ‘/—YD
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1
LY
sothat L - g(Bru.\: (33)

at line center. If the value of 1 at t 0 ls constant for all X and equal to Mg then the expression

for n(x) after the passage of the pulse is

”(x‘ S :) Ato ad (Z1”OX) ) (34)
exp ZZJ. ‘l'odt' | + exp (Zlnox) -1
0
or
n{x) exp L

o exp P + exp L -1

lue for 7 after the passage of an infinitely strong pulse is zero. This

Note that the limiting va
orption event

nversion boundary and is the state in which a silmulated abs

corresponds to the i
Henceforth 1 = 0 will be referred to as

probable as a stimulated emission event.

it is of primary interest in this program to d
some arbitrarily small value at

is equally as
the bleached condition.

the energy requlred per pulse to reduce 1 to
(n will always be closer to zero for other X < X )

nd of the cell will yield a sufflciently stimu-

etermine, for a cell of

total length X
the far end of the cell, i.e., at X :
have assumed that a 907% change in 1) at the far e

lated cell for our purposes. Thus, the condition may be written

')(xT) (after pulse) < 0.1 7,

* * *
we would like to find P so inat forL = LT (corresponding to X = xT) the above condition is

satisfied. We write:

»*
(X ms) exp (L )
T (0.1) = 2
0 exp (Po l) + exp (LT) -1
or
*
Py,* in[Q exp (L )+ 1] (35)
»*
Po 1 is the dimensionless power required to drive the value of 7 at the far end of the cell to
we computed

0.1, its original value. The value of 7 in the remainder of the cell is even lower;
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L'I‘ for the line center using Eq. (33). Vaiues of Bul‘ and Bfu for the stimulating iaser transition

were obtained from the values of the Einstein coefficient for spontaneous emission, Auﬂ’ given

in Ref. [1], using the reiations

Auf cn12
Bu( 8- 2 sec (36)
Tl
and
B‘u ; —g—{:Bu(

where 1’ is the wavenumber of the transition: B(u and Buf are in photon units.

The degeneracies of the fower and upper states, ¢ and &, are given by
£ - 2Js i
£, 2.]S -1

where .IS is the rotationai designation of the stimuiating laser transition. This particuiar reia-
tion between g, and &, appears because the laser operates in the P branch, Tabie 16 shows the
energy required per unit cross-sectional area to excite the ceil so that 907, of the possibie
stimulation is obtained at the far end of cell, for 0.01 torr pressure, 3730K. and celi length of

5, 30, and 50 cm. This calculation assumes that the equivalent spectral width of the laser pulse

is equai to its upper iimit, 0.025 cm-l. This vaiue is approximate and was obtained by assuming

that the pressure in the laser cavity would be about 30 torr and that collisional broadening of
the transitions by Hz and SFG would be nearly identical. Broadening by Hz was assumed to be
about 1/5 as effective as broadening by HF. These considerations yield a coilisionai half width

of about 0.01 cm-l. This half width, in combination with a Doppler half width of about 0.006 cm

shouid yieid a full width for *he laser transition (assuming that the laser is operated without a
front mirror) of about 0.025 cm'l neglecting narrowing due to stimulated emission. The levels
required are very modest and are well within the capability of the stimuiation laser already

constructed.

3.3.2. RELAXATION MONITORING

As mentioned earlier, optical monitoring of the relaxation process can be accompiished
in either absorption or emission and either in the vibration-rotation or pure rotation region.
The purpose of this section is to determine expected levels for all four types of monitoring and

to present conclusions covering the most appropriate means of measurement. Since absorption

is the simplest to model, it is discussed first.
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TABLE 16. POWER REQUIREMENT PER UNIT
4 CELL AREA TO PRODUCE 90, OF MAXIMUM
POSSIBLE CHANGE IN CELL POPULATION

(@) 5 em Cell Length

Cell Pressure: 0.010 torr
Cell Temperature: 373.0 deg K
Laser Line Width: 0.0250 cm ™1

StirI\Jl'ulating - - Energy Required
.1.ser L P 2
Line T A1 (J/em®)

P 1(1-0) 0.1134  2.4052 0.2102E-03
P 2(1-0) 0.1739  2.4604 0.2551E-03
' P 3(1-0) 0.1705 2.4573 0.2512E-03
P 4(1-0) 0.1268  2.4174 0.2379E-03
P 5(1-0) 0.0753  2.3706 0.2234E-03
P 6(1-0) 0.0366  2.3356 0.2104E-03
P 7(1-0) 0.0148  2.3159 0.1993E-03
P 8(1-0) 0.0050  2.3071 0.1897E-03
P 9(1-0) 0.0014  2.3038 0.1810E-03
P10(1-0) 0.0003  2.3029 0.1731E-03
P11(1-0) 0.0001 2.3026 0.1656E-03
P12(1-0) 0.0 2.3026 0.1585E-03
P13(1-0) 0.0 2.3026 0.1518E-03
P14(1-0) 0.0 2.3026 0.1455E-03
P15(1-0) 0.0 2.3026 0.1395E-03

48




VERIM
ya—

FORMERLY WILLOW RUN LABORATORIES THE UNIVERSITY OF MICHIGAN

TABLE 16. POWER REQUIREMENT PER UNIT
CELL AREA TO PRODUCF 90, OF MAXIMUM
POSSIBLE CHANGE IN CL LL POPULATION
{Continued)

{h) 30 cm Cell Length

Stimulating

Laser

Cell Pressure:
Cell Tempe ature:

Laser Line Width:

373.0

torr
deg K
0.0250 cm "}

Energy Required

! Line LT P.l ‘g, sz)
: P 1(1-0) 0.68C1 2.9321 0.2563E-03
P 2(1-0) 1.0435 3.2791 0.3400E-03
| P 3(1-0) 1.0233 3.2597 0.3332E-03
P 4(1-0) 0.7606 3.0084 0.2961E-03
‘ P 5(1-0) 0.4519 2.7174 0.2561E-03
' P 6(1-0) 0.2197 2.5024 0.2254E-03
P (1-0) 0.0886 2.3826 0.2050E-03

P 8(1-0) 0.0298 2.3295 0.1916E-03

P 9(1-0) 0.0084 2.3102 0.1815E-03

P10(1-0) 0.0020 2.3044 0.1732E-03

P11(1-0) 0.0004 2.3029 0.1656£-03

f P12(1-0) 0.0001 2.3026 0.1585E-03
! P13(1-0) 0.0 2.3026 0.1518E-03
P14(1-0) 0.0 2.3026 0.1455E-03

0.0 2.3026 0.1395E-03

' P15(1-0)
|
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TABLE 16. POWER REQUIREMENT PER UNIT
CELL AREA TO PRODUCE 907, OF MAXIMUM
POSSIBLE CHANGE IN CELL POPULATION

(Concluded)
i (¢) 50 ¢m Cell Length
Cell Pressure: 0.010 torr
Cell Temperature: 375.0 deg K
F Laser Line Width: 0.0250 cm ™!
?‘ Stimulating Energy Required
| Laser *
' Line Lp L] (J/cm?)
i P 1(1-0) 1.1335 3.3659 0.2942E-03
P 2(1-0) 1.7391 3.9557 0.4102E-03
P P 3(1-0) 1.7055 3.9227 0.4009E-03
P 4(1-0) 1.2676 3.4957 0.3441E-03
‘ P 5(1-0)  0.7531  3.0013 0.2828E-03
P 6(1-0) 0.3662 2.6376 0.2376E-03
| P 7(1-0) 0.1476 2.4364 0.2097E-03
3 P 8(1-0) 0.0497 2.3474 0.1930E-03
1 P 9(1-0) 0.0140 2.3152 0.1819E-03
‘|’ P10(1-0) 0.0033 0.3056 0.1733E-03
P11(1-0) 0.0007 2.3032 0.1656E-03
’ P12(1-0) 0.0001 2.3027 0.1585E-03
P13(1-0) 0.0 2.3026 0.1518E-03
P14(1-0) 0.0 2.3026 0.1455E-03
| P15(1-0) 0.0 2.3026 0.1395E-03
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3.3.3. ABSORPTION

Once the cell is stimulated, it can then be probed with

FORMERLY WILLOW RUN LABORATORIES THE UNIVERSITY OF MICHIGAN

a second, lower power laser. The

absorption of energy from this seeond laser can be monitored. To keep the experimental re-

sults as independent of the degree of stimulation provided by the stimulating laser as possible,

it is desirable to have the cell as bleached as possible. Therefore, as high an energy as pos-

sible per pulse, within reasonable limits, is necessary from the stimulating laser. For the

remainder of this section .e cell will be assumed to have been completely bleached by the

monochromatic stimulating pulse. That is, the following condition will be assumed to exist

throughout the cell immediately after stimulation

!
l]u 1(
S S

r r (37)
&, B¢
S S

where the subscript s refers to the stimulating transition (such a subscript is needed because
we now plan to introduee a probe transition).
The same equations developed earlier for the absorption of the stimulating pulse apply to

the absorption of the probe pulse, except that the initial conditions are now the conditions after

stinulation.

The absorption of a probe laser is given by Eq. (30). However, that relation indicates that
*

*
the absorption is a function of probe laser energy, P , as well as the length L . If we consider

*
ever, the exponentials involving P and the logarithm can
*
be replaced by the first two terms in series expansions so that, for small P

small probe laser energies only, how

p—l; = exp (— L,;,) (38)

is related to 1 of the gas before the incidence

*
the usual law of absorption. From Eq. (32), LT
of a pulse, in this case the probe laser pulse; 5 for this case is

(39

where the P superseript refers to the probe laser and the 0 signifies initial conditions. Thus,

the absorption is dependent on the populations of the upper and lower states before the in

cidence
of the probe laser pus.:

We have computed the absorption of the probe laser for three condi-
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tions: (a) immediately after the passage of the stimulating pulse: (b) after rotational relaxation

(assuming that rotational relaxation occurs before any vibrational relaxation): and (c) after

Immediately after stimulationina v =0 = v' = 1 P-branch line, the number densities in

|

)

N

\
complete relax.aiion,
cm - are given by the following relations:
ve1l

A
s

T 4.]q kT kT

(27 - 1)02J_+ 1)heB heB
JoJ -1 o S D exp |- ——OJS(Jq + 1)

v 0 (40)

ot S—

2
(27 +1)" heB heB
;. P_s " "0 . = 9
T=I8 &T 4wt P RT Tyl )

P th) tho
J£J k—T(ZJ + 1)—k,f- exp |- —f JI + 1)

where Bo is the rotational constant for HF in the v = 0 state. These relations correspond to a
Boltzmann distribution of energies except for those levels affected by the stimulating puilse.
The populations of the levels affected by the stimulating pulse are determined fiom Eq. (37).
For this calculation, the population of the v = 1 state at equilibrium is assumed to be zero (at
100°C far less than 19%, of the total number density are in the v = 1 level).

Using Egs. (32), (38), and (39), we computed the absorption of a probe laser operating in
the P branch of the v =1 - v' = 2 band for probe laser transitions having various J values after
stimulation by a laser pulse. The results of these tabulations are shown in Table 17. Each of
the five parts of Table 17 corresponds to a particular J value for the stimulating laser line.
The absorption before any relaxation occurred was computed by use of Eq. (21) for the required
number densities. The results of these computations are shown in the first column of euch part
of Table 17.

' *
| | The L values and hence the absorption, were computed for the peak of the Doppler absorp-
! tion line. (Only Doppler broadening is important at the low cell pressures being used.) The
i calculated absorption values are therefore only realized in practice if the spectral width of the
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| TABLE 7. ABSORPTION OF COMPLETELY STIMULATED CELL BY PROBE LASER
(a)
i Stimulating Line: P3 (1-0)
Cell Temperature: 373.0 deg K
l Cell Pressure: 0.010 torr of IIF
j Cell Length: 50.0 ¢cm in Probe Dimension
l. Absorption of 2-1 Laser Absorption of 1-1 Rotational Laser
| J ot After After After After
l Probe Before Rotational Complete Before Rotational Complete
Laser Relaxation Relaxation Relaxation Relaxation Relaxation Relaxation
I I 0.0 0.1792 0.0 0.0 1.0 0.0
! 2 0.7083 0.2618 0.0 1.0 1.0 0.0001
{ 3 0.0 0.2578 0.0 0.0 1.0 0.0001
4 0.0 0.1991 0.0 0.0 1.0 0.0001
5 0.0 0.1237 0.0 0.9 1.0 0.0
6 0.0 0.0623 0.0 0.0 0.9994 0.0
0.0 0.0256 0.0 0.0 0.9469 0.0
0.0 0.0087 0.0 0.0 0.6174 0.0
9 0.0 0.0025 0.0 0.0 0.2315 0.0
10 0.0 0.0006 0.0 0.0 0.0589 0.0
Il 0.0 0.0001 0.0 0.0 0.0117 0.0
12 0.0 0.0 0.0 0.0 0.0019 0.0
13 0.0 0.0 0.0 0.0 0.0003 0.0
14 0.0 0.0 0.0 0.0 0.0 0.0
15 0.0 0.0 0.0 0.0 0.0 0.0
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TABLE 17. ABSORPTION OF COMPLETELY STIMULATED CELL BY PROBE LASER

(Continued)
(b)
Stimulating Line: P4 (1-0)
Celt Temperature: 373.0 deg K

Cell Pressure: 0.010 torr of HF
Cell Length: 30.0 cm in Probe Dimension
Absorption of 2-1 Laser Absorption of 1-1 Rotational Laxer
After After After After
Before Rotational Complete Before Rotational Comiplete
Relaxation Relaxation Relaxation Relaxation Relaxation Relaxation
0.0 0.1318 0.0 0.0 0.9999 0.0
0.0 0.1953 0.0 0.0 1.0 0.0001
0.6306 0.1922 0.0 1.0 1.0 0.0001
0.0 0.1469 0.0 0.0 1.0 0.0001
0.0 0.0902 0.0 0.0 1.0 0.0
0.0 0.0450 0.0 0.¢ 0.9952 0.0
0.0 0.0184 0.0 0.0 0.8776 0.0
0.0 0.0062 0.0 0.0 0.4973 0.0
0.0 0.0018 0.0 0.0 0.1718 0.0
0.0 0.0004 0.0 0.0 0.0425 0.0
0.0 0.0001 0.0 0.0 0.0084 0.0
0.0 0.0 0.0 0.0 0.0014 0.0
0.0 0.0 0.0 0.0 0.0002 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
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TABLE 17. ABSORPTION OF COMPLETELY STIMULATED CELL BY PROBE LASER ;
{Continued)
(c)
Stimulating Line: P5 (1-0) ‘
Cell Temperature: 373.0 deg K .
Cell Pressure: 0.010 torr of HF '
Cell Length: 50.0 ¢cm in Probe Dimeasion '
Absorption of 2-1 Laser Absorption of 1-1 Rotational Laser ‘l
Jof After After After After
Probe Refore Rotational Complete Before Rotational Complete
Laser  Relaxation Relaxation Relaxation Relaxation Relaxation Relaxation
1 0.9 0.0773 0.0 0.0 0.9964 0.0
2 0.0 0.1163 0.0 0.0 1.0 0.0001
3 0.0 0.1143 0.0 0.0 1.0 0.0001
4 nN.4613 0.0864 0.0 1.0 1.6 0.0001
i 5 0.0 0.0523 0.0 0.0 0.0983 0.0
k 6 0.0 0.0258 0.0 0.0 0.9521 0.0
- 7 0.0 0.0105 0.0 0.0 0.6973 0.0
i 8 0.0 0.0036 0.0 0.0 0.3237 0.0 |
4 9 0.0 0.0010 0.0 0.0 0.1017 0.0 {
10 0.0 0.0002 0.0 0.0 0.0244 0.0 1
E 11 0.0 0.0 0.0 0.0 0.0048 0.0 |
| 12 0.0 0.0 0.0 0.0 0.0008 0.0 {
: 13 0.0 0.0 0.0 0.0 0.0071 0.0
* - 14 0.0 0.0 0.0 0.0 0.0 0.0
15 0.0 0.0 0.0 0.0 0.0 0.0
E:t'_.l 1
L
|
1
. - .
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TABLE 17. ABSORPTION OF COMPLETELY STIMULATED CELL BY PROBE LASER
(Continued)

(d)
Stimulating Line: P6 (1-0)
Cell Temperature: 373.0 deg K

Cell Pressure: 0.010 torr of HF
Cell length: 50.0 cm in Probe Dimension
Absorption of 2-1 Laser Absorption of 1-1 Rotational Laser
Jof After After After After
Probe Before Rotational Complete Before Rotatlonal Complete
laser Reluxation Relaxation Relaxation Relaxatlon Relaxation Relaxation

1 0.0 0.0367 0.0 0.0 0.9266 0.0

2 0.0 0.0558 0.0 0.0 0.9978 0.0001

3 0.0 0.0549 0.0 0.0 0.9986 0.0001

4 0.0 0.0411 0.0 0.0 0.9932 0.0001
| 5 0.2660 0.0247 0.0 1.0 0.9478 0.0
6 0.0 0.0121 0.0 0.0 0.7564 0.0
| 7 0.0 0.0049 0.0 0.0 0.4261 0.0
8 0.0 0.0017 0.0 0.0 0.16352 0.0
| 9 0.0 0.0005 0.0 0.0 0.0486 0.0
10 0.0 0.0001 9.0 0.0 0.0114 0.0
11 0.0 0.0 0.0 0.0 0.0022 0.0
12 0.0 0.0 0.0 0.0 0.0004 0.0
13 0.0 0.0 0.0 0.0 0.0001 0.0
14 0.0 0.0 0.0 0.0 0.0 0.0
15 0.0 0.0 0.0 0.0 0.0 0.0




AN

I

S —
FORMERLY WILLOW RUN LABORATORIES. THE UNIVERSITY OF MICHIGAN

{
TABLE 17. ABSORPTION OF COMPLETELY STIMULATED CELL BY PROBE LASER
(Concluded)
(e)
Stimulating Line:  PT7 (1-0)
Cell Temperature:  373.0 deg K 4
Cell Pressure: 0,010 torr of HF
Cell Length 50.0 em in Probe Dimension 1
Absorption of 2«1 Laser Absorption of 1-1 Rotational Laser
Jof Alter After Alter Alter
Probe Before Rotational Complete Before Rotational Complete
Laser  Relaxation Relaxation Relaxation Relaxation Relaxation Relaxation
1 a0 0.0143 0.0 0.0 0.6343 0.0
2 0.0 0,0219 0,0 0.0 0.9061 0.0001
3 00 0.6215 0.0 0.0 0.9202 0,0001
4 0.0 00160 0.0 0.0 0. 8536 0,0001
5 $.0 0,0006 0.0 0.0 0.6793 0.0
6 0.1193 0.0047 0.0 1.0 0.4195 0.0
7 0.0 0.0019 0.0 0.0 0,1925 0.0
8 0.0 0.0006 0.0 0.0 0,0676 0.0
9 0, 0,0002 0.0 0.0 0.0160 0,0
10 0.0 0.0 0.0 0.0 0.0044 0,0
11 0.0 0.0 0.0 0.0 0.0009 0.0
12 0.0 0.0 0.0 0.0 0,0001 0.0
13 0.0 0.0 0.0 0.0 0.0 0.0
14 0.0 0.0 0.0 no0 0.0 0.0
15 0.0 0.0 0.0 0.9 0.0 0.0

i
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probe laser is small compared to the Doppler line width. The realization of this condition is
discussed in 3.5,

Similar caleulations were performed for the condition existing after rotational relaxation.
For this condition, the motecules stimulated to the v = 1 level were allowed to distribute them-
celves In g Boltzmann rotational distribution: the number densities corresy.»aling to this case

are as [otlews:

, (20 123 - 1) heB heB (heB, Mhetdg |
N TR A | 3 0 axp -2 T (3, ¢ D) - { exp f I D)
! KT EN kT € KT "s's kT O KT ‘
where Il( s the rotatiemal constant for F Inthe v - 1 level (41)
N (24, 1)(?.|”: 1)lw|1_ - -lrwno i |)|'|109 ol .hfﬁ‘B_Q‘,(J ’ ”.‘
KT TJH kT KT “s's ] kT kT |(

tor any 1 Ihe ealentated absorptions for this case are shown In the second column of the parts
of Table 17

To compute the absorption catentations for the completely relaxed gas, we assnmed o
Boltzimann disteibution for the number densities In both vibration and rotatlon, For this case,
the mmaber density i the v 1 state was determined with une of the vibrational partition fune-
von for 1 harmonle oselllator, These vilues are shown In the third colwmmn of ench of the parts
of Tatle 17, Simitar ealenlations were made for a probe luser operating inthe v = 1 = v' = |
pure rotation band, The corresponding results are shown in the fourth, fifth, and sixth columns

ol the varlons entries of Table 17,

It s expected that the experiorentil apparatus will not e able to detect abrorptions [T
thinn = 5% We have seen operation of the stinuinting laser only on the P4 theongh PO Hnes In
thev - 0 =v' | biml, From Table 17, 1t can he seen that nt o presswre of 0.01 torr, a Jem-
perature of :I?:G"K. and u eell length of 50 em, there 1 enough sbrorption before any relaxation
takes place to be eanlly seen with a v = 1 1o v' = 2 probe litner provided that we operate the
stimulating laser on one of the P4 through P7 linex. After rotationtl relaxation, except for n
fow transitions wilh a lower state population near the Bollzmnan peak, there will not he enough
ahrorption 1o be observed. This I8 nol expected to be a serious problem, however, hecause
observation of the absorption after rotational relaxation would he In conjunction with ohservi-
tion of vibrational relaxation. This has a longer time constant than rotational relaxation; and
the cell pressure, and hence the absorption, could be ralsed to obuserve these events,

e iyt T ey
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Verv substantial absorption of a pure rotational laser pulse is expected so that the line is
completely absorbing in the center, Probing with a pure rotation laser should therecfore be
useful for probing after stimulation at high J levels at which few excited molecules will he
created. Since we have not yet buill a pure rotation laser, it is expected that all efforts on

this contract will be limited to probing witha v = T to v' = 2 laser.

3.3.4. MONITORING RELAXATION BY FLUORESCENCE

Use of the fluorescence produced by the gas within the cell in its nonequilibrium state is
an attractive alternative means of monitoring the relaxation of the exciled gas. No alignment
or timing difficulties such as those which exist in probe laser absorption measurements are

present to complicate the measurements.

The calculation of the radiance levels expected from this fluorescence is necessary for
judging the feasibility of fluorescence measurements at the low pressures to be used. Such
calculations are also important hecause fluorescence and accompanying absorption also pro-
vide a means for relaxation to occur in the nonequilibrium gas. Usually, the time constant of
this relaxation is taken to be Auc— , i.e., the radiative relaxation occurs solely by spontaneous
emission. This time constant is much larger than the time constants we expect for collisional
deactivation in ihe current experiment and thus might be ignored. However the effects of stimu-

lated emission and absorption on the radiative relaxation must also be accounted for.

The equations of fluorescence have been derived in Appendix I also. They are more com-
plex than the equations governing the stimulation of the cell because there are photons present
corresponding to all possible transitions rather than to one transition only. Hence, the changes
in population of all the states must be considered. For each transition, there is a photon con-
servation equation which depends on the populations of only the upper and lower states for that
transition. In addition, there is a conservation equation for the population of each state in the
gas. Each of these equations contains terms corresponding to spontaneous emission and stimu-
lated emlssion and absorption from and to each state having a transition in common with the
state In question, To correctly determine the fluorescence as a function of time, it Is necessary
to solve these equations simultaneously. Because of the large number of varizbles involved,

analytical solutions to these equations are available only in the simplest of situations.

Solutions to simple cases, involving c:.ly a few states, which ignore stimulated emission
and absorption yield the usual optically thin solution with a decay having a time constant of
Ay
can be ignored in the present situation, consider a photon congervation equation for one of the

To assess the importance of stimulated processes and hence to determine whether they

transitions involved. From Appendix I, Eq. (101) we write directly:

e EEEE
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n”u}} ut o
7, CefvaT Pua (nu”Bu( TPy Bm) O (42)
where 0 is simply a symbhol for the gradient in the Q direction.

Since no easily available measuring device can hope to resvlve the detail of a fluorescence
line, we can integrate aver frequency. Further, the measuring device will compare the fluores-
cence output with the ambient radiation level. Hence, it is reasonable to substitute for pu,Q’ the
sum of a constant ambient equilibrium (blackbody) photon density, p;, and a deviation from this

equilibrium value, p’, i.e,,
§ ]
o Po'P

Substitution of this value inta Eq. (42) and integration over frequency yields

% A
o9 . ! & * [ - ! - ._i( .

'.( Cgp Cpx',ﬂknuuu(’ n(B(u) + cfp (nu“Bu(’ nguBhbdu Ly (43)
Assuming that p' is not large compared to the ambient equilibrium photon density, we assessed
the importance of sttmulated emission and absorption in the fluorescence compared to spontan-
eous emlission by taking the ratlo of the first to third terms on the RHS of Eq. (43). Under equi-
librium conditlons, ;' is constant and zero so that the above mentioned ratio mus! he -1. The

ratio must be zero in cases in which stimulated processes can be ignored. The amblent photon

density s given by

pe _2:'_2 [exp (111_») ) l]-l photons (44)
£ c3 k¥ chsr(l sec)

With this substituiion, the ratio beiween the firsi and third right hand terms becomes

[ ;'\u‘ - -1
(Ve===] |axp =% =1 (45)
\ nu ﬂf) { kT

where ihe relation between the Au! and But coelficieni has also heen introduced.

This raiia has been computed for the present situation (i.e., for the conditions exisiing
immediately afier the HF cell has been stimulated or pumped by monochromatic light fram an
HF laser) for both R-branch fluorescence and pure rotation fluorescence {from the upper level
stimulated by the pump laser. The upper level and lower level number densities given by
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Eq. (40) were used. The results are shown in Table 18 for stimulation by different P-branch
lines. It can be seen that, for the pure rotation transition, the ratio is substantially greater

than zero. indicating that stimulated emission is as in:portant as spontaneous emission. If the
ceil is tong so that p' becomes comparable to {);,Q, stimulated emission becomes proportionately
more important. The ratio is near zero for R-branch fluorescence from the stimulated state
indicating that stimulated emission might be neglected in the R branch. The P branch has not
been included since the observation of the P-branch fluorescence is difficult in the presence

of the stimulating pulse.

Because of the difficulty of including stimnlated processes, initial calculations of the
fluorescent radiance to be expected from the experimental situation nelected stimulated terms
even though, as shown above, stinilated eruission cannot be neglected in the rase of pure rota-
tion. Directly after stimulation, the fluorescent radiance from sporiancous emission alone (i.e.,
the optically thin radiance) from the state pumped by the stimulating laser can be determined
from Eq (43) with the first and second terms on the right hand side set to zero: 2p' ¢t can also
be neglected in comparison to c(@p'/7x) stnce the smallest time increment of interest is much
larger than the time tt takes a photon to travel the largest distance of interest. Under these

sumptions, Eq. (43) can be integrated to yield

n A
. u u(_.x
Pefany
where ' is the partial photon denstty per unit solid angle tn the direction x withtn the cell im-
mediately after stimulation; and ", is the photon density of the upper state immediately after

stimulation  The fluorescent radiance (L) is correspondingly given by:

nuAu {
— X (46)

11 4._. X
We have calculated radiance values using this expression and the expressions for the upper
level population density given in Eq. (40) as a function of cell length and the J level of the stimu-
lating line. These radiances are plotted In Fig. 16 for the R branch of the vibration-rotation
band and in Fig. 17 for the pure rotation band as functions of the J value of the stimulating
line. These values are for fluorescence from the state pumped hy the stimulating laser and
hence are the maximum fluorescence values expected during the relaxation process based on
the optically thin assumption.

Since we do not currently have a means of solving the full set of equations governing fluo-

rescence and the accompanying radiative relaxation, we have used the fluorescent radiance
values in Figs. 16 and 17 to judge the feasibility of using fluorescence to monitor the relaxation.
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These radiative vialues do not include the effects of stimulated emission and absorption whieh
have been shown to be important in at least the case of pure rotation, The relaxation time
constants asc<ociated with the villues shown on Figs. 16 and 17 are of course the reciprocals

of the A values (taken from Ref. [1{)which are all greater than a few milliseconds. When
stimuliated processes are included, however, the radiance values are sure to increase in the
pure rotation region because of stimulated emission, and ihe time constants will correspond-
ingly decrease. While these eftects are important for predicting the nature of the relaxation
process, they are fess important for predicting measurement feasibility. Stimulated emission
is made imporiant prinurily by the discontinuous nature of the rotational distribution produced
by the stimulating kiser. There are a large nnmber of molecules in the pumped state and
essentially none in the adjacent rotational state. Stimulated emission is likely to be important
for only the pure rotation transition from the pumped state. Since fluorescence measurements
Irom a number of stites are required to determine the nature of the relaxation process occur-
ring in the za+, possible high fluorescence rates from one transition cannot be used to judge
the feasibility of flurescence measurements as a monitoring process. Therefore the radiance
valu s shown in Firs. 16 and 17 are taken to he conservative estimates of possible fluorescent

radiance values to be expected during the relaxation process.

To determine the feasibility of measuring these radiance values, noise-equivalent radiance
values for typical state-of -the-art radiometric systems were determined and compared to the
values shown in Figs. 16 and 17. Two systems were considered for each spectral region, a
spectr metric and radiometric system. For the R branch, the detection system was assumed
to be a detector having a spectral dimensionless detectivlty (D*)of 3> 10]0 emVHZz W in the
vihration-rotation region. For the pure rotation reglon, the detector was assumed to be buck-
pround noise limited and shielded from all ambient background except that hetween 20 and 28 ;'m
in the solid angle viewed by the optical system. This allows observation of the transitions only
botweend 9 =J - 8and.J = 13 = - 12, but tnclusion of the longer wavelengths required to
observe lower J values would increase the noise of the system further. In any real experiment,
the cnoled filter used to eiiminate the background need only be wide enough to observe one or

several transitions at a time and should be capable of being changed to observe others at wlll.

The optical parameters for the spectrameter were assumed to be: a 1/2- ~ 12-mm entrance
slit: a collection angle corresponding to {/4.5 and an efficiency of 25¢%,. The radiometric sys-
tem in each case was assumed to consist of 4 2-mm square detector and an /1 viewing system
with an 80" efficiency. All systems were assnmed to have a 0.1-usec time constant. Table 19
gives the noise equivalent radiance for all of these systems. The noise equlvalent radiances

are also shown on Figs. 16 and 17.
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TABLE 18. RATIO OF STIMULATED FLUORESCENCE TERMS TO
SPONTANEOUS FLUORESCENCE TERM IN EQUATION (45)

R-Branch Fluorescence in the Pure Rotation Fluorescence
Stimulating Line in 0 - 1 Line (Pumped by the in the 1 = 1 Line (Pumped
0 - 1 Band Stimuiating Laser) by the Stimulating Laser)
P3 -4.78 x 1077 2.81
P4 -6.55 x 1077 1.73
P5 8.57x107 1.19
P6 -1.10 x 1075 0.88
PT -1.39 x 1078 0.675
P8 -1.76 x 1076 0.532

TABLE 19. NOISE EQUIVALENT RADIANCES FOR PRACTICAL RADIOME TRIC
AND SPECTROMETRIC SYSTEMS IN BOTH THE VIBRATION-ROTATION
REGION AND THE SHORT WAVELENGTH END OF THE PURE
ROTATION REGION FOR HF

Spectrometric System Radiometric System
(1/2 x 12-mm Slits, (2-mm Square Detector,
f/4.5) /1)
Vibration-Rotation Region
(2.5 um)
-9 - ,
D; 3 x 1010(“—'"‘-‘(,—‘—'—2) 1.7%x107° W"<'m2-sr 3.4x10 Y w/ cmz-sr

Pure Rotatiou Region =
(20-28 ;ym, Background- 1.0 x 10
Noise Limited Detector)

y w,"cm?'-sr 2.0 x 1078 w, 'emE e
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Since radiometric techniques do not allow the separation of contributions from different

rotational levels, spectrometric measurements are far more desirable for use in this experi-

ment. An examination of Figs. 16 and 17 reveals that sufficient fluorescence radiation is

i available from the R branch to be observed spectrometrically at least through a J value of six

for the stimulating laser. On the other hand, pure rotation fluorescence could only be observed
spectrometrically if some form of pulse integration technique using a waveform eductor or

i boxcar integrator weve available. The fluorescence radiance is so low that at least 5000 pulses

| would need to be integrated to yield a signal-to-noise ratio of 16. Moreover, the results of

Fig. 17 are for fluoreseence from the pumped level. The results for fluorescence from other

) levels popukited during the relaxation process would be lower. Thus, the measurcment of

rotational fluorescence is considered unfeasible as a means of monitoring rotational relaxa-

tivu: R-branch fluorescence measurement appears to be a feasible means however.

3.4. CHOICE OF A MEASUREMENT SCHEME

| It appears that measurement of either absorption of a probe laser operating at one of sev-
. eral lines, or of R-branch fluorescence will be suitable for monitoring rotational relaxation.
The choice of the probe laser absorption technique was made in light of the following considera-

tions:

(1) I order to realize the caleulated fluorescence output, the cell destgn must be such

thiat no ray from the spectrometric measurement apparatus intersects the side walls
of the eell and that no ray passes through an unstimulated region of the cell. These

requirements dictate a great deal of expansion of the stimulating laser beam, which,

in turn, requlres a relatlvely large, well collimated stlmulating laser output and a

very high quality infrared beam expander.

(2) M will be necessary to Insure that the probe laser oscillates only in a single longi-

tudinal mode and Is relatively stable In frequency in order to insure that the spectral

width of the emitted rz.iatlon is narrow compared to the Doppler ilne width and that

its output remains close to llne center.

(3) The dimenstions cof the cell must be smaller than the dimensions of the stimulated

reglon and, in addition, the volume of the monltored reglon must be smaller than the

stimulated reglon. These relatlonshlps are required to Insure that wall effects ~nd

the diffuston of unstimulated molecules into the monitoring reglon have no effect on

/] the measurements. A molecule is typlcally expr-.ied ta travel a fraction of a centl-

meter during one experimental event. In the cause of a laser absorptlon measurement,

I the size of the stimulated reglon need thus only be of the order of 1 cm (which 1s

rmp———t S alet il sl atiag e SR
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easily obtained) if the beam of the probe laser is very small. On the other hand, in
the case of fluorescence measurement, this requirement would significantly increase

the required expansion of the stimulating heam.

(4) Figure 16 indicates that measurement of R-branch fluorescence would yield a maxi-
mum signal-to-noise ratio of 10. This is considered to be minimal for good data
interpretation. Figure 17 assumes that the measurement system is detector-noise
limited. Thus, it appears that a boxcar integrator and associated low-noise preamp

would be desirable even for R-branch fluorescence measurements. The budget for

this contract could rot support this capital expenditure in addition to the others required,

Furthermore, the maintenance of a detector noise limited condition in the presence of

the electrical interference produced by the laser pewer supply is a difficult task.

(5) The timing and alignment requirements will be more stringent « ith probe laser absorp-

tlon measurements.

It is our opinion that the two monitoring schemes are probably about equivalent when both
advantages and disadvantages are compared. Although the choice of the probe laser absorption
technique was made hefore all the above considerations became apparent, it appears that the

choice will meet with reasonable success.

3.5. TECHNIQUES TO BE USED IN THE MEASUREMENT OF RELAXATION TIMES

3.5.i. EXPERIMENTAL ARRANGEMENT

The measurement of the relaxation rates of excited HF molecules will be made with two
HF pulsed lasers. The first laser is the stimulating or pumping luser and its output is a short
pulse (duration < 500 nsec) on one of the P5-P8 lines of the HF 1 - 0 vibration band. The pump-
Ing laser's output is directed through a cell containing pure HF at low pressure (P ~ 0.01 torr).
The output energy of the pumping laser is of sufficient energy (~ 0.5 mJ) to excite at least 807,
f the molecules in the HF cell. After a suitable time delay (0 - 50 j:sec), a second pulsed HF
laser, the probe laser, is triggered. The probe laser produces short (t < 200 nsec) pulses of
low energy (~ 0.01 mJ) on one of the P4-P6 lines of the HF 2 - 1 band. The probe laser beam
is directed coaxially through the HF cell with the pumping laser, and the intensity of the probe
laser beam is measured before and after it traverses the HF cell. The ratio of the intensities
gives the absorption of the excited HF molecules, and a plot of absorption versus delay time

between the pump and probe laser pulses yields the relaxation time of the excited HF.

The requirements on the components of the experimental apparatus and the present state
of development of these components are discussed below. A block diagram of the apparatus is

shown in Fig. 18.
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The pump laser 1s shown in Flg. 19. The optical path length is 1 m, and ninety-eight 300-Q,

2-W ballast resistors are arrarged In 2 linear array with the resistor leads pointed to form the
anodes. The premixed fuel and oxidizer gases are admitted into the inlet manifold and the gases
flow around the pin anodes and down into the optical cavity. Spent gases flow out of the optical
cavity through a slot, Into the exhaust -saniicld, and hence to the vacuu.a pump. The exhaust
manifold ts electrically grounded and the slot serves as a cathode. Typical operation parameters
for the pump laser are as given in Table 20. The pump laser is usually operated super-radiantly
with no front-end reflector. When a front-end reflector is used (infinite radius of curvature,
reflectivity between 3.9 and 0.75), the P3 and P8 lines of the 1 — 0 band can b made to <: cillate
weakly. The strength of the P4-P7 1 - 0 lines is reduced from the values shown in Table 20,
however. The maximum output on any one line is obtained with fuel type H2 or CH4, fuel pres-

sure, oxidizer pressure, ard high voltage unique to that line.

The 1-ra nump laser calthits a variation in ou'put energy of ~ £10% from pulse to pulse.
The reason for tnis variation is not known but is suspected to be the result of variations in the
ras discharges along the cavity which produce w.e@ F atoms. The output energy variations are
more pronounced at low nutput energy. Further efforts are being made to reduce the output
energy varlations so that the number of 1 - 0 HF lines avallable for pumping may be increased

beyond the four (P4-P75 Mines availuble at present.

The 1-m pump laser exhibits sufficient gain to super-radiate when no cavity mirrors are
used. When the fue) and oxidizer pressures are lowered to reduce gain, the ontput energy is
also reduced. Initial plans to ope.ate the pump laser on a single line have been aba:doned in
favor of allowing the laser to oscillate at will and to select the desired output line by means of
a monochromator. An additional advantage is obtained by operating the pump laser with a single-
end reflector; the absence of a high-cavity Q