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FOREWORD 

An invt-stiniition 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 Researc'i 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 

energy between HP molecules.   The work was 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.   Particular thanks are due to Professor C. W. Peters for his interest and 

helpful discussion. 

The views and conclusions contained in this document are those of the authors 

and should not be interpreted as necessarily representing the official policies, 

either implied or expressed, of the Advanced Research Projects Agency or the 

U.S. Government. 

The contract expired 31 Decembe'   1972. 
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ABSTRACT 

A complete set of electric dipole transition probabilities for HC1 has been com- 

pi-ted by means of a numerical procedure developed previously.   To produce these 

computations, the dipole moment and internuclear potential for the HC1 molecule 

were modeled with the available experimental data.   The results are presented in 

tabular form for vibrational quantum states from 0 to 12, for changes in vibrational 

states be.tween 0 and 5. and for all rotational ftates between 0 and 35.   Progress on 

experimental measurements of the intensity of the v     0 to v'    4 band of CO are in- 

cluded 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 \'     3 band of 

HF are reported.   This work was begun under an earlier contract with the Advanced 

Research Projects Agency, and was completed under the current contract.   The 

electric dipole matrix element for the band has been determined from the measured 
-21 

strengths to be 1.628 x 10       esu-cm.   The rotational dependence of the measured 

half widths agrees with the Anderson theory of collision broadening if off-resonant 

collisions are taken into account.   A complete code has been written to compute line 

widths resulting from collision broadening.   A section describing this program is 

included.   Sample calculations which show good agreement with available experi- 
mental data are presented. 
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A area 

Au{ coefficient (or spontaneous emission 
A

vi elements of 2 dimensional matrix A, equal to / ^»pV ,r   dr 

b impact parameter 

bg impact parameter where ^"(b) ■ 1 
b
min radius correspo..uinK to the minimum cross section 

BiVV' elements of 3 dimensional matrix B, equal to /^y   .pV r   dr « 
B|u coefficient for stimulated absorption of radiation I 
B

uf coefficient for stimulated emission of radiation 

Bv vibrationally dependent rotational constant I 

BQ rotational constant in the  • ^ 0   täte 

Bj rotational constant in the v -  1 state 

c velocity of Ufhl 
K CA constant in the expression for collision Hamiltonian 

Cj,..„ elements of 3 dimensional matrix C, equal to T^B   . A"1 

_ 1     J        J 
c
s coefficients for multipole-multipole interactions 

Cv linear coefficient for f fat or 

D* dimensionless detectivity (cm Vsec      watt) 
D

e energy difference between the dissociation limit and the bottom of the 
potential well 

D0 energy difference between the dissociation limit and the v    0 level 

D quadratic coefficient for F factor 

E energy of state a 
E
u( energy difference beiween upper and lower state 

f fk   ) resonance factor 

v'v 
F     (J) vibration-rotation interaction factor (Herman and Wallis F factor) 

K« degeneracy of the state of the perturbing molecule 

g( degeneracy of the lower state 

gfs degeneracy of lower level of stimulating transition 

g , transition factors 

g degeneracy of the upper state 

Su degeneracy of upper level of stimulating transition 
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INVKSTICATIONSOF CHEMICAL LASER PROCESSES 

1 January 1972 Throu*»! 30 June 1972 

1 
INTRODUCTION AND SUMMARY 

The primary tasks .,f ,he rurrenl pr.^ran, have been;   fl) to Increase (he knowledRe „1 the 
,r:,nsi,i"11 i'"1'' "- <"'• ihe hvdn.«en hallde and fnr carbon monoxide m-.lecules (Task [); 
and (2) to measure the rela.xallon rales In an excited cell »I HF (Task II) 

11    TASK I:   MATRIX ELEMEN1 DETERMINATIONS 

I" earlier *ork electric dlpole moment matrix element« «rere calculated for 111 and DF 

for trunslllons expected to be lm,.,rt, , ll,  ,„„1 |„. lasers |1|    CO lasers sho« promise o| 
,',''■,, ' •"", ,"""r '"•'"^ '•"■""•"'■' •"" '   computed for this molecule   Other hydrogen 

"■'l",: '  "■"' ■"' " ■"■'"" '•," '  "" ' ll"'"  ■«'" '.•alton bands and are thus also worthy 
■ ■I conslderalt in    The present effort conNlNti ol 

'"   M '""■ ""■ ,•""■,," ' "• •"■"•"•", '" CO and for hydro^n hallde« and compul 
l"H """ r,#r,r,c "" ,,l■,,,^ •'..,.,...,.., f„r ihr vlbr.Uon-rotallon tranHltlcm« ex- 
perted In laNini arllon 

N,,,k""'■"■■■■" l" "■ ■" •.'iM.l-..sur..nH.llt.i„ „... I and third ovtrtm» band« 

'" r(,U     "   "      ' •", ■'      ,l, "H...linre ,, ,1. It mom.nl model 
for i o In Mi (v ia n,.. vMwitami qHMlttin Mm^r) 

''" ,,',,r' *• "•,V" ,,"m ,,•,, ,U>   "' -«'••    Mul matrix ..l..„1(.„t ..«Iculattons o„ 
HCI V     a •" ,,,M,,U '" ,,,"N•• «•» ■""< ■•'.■ Kumman.e, („. ,„,, „„„,, .,)(„,|j(, ,,.,. 
lulls arc piesiMilnl in Nectltm 2 

W" ' ,,•,, ,,l" ,,,' ,,'"l ■""' '"••  •••■""<"-' -.MM« nxlsllm Kpectroscp... (|.ll;.    T(l..s(. 
,n",,"lh  " ,na,r,x ,,",,,",,,,'' ",", l"""" "'."H | probabilities which result In agreement 
within cx.M.nnH.ntal accuracy with the measured transition probabilities.   The latter ,re avall- 

..I.I.. onlv for vlbrat.onal levels up to v     :.    These m-nlels were used to calculate the transinon 

probablUll«. for transitions Involvl,,« vibralional levels up to v     12.   The accuracy of the re- 

sults of these calculations are undetermined for vibralional levels above v    3 because the 

relationship between the dlpole moment expansion used and the aau-i dlp.le moment at the 

lar^e Internudear separation«, whlcn occur at the hlKher v level«. I« unknown.  However  the 

transition probabllllle« for level» «omew,,al above v    3 (e.g.. v    4. 5. and 6) are probably 
reasonably accurate extrapolation«. 

> 
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An original objective was to measure absorption line strengths (or, equivalently, electric 

dlpole matrix elements) in the second overtone band of CO.   However, since results have been 

published for this band for near-Doppler lines [81, we will perform measurements primarily 

on the third overtone band, returning to the second overtone to determine Lorent/. widths if 

scheduling permits it. 

Present plans are to determine individual vibration-rotation line strengths and Lorent/. 

half widths in the v    0 - v     4 band of CO lor gas pressures near 2 atm.   Path lengths on the 

order of 200 m will be used.   The experimental preparations are going well and we expect to en- 

counter no problems in the completion of this portion of the program.   The progress of this 

effort is reported in detail In Section 2.3. 

The CO molecule will be modeled during the second half of the contract period when we 

have the outcome of the experimental intensity measurements.   The results of the experimental 

strength and matrix-element determinations and the calculations for CO will be included In the 

final report. 

1 2.   TASK 11;   MOLECULAR ENERGY TRANSFER RATES 

Because of the various processes which compete with a laser action, in the design and 

operation of chemical lasers, it is necessarv to know the rates at which energy In the various 

degrees of freedom is transferred among molecules.   Molecular collisions with th ■ cavity walls, 

molecular diffusion Into and out of the actiw rtflon, and collisions between molecules In the 

active gu medium all produce changes in the population of the various energv slates    In Task 

II, we are concerned with the redistribution and loss to translation of rotational and vibrational 

enerny, as the result of collisions UMMg the «as molecules within the active medium. 

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

MF molecules as functions of (1) time and (2) their vibrational and rotational stale In cells 

containlnn excited HF and in the absence of diffusion and wall effects.   Once radiative processes 

are accounted for, experimental transfer rates resultinu 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 w* ' 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 t am. 
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The relaxation of this excitation condition is expected to occur primarily by colllslonal 

processes, first by equilibration of the rotational energy of the molecules excited to the v     1 

It vel and then hy 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 scomd MF 

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

laxation will be monitored by observation of the absorption of the probe laser operating In a 

v     1 in v     2 transition eillur at the same, or at a different rotational state from that pumped 

by the stimulating laser.   Iiy monitoring the absorption of this probe laser as a function of time, 

the variation in the population of a given vibration-rotation state with time can be determined. 

The details ol the n tational relaxation process can be determined from a series of such mea- 

urements in which the stimulating transition is not changed but the transition of the probe la- 

ser is varied 

A si i nl computations showing the feasibility ol such an experlmcnl is presented in Sections 

'i.l through 3.4.   Some of the requirements on the Btlmulattt:K and probe lasers are discussed 

and the effect nl radiative relaxation on the measurements is considered,   Some alternate means 

nl monllorlnK the relaxation process are discussed and the choice of probe laser absorption me.i- 

suremenls over fluorescence measurements is justified    The apparatus to perform the expert 

menl Is IHIIU', assembled    The progress made to date is reported in Section :t. i 

1 ;t    ADDITIONAL EFFORT 

Wc expended some effort to write and lest a code for computing collision-bnudrned line 

widths iismi', Anderson's theory ol collision broadening |3|. 

The variation in the gam of the laser medium with frequency is a very important factor 

wher the mode structure of the laser is a consideration    Line broadening resulting from col- 

lisions is important as a homogeneous broadening mechanism in gas lasers which operate at or 

near atmospln "ic pressure.   Hence, knowledge ol the collision-broadened widths can be an un- 

portanl parameter in some laser-design situations.   Yet measurements of collision-broadened 

widths are difficult and have been i^rfornied only for a relatively s  mil number of active gas- 

perturber combinations.   In oartlcular, determinations of the colllslonal broadening of the 

transitions of the active gases in gas-laser media are largely ncMXtstent.   Measurements of 

the broadening in such cases would be very difficult because of the complex, nonequilibrium 

nature of the gas in the cavity.   Theoretical computer codes to perform such calculations arc 

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. 

-*•- ^ ^- ^;^^-t T •^wr 
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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 pro^ri iis.   The agree- 

ment between the half widths predicted by the computer code and the experimental half widths 

is very good. 

Seclinn 3 includes the measurements of the v     0 - v     3 dipole matrix elements of HI 

performed partially under a previous chemical laser study contract, Contract No. DAHC-l^-e?- 

C-0062.   This work was not completed under that contract and hence was not reported.   How- 

ever, because of Us connection to the present .Hort it was completed under the present contract 

and we feel it appropriate to report it here.   The measurements performed during that effort 

were successful and complete; the results obtained were utilized in the complete set of matrix 

elements calculated for HF under the previous contract | 11. 

Appendix I presents a derivation of the equations novernin^ ihe interactions of radiation 

with matter described by the Kinstein coetficients and is supplemental to Section 1    Appendix 

II contains the detailed results of the matrix element calculations performed for HC1. 

 '* *&£3*V^ \ 7«r^ 
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2 
MATRIX PXEMENT CALCULATIONS AND INTENSITY MEASUREMENTS 

F. G. Smith. (1. H. Llndqulst, ;ind R. L. Spellicy 

2.1.   MATRIX ELEMENT CALCULATIONS 

Consider ;i gas having a nonequilibrlum population of vibratiunal :ind rotational states so 

tliat a known population Inversion exists.   In order to determine the ability of that i\as to produce 

stimulated emission and hence lasint; action in its vibration-rotation bands, it is necessary to 

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

For .i particular change of state, the three Einstein coefficients represent transition prob- 

abilities for spontaneous emission, stimulated emission, and stimulated absorption ol radiation. 

These Einst« in coefficients are a molecular property and, in the case ol vihration and rotation. 

can be related to a quantum mechanical description of the vlbrational and rotational motion ol 

that molecule and Its dlpole moment.   II  has been shown that the three Einstein coefficients are 

each directly proportional to the quantum mechanical electric dlpole matrix element for thai 

transition |4|.   Hence, determination of such matrix elements is extremely useful In the deter 

mlnatlon of the required transition probabilities. 

The most accurate method ol determining transition proiialulilies Is by measurnm absorp- 

lion under equilibrium conditions in which the population of stales is well known.   However, such 

measurements cannot be made on many ol the transitions ol interest In laser .'.Indies beca ise 

the stales involved are not siKinficanlly populated at reasonable temperatures.   The computation 

ol the electric dlpole matrix elements associated with such transitions provides I powerful tool 

lor the I'stimation ol tlv  transition probabilities. 

2.1.1.   THE DIPOLE MOMENT AND CALCULATED MATRIX ELEMENTS FOR MCI 

The electric dipole matrix element for the v. .1 - v . .1' transition is defined by the follow 

inn M): 

f 'v. J!>i(r)lv', J'^     | ^v, Jl/j(r)^v jr  dr 

where if , ., the radial wavefunctlon for the upper state of the transition 
v ,.1 
A   , - the radial wavefunctlon for the lower state of the transition 

v,J 
m #'J'f' ,'1<' fbP0'0 moment as a function of r 

r the Internuclcar separation 

v, v' the lower-and upper-state vlbratlonal quantum numbers 

,1, J' the lower- and upper-state rotational quantum numbers 

>■■■ ' • -ti. Milr-      ii     ^ W?3 T •p* 
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Calculation of the matrix-element Integral requires initial and final stato wavefunrtlons 

and the molerular electric dlpole moment function.   Once the form of the potential function is 

known, the wavefunctlons arc calculated by numerical Integration 01 the SchrSdlnger equation. 

Our procedure allows any functional form for the dlpole moment function, but experimental in- 

tensity data are required to determine the values of the coefficients of the dlpole moment func- 

tion.   The procedure used to establish the potential and dlpole moment functions is described 

below and the results are used to calculate HC1 matrix elements. 

2.1.2.   DETERMINATION OF THE INTERMOLECUI.AR POTENTIAL:   GENERAL CON- 
SIDERATIONS 

The three most commonlv used potential (unctions are the Dunham (or polynomial) poten- 

ti.ii. the Hvberu-Klein-Kees (RKB) potential, and the Morse potential.   The Dunham potential 

defines »he energy as a power series in(r - r ) where r is the internuclear coordinate and re is 

the . qulllhrlum value ol Internuclear distance.   In his original paper. Dunham shows that the 

. ueih, lents ui the series expaiihion mav be obtained directly from spectroscopic constants | ä|. 

MM   Dunham potential allows analytic solution ol the radial SchrSdlnger equation and evaluation 

,,l th.  dlpoU   moment mleural by a standard, but tedious, application of perturbation tht    -y. 

Itn .ullv   Tolh, Hunt, and Plyler lti| ha\e used this method to obtaic . ibration-rotation .nter- 

;i( lion la. tois [or 0-1   0 - 2. and 0 - :) bands ol CO.   The Dunham poteatial is not very use- 

lul lot  numerical ralculattOM, however, since the Dunham expansion is not constrained to 

ipproai h i. .ili.s.ic lorms m the Imuis ol large and small Internuclear separations. 

The Morse potential is an analvtic function contaminn thret  parameters which may be 

, hosen lo obi.'in ,u;reemenl with the vibralional and rotational et ergjf levels of the molecules. 

I he primary advantage ol the Morse oscillator over other analytic lorms is that it is simple, 

vel Us uavelunclion.s are analytic.   II predicts accurate elgenvulues over a fairly wide ranne of 

oscillations. 

The HKH potential is simply a tabulation of enerny versus inlernuclear distance, const i-ucled 

to reproduce the observed enerny '»'vels of the molecule.   The HKR |X)tenüal Is constructed by 

determining the turning points of the molecular oscillallons with the Went/.el-Kramer-Brlllouin 

IUKH) approximation |7, 8. 9).   The procedure requires only the spectral line positions. 

Whatever the form of the function, If it Is to realistically represent the potential for a 

diatomic molecule, it must fulfill certain minimal conditions, as pointed out by LePoy and 

Burns [10).   The conditions are tint: 

tl)   the outer bi u   b of the fuiicllon should asymptetieally approach the known dissociation 

limit of the electronic state of the molecule. 

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

-^■"■^ *■» ??^5 —■■ 
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(3)   -he inner branch of the potential must become steeper with decreasing internuclear 

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

The Dunham potential does not fulfill condition (1) since finite polynomial series diverge at 

infinity.   Analytic functions generally are constructed tc fulfill all three conditions but may fail 

in other respects e.g. in the prediction of energy levels.   Since the RKR potential may be con- 

structed to fulfill all conditions, we have chosen to use it in this study. 

2.1.3.   THE HKH POTENTIAL 

The generation of ;iii HKH potential requires a kno« 'edge of the vibrational energy levels 

and rotational energy constants of the molecule in its various vibrational states.   From spec- 

troscopir data, Dunham coefficients Y     can be determined which describe the value of the 

quantities by .i power series in v. the vibrational quantum number.   The vibrational energy levels 

are given by 

n 

i 0 

1   2 
i (11 

uul the rotational constants are 

in 

N'v 

i 0 
1.1 

(v •  1   2) (2) 

The number ol ( onst.mts are chosen to lit the data within the measurement error.   The G   and 

B   values,or equivalently the Y coeflicienls. provide input data which uniquely define the HKH 

potential.   Th« method used to determine the potential is described m a paper by Vanderslice 

el.,il. |9],   For the actual calculation presented later In this report we have used a computer 

program written by /.are 111] modified to run m FOHTHAN IVon ■nlBM 360 67 computer. 

The necessary Y coefficients for HC1 have been obtained by Rank, et al. using v    0 through 

v     ü line and band position data |12, 131.   The vlbrational and rotational constants which they 

obtained are given In column (a) of Tables 1 and 2 respectively.   Using these constants to gen- 

erate an KKK potential, we obtained curve a of Fig. 1.   The dissociation energy corresponding 

to the acepted Dn value of 4.43 eV 114| Is 37217 cm"   and Is also Indicated on that figure as 

D   (D„ is the energv difference between the dissociation limit and the v = 0 level).   It mav be 
e     0 

seen that, for a realistic potential funct.on conditions (1) and (3) are violated by the constructed 

pitentlal.   This Is not surprising since the Y's used were detcrm'ned onlv 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. 

mm—M*. -A.. .,.    ^u T - L 7^ 
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TABLE 1.   ViniUTIONAL CONSTANTS FOR \iZ\ 

(a) b) 

10 
!20 
r30 

',0 
f50 

Rank et al. 

(cm'1) 

|121 Adjusted Constants 

(cm"1) 

2990.9463 2990.9270 

-52.818 r. -52.7842 

0.2243 0.199100 

-0.0121 

0.0 

-0.004536 

•0.000806 

TABLE 2.   ROTATIONAL FNKWdV CONS'I ANTS K)l< IK I 

(.,) (b) 

l01 

■ll 

'•1 
'41 

n K.mk el .ii. [11] Adjuslfd Constants 

(cm     i (cm'1) 

10.593416 10.593246 

-0.307181 -0.30 5U2 

0.001772 0.00067017 5 

-0.0001201 0.000171434 

0.0 -0.0000231052 
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2.1.4.   CONSTRUCTION OF THE RKH POTENTIAL 

In order to construct an RKH potential which lulfills the minimum requirements of LeRoy 

.nid Burns, we have followed a procedure outlined by them for adjusting the Y s to obtain a better 

potential function.   This is a two-step procedure.   First the vihrational constants are modified 

In fulfill condition (II and second, the rotational constants are adjusted until conditions (2) and 

13) are met. 

Condition (1). that the dissociation energy he asymptotically approached at laru:e intemuclear 

sepa rations, is equivalent to two constraints on the energy-level curve: 

0 (3) 

I) 

where •    is tin vihrational quantum level corresponding to dissociation a n,l 

'VV (!) 

where D    is the em rev difference between the dissociation limit and the hottom of the potential 
c 

well.   Equation II) lor (J, with the vihrational constants of Rank inserted into Eq. (3) gives 

This result can he v.,     27.434.   The value of D   obtained from this value ol v^ is 40600 cm'  . D e 1) . 
compared with the accejited dissociation energy of 37217 cm    , and it confirms what Fit;. 1 has 

indicated; i.e., Rank s vihrational constants do not properly represent the energy levels of HC1 

near dissociation.   II an additional constant. In the present case, Yrf.. is added to the vihrational 

energy expansion, then Eqs. (3) and (4) may he fullilled and a nood fit to the experimental data 

also maintained. 

A ! OI'TKAN program incoi poratlHfl an iterative procedure was used to calculate such a 

i onsistcnl set ol Y   - constants.   The first step In this procedure was the solution of Eq. (3) 

with Rank's constants lor an initial value of Vjy   This value for v,, was then used to define a 

linear system of equations consisting of Eq. (4) and four equations relating the polynomial for 

(j   to experimental values of G .   The complete system used for the HC1 case was 

S 

L 
i i 

Yi.0,vD ' '  2) D„ 

and 

i 1 

for v ■ 1, 2, 3, 4 (5) 

The values of G   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. - constants which 

10   . 
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«Uli the adjusted sol ot c-onstanl«.   Finally  an BKR „,,„„., "■'"laled 

 -.' - - »• ..■,:,:!::;::;::tr: ;,d,™M 

;::;:: -^ -■ -— ^^ri:::'L:::z':: hllll|l 'l". requirements al small separations 

' -~rr.rrrrr: ,s;:'-'3 "■ - 
T^::::::r:::;;:::::frr;;:::;:::::;;;;::::-^^ 

:::::r::;::;:;:;::;-:,—■;-•':-- • ■-.-:i 
u-   .   , 2"d,,t; «»»y^niial extrapolation aU.vo that ooint 

rrrzerr; i;rr r— ::: 

rr: : --—--^rzrr:^:1: 
Tat,     , th   ^e„ed Bf vaiues a.-., compared w.th the values deHned „v .„.. ad.-sted rota   „„•., 
.-.nstants and Fig. 4 ..ves B, for all the v.h.a.ional states predicted.     ' 

The final RKH turn.n« po.nts for the hound vibrational levels are tabulated .n Table 6    m 
"- a<-.ual eal.ulat.on. the .«tential is determined at 199 vilue« nf    , , 

a e^C spune interpolat.on is used to interpolate ^"^^"^^ ? 

-utions of the rad.al M^ (iquaUon doteniURe ^ ^^ Zr^L 

*H*m .alculated from the numerical solutions are .iven in Column c of ^blc 3 

2.2.   THE DIPOLE MOMENT FUNCTION 

22.1.   THE POLYNOMIAL APPROXIMATION 

n 
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FIGURE 2.   VIBRATIONAL ENERGY LEVELS 
FOR HC1 DETERMINED BY THE MODIFIED 
DUNHAM COEFFICIENTS USED TO GENERATE 

THE RKR POTENTIAL 
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FIGURE 3.   INNER BRANCH OF RKR POTENTLVLS 
CALCULATED BY MEANS OF THE TRIAL ROTA- 

TIONAL CONSTANTS IN TABLE 3 

12 

I 



Tim 

X 

f OHMfHi  I   V»il I OW  »UN 1 •■OBATOBIES   TMl   UNIVIBSII» Of   MICHIGAN 
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FICJURE 4.   ROTATIONAL CONSTANTS FOR HC1 
AS DETERMINED BY THE MODIFIED DUNHAM 
COEFFICIENTS USED TO GENERATE THE RKR 

POTENTIAL 

TABLE 3.   OBSERVED AND CALCULATED BAND ORIGINS FOR HC1 

(a) (b) (.■) 

Observed 
(Rank ct al.) [12| 

(cm'1) 

(AdjusU 
CahuIaU-d 

■d Constants of Table 1) 

(cm'1) 

Calculated 
(Numerical Schrödinner Solution) 

(cm"1) 

1-0 2885.978 288 5.974 2886.891 

2-0 5667.984 5667.974 5669.352 

3-0 8346.782 8346.775 8348.559 

4-0 10922.803 10922.789 10925.289 

5-0 
• 

13396.217 13396.009 13400.008 

3-1 5460.804 5460.801 5461.668 

4-2 5254.856 5254.815 5255.937 

5-3 5049.503 5049.234 5051.449 

13 
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TABLE 4.   TRIAL ROTATIONAL CONSTANT VALUES 

■oi 
Yn 

^31 

(a) 

10.5932490 

-0.3059344 

Ü.000G909 

0.0001655 

-0.0000225 

(cm'1) 

(b) 

10.5932460 

-0.3059118 

0.0006702 

0.0U01714 

-0.0000231 

(c) 

10.5932440 

-0.305889 

0.0006494 

0.0001774 

-0.0000236 

(d) 

10.5932410 

-0.305867 

0.0006287 

0.0001833 

-0.0000242 

TARI.E 5.   OBSERVED AND CALCULATED ROTATIONAL 
CONSTANTS FOR HC1 

(a) 

Observed 
(Rank et al.) [12] 

(cm    ) 

B0 10.440254 

Bj 10.136228 

B2 9.834665 

B3 9.534845 

B 9.236010 (4-2 data) 
4 9.2363     (4-0 data) 

R 8.93743   (5-3 data) 
5 8.9395     (5-0 data) 

II)) 

Calculated 
(Adjusted Constants of Table 2) 

(cm ) 

10.44047 

10.13634 

9.834431 

9.534647 

9.236362 

8.938385 

14 
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TABLE 6.   RKR POTENTIAL FOR HC1 

V 

Energy 

(cm"1) 

r 
nun 
(A) 

r 
max 
(A) 

0 1482.292 1.177068 1.393102 
1 4.168.266 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 1.01398)0 1.789915 
e 17248.130 0.9986415 1.857172 
7 19513.380 0.9853323 1.924772 
B 21672.090 0.9736691 1.993561 
it 23721.480 0.9634037 2.064413 

10 25657.840 0.9543734 2.138287 
ll 27476.430 0.9464760 2.216341 
12 29171.380 0.9396601 2.300038 
n 30735.610 0.9339066 2.391312 
14 32160.720 0.9292040 2.^92930 

M 33436.890 0.9256439 " 508497 
U 34552.790 0.9231968 2.744314 
17 35495.490 0.9218721 2.910449 
IK 36250.340 0.9215231 3.126173 
19 36800.920 0.9214401 3.436183 
20 37128.870 0.9178123 3.996376 

15 
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dard functional Form chosen is a polynomial: 

.'•)    ) 1M.(r - r )' 

i 

where XT are ihe coefficient of tins dipole moment expansion.  The M. coefflclenta can be 

determined either by theoretical ealeulaüons or through reference to expenmental data.   Ex- 

perience has -enerallv shou n that ab-njltlo calculations are only reliable for determining the 

M0 and Mj coefficient« accurately; therefore, for a better determination of the dipole moment, 

reference to experimental data !• necessary.   The usual procedure for determination of Ihe M. 

coefficienta from expenmental data is by solution of the following set of linear equations: ' 
n 

I>ik(r 

i  0      J 

i       2 
V ^vr dr      :0lM'r)lv-    for v    0. I. . (6) 

where the    0 ß(v) n ■ is the highest overtone matrix element which has been measured.   Once 

the M. have been determined for the above equations, any other matrix elements can be approxi- 
mated as lollows: 

n        . 
v'  ;i(r) y-     VM. U ,(r - r  )V 

Z_.    lj   v e   ^\ 
i 0 

'dr (7) 

It may be seen that the relationship between the various matrix elements is somewhat obscured 

by the interposition of M.s.   In a previous report f|), 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 similar relationships der.ed by Trlsclka and Salwen from the wavefunctlon expansion 
method [161. 

2.2.2.   DERIVATION OF RELATIONSHIPS BETWEEN VARIOUS MATRIX ELEMENTS 

In this section, we deviate from the standard notation and designate a matrix by a capital 

letter and elements of that matrix by simply attaching subscripts to that   apltnl letter.   Thus 

the dipole moment coefficients M^ can be written as a one-dimensional matrix M.   Let us de- 

fine a one-dimensional matrix T which contains the overtone matrix elements by: 

r^      Wp ,0>    v    0. . . . n 

we also need the n ■   n moment matrix A defined by: 

M    \*3(r-rc )Vvr2dr 

If tin    • relations are used, Eq. (5) can be written In matrix form as: 

AM    r 

(8) 

(9) 

(10) 
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II A     exists then (1) can be solved for M pvin^: 

M    A" r 

We define ;i n ■ xm matrix B by: 

j     0. . . . n 

fr       V     0 , . . . m 

v'     0. . . . m 

(11) 

j.v.v     J   v'     v 

and an m • m matrix R rontaininsj the dipole matrix elements between the m bound states of the 

molecule: 

Rv.iV       V'IM1V> (13) 

Equation (7) can then be written: 

R     BM (14) 

The substitution of Eq. (11) into (14) ^ives: 

R    BA'lr (15) 

This can be rewritten in terms of the elements ol the matrices as: 

R ,     y1 B. , A. ,r 
j.i 0 

If we define the B X a X m matrix C by 

(16) 

C.    .        VB.    ,    A,"1 
l.V  ,V       /^     J.V'.V    J.l 

.1 0 

then 

,   -Tc.   ,  r. 
i 0 

(17) 

(18) 

This expression gives a set of linear equations relating the overtone matrix elements to all 

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 

polynomia» 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 CijV'(V COEFFICIENTS FOR HC1 WITH A 
CUBIC POLYNOMIAL APPROXIMATION 

i 

it 

1 

2 

3 

i.O.O 

1.0 

0.0 

0.0 

0.0 

1,1,1 

1.(1 

0.5838 

1.515 

0.000394 

1.0 

1.233 

3.892 

2.111 

'1,0,1 

0.0 

1.0 
0.0 

0.0 

i,l,2 

0.0 

1.5148 

1.2337 

1.9916 

Ci,l,3 

0.0 

1.9915 

3.-1093 

7.2681 

TABLES.   SELECTED C.    ,     COEFFICIENTS FOR HC1 CALCU- 
i.v ,v 

i 

0 

1 

2 

a 

LATED WITH THE WAVEFUNCTION APPROXIMATION 

1,0,0 

1.0 

0.0 

00 

0.0 

i,l,l 

1.0 

0.5839 

1.55 

0.000417 

C. 
i,2,2 

1.0 

1.234 

4.001 

3.430 

'i,0,l 

0.0 

1.0 

0.0 

0.0 

Ci,l,2 

0.0 

1.5148 

1.2335 

1.994 

i,2,3 

0.0 

1.9914 

(.4305 

7.7752 
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are nearly equivalent when the Rv v,'s an calculated with these tabulated C.      , coefficients. 

These coefficients will be valuable later for comparing various types of experimental data. 

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. 

2.2.3.   EXPERIMENT AL HC1 MATRIX ELEMENTS 

Numerous line-strength measurements have been performed on HC1. The most complete 

work appears to be that of Benedict, Herman, Moore, and Silverman (BHMS) [18]. They mea- 

sured the HC1 overtone matrix elements R1'0. R2,0.andR3,0 as well as R2"1. and R3,2. More 

recently Toth. Hunt, and PlyUr (TRP) [19] have measured the fundamental and first overtone 

bands. They have also included a table ol the overtone band strengths measured by other lab- 

oratories. We have calculated experimental matrix elements corresponding to these tabulated 

strenirths. They are given in Table 9. Inspection of Table 9 shows that the errors quoted by 

the different laboratories do not. in general, overlap. 

Since the band intensity is proportional to the square of the dipolc matrix element, additional 

information is necessary to determine the sign of the Rv'0 matrix elements.   For HC1, when 

R '   is assumed positive, it has been shown that the R1'0 and R3,0 matrix elements are greater 

than lera and the R •    matrix element is less than zero.   We will not repeat the arguments, but 

Kaiser has shown that only this choice of signs is compatible with his high-precision measure- 

ments of Rjj and R^.   Similarly. THP have concluded that 'he above signs pive 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 determined in different 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, 

respectively.   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- 

age of the results of all the infrared intensity 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 

most probable value of the R1,0 and R2,0 matrix elements.  In essence, he assumed that the 

RHMS value of R '   was correct.   He then solved Eq. (18) for R1,0 using his measured value of 

R '    - R '   and using the coefficients in Table 8. 

19 
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TABU ..   VA«,» «T^*™«^™ OVERTONE MATrax ELEMENTC 

Used in Present 
Calculaiions 

Average 

Derived   roin 
Kaiser's Data      Dl 

Kaisers Choice (K) |17| 

Benedict et al. (BHMS)|18| 

Toth et al. (THP) |19j 

Penner and Weber (PW) [201 

Babrov et al. (B) (211 

Jaffe et al. (J) (221 

R0'1 

(esu-cm) 

7 12 ■ lo 

7.02 

7.23 

7.00 ± 0.10 

6.70 i 0.12 

6.80 i 0.13 

7.41 i l.oi 

7.17 i 0.16 

20 

R0.2 

(esu-cm; 

-7 75 -  10 

-7.74 

-7.78 

-7.00 ± 0.50 

-7.02 i 0.28 

-8.00 ± 0.15 

-7.94 

-7.94 

-21 

R0-3 

(esu-cm) 

5.15 • 10 

5.15 

5.15 

5.15 ± 0.21 

■22 

-8.2 ■  10 

-8.0 

1    -7-8 
o 
I 

I    -7.6 

-    -7.4 
a. 

21 

Choice 
THP+ for Use in 

.j Present 
Calculations 

\ 
Average +   * 

o 
V -7.2 

-7.0 

-6.8 

- BHMS + 

6-4      6.6     6.8     7.0 7-2     7.4     7.6v lo"20 

<iUU> (esu- cm) 

FIGURE 5.   EXPERIMENTAL DETERMINATIONS 
OF <0|^|l> AND<0|^|2> 
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We have calculated the point marked KD by solving Eq. (18) using the C. n 0. C. . .. and 

C   „ . coefficients from Table 7 and usint; Kaisor's difference measurements.   This gives two 
10     2 0 3 0 equations in the three unknowns R '  . R ' , and R '   : 

0.5838 R1-0  • 1.515 R2'0 • 0.000394 R3'0     R1,1 - R0,0 

1.233 R1,0     3.892 R2,0     2.111 R3'0     R2,2 - R0,0 

(19) 

If we assume that R '   is known from BHMS's measurement, the R      and R      may be deter- 

mined.   The results are as follow: 

R1-0     7.23 •  lO"20 

R2,0     -7.79 ■  10'21 

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

point KD:   one arises from error in Kaiser's measurement of matrix-element differences and 
3 0 

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

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

resents the error in the R '   and R '   matrix elements assuming a ±10'7, error in the RUMS 
3 0 

R '   value.   The larger, shaded region shows the error bounds expected ' om the error estimate 

given by Kaiser for his matrix element difference measurements. 

Best estimates of R '   and R '   are not obvious from Fig. 5.   However, we chose as the best 

values, a point halfway between the average of the infrared measurements and the value deter- 

mined from Kaiser's data,   h   -e assign a sl% error to this choice, there is overlap between 

all of the measurements and our choice except for the data of BHMS.   It appears, as Kaiser has 

also concluded, that their overtone measurements are systematically low. 

Our final choices for the best experimental overtone matrix elements are given in Table 10. 

The R '   matrix element is again from Kaiser's work.   The choice of the R '   and R '   was ex- 
3 0 

p'ained above.   BHMS have reported the only measurement of R '   for HC1 so we have taken 

their value and assigned it ±10'p error.   Using this set of matrix elements and the errors given, 

we have computed the corresponding M .   These are tabulated in column (a) of Table 11.   Our 

calculated M   are quite close to the THP values, except for the M_ coefficient, but they do not 

overlap.   The comparison with Kaiser's values for the M. show overlap between the present 

calculation for M- and M., but not for the higher coefficients.   It appears to us that either 
0 3 

Kaiser has used the negative sign for the R '   matrix elements, contrary to his paper or 

that the procedure he has used to determine polynomial coefficients by fitting to the wavefunc- 

tlon expansion has Introduced the differences.   The first suggestion seems more likely for 

several reasons.   First, we have calculated a set of M   using the set of matrix elements in 
4 0 

Table 12.   By setting R '    equal to zero, we havs created a set of M. somewhat analogous to 

21 
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TABLE 10.   OVERTONE MATRIX 
ELEMENTS USED IN THE PRESENT 

WORK 

IT'" 
V (esu-cm) 

0 1.10847 ± 0.0005 x 10 

1 7.12 i 0.21 - 10'20 

a -7.75 i 0.23 - 10'21 

s 5.15 i 0.52 x 10'22 

-18 

TABLE 11.   DIPOLE MOMENT COEFFICIENTS FOR HC1 

M   (esu-cm) x 10 
1H 

10 M   (esu-rm cm) x 10 
2 2 

M» (esu-cm cm  ) ■  10 
3 fi 

M„ (esu-cm cm  ) x 10 
4-14 

M4 (esu-cm cm  ) x 10 

Present 
Work 

(a) 

1.0935 i 0.0007 

0.947 | 0.023 

0.015 i 0.041 

-0.814 * 0.116 

0.0 

Toth 
et al. |19| 

(b) 

1.09b 

0.9931 ± 0.017 

-0.06 . 0.025 

-0.73 A 0.07 

0.0 

Kaiser (17| 
(c) 

1.0933 i 0.0005 

0.925 ± 0.02 

0.08 | 0.055 

-1.277 ± 0.3 

-1.9 ± 1.2 

Calculation 

using R ' 
of Table 12 

(d) 

1.0923 

0.930 

0.25 

-1.057 

-2.9 

TABLE 12.   R1,0 USED 
TO COMPUTE COLUMN 

d OF TABLE 11 

Ri,0 

(esu-cm) 

0 1.10847 x 10 

1 7.00 x 10'20 

2 -7.00 x 10'21 

3 -5.15 H 10'22 

4 0.0 

-18 
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the w;ivcfunrtion approximation Kaisor used in which all the R 'v overtones greater than those 

measured are assumed to be zero.   The M. coefficients from this calculation are listed in 

column (d) of Table li, and they are very similar to the values reported by Kaiser.   Second. 

when Kaisers M   are compared with the M. determined by THP for various sitin combinations 
2 0 3 0 ' 

of R '   and R '   we have found that the best agreement is obtained between Kaiser's M. and the 

M.s given by THP for the combination R0,0, R1,0 ■ 0 and R2'0. R3,0 < 0.   Thus, while we 

agree with the signs determined by Kaiser for the Rv'    matrix elements, we believe that an 

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

2.2.4.   THE VIBRATIONAL MATRIX ELEMENTS 

In Figs. 6 to Q.the calculated vibrational matrix elements are shown for the sequences Av 

0. 1. and 3.   In addition to the data considered inprevious sections of this report, the only ex- 

perimental data are the DHMS measurements of the R1,2 and R2'3 matrix elements.   In Table 13, 

the results of our calculation of those matr x .laments are compared with the nilMSdalaar..! with 

those from a similar calculation i.i which the BUMS set of R 'v overtone matrix elements wire 

used.   The calculated matrix elen ents in which we used our new R       give better agreement 

with BHMS's Av ■ 1 data than do the calculations in which 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 p.-evious report [IJ, we know of no way to predict the error involved in approxi- 

n-.ating the dipole by a cubic polynomial; we can however, determine the approximate error 

introduced through use of the experimental overtone data to determine the polynomial coeffici- 

ents.   Thus, the irror indicated on the figures as well as the previously assigned error in the 

M. 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 impi -tant when higher vibrational levels are involved.   We have no 

way jf 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 A.  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 higher v levels.   This situation unfortunately 

limits the usefulness of these calculations for predictions of laser performance at the higher 

vibrational levels. 

23 
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1.4 ■ 10 

8 10 

FIGURE 6.   Av . 0 MATRIX ELEMENTS FOR HC1 

2.0 v 10 

FIGURE 7.   Av = 1 MATRIX ELEMENTS FOR HCI 
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10.0 • 10  " 

-8.0 

B 
r 
3 
(A -6.0 

A > 
-" 

CN -4.0 
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> 
V 

20 

-2.0 

FIGURE 8.   Av     2 MATRIX ELEMENTS FOR HCl 
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J x 1U 

1.5 

+ 

s 
u 
3 ♦ 
i 

_o 
1.0   

A > + 
a 
m 

+ 
> 0.5 — 
V 

n " 
+ 

^ 

+ 

1 

+ 

1 1 1 
2 4 6 

v 
8 10 

FIGURE 9.   Av = 3 MATRIX ELEMENTS FOR HCl 
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1.0 ■  10 — 

r 

a. 

-1.0 ■ 10 

r - re       (A) 

FIGURE 10.   DIPOLE MOMENT FUNCTION FOR HC1 USED IN THE PRESENT 
CALCULATIONS 

••«■■»(••«ww 

^ ML*. . ;     '   r^lir-^' 'ii ~ :<&**&'; t*£?^ .i^ i.>_ 

T-^T"' '        ^L 



^RIM 
»ORMFRLY  «(LUOW  RUN L*BOR»TORltS   THE  UNw(WSiI>  Ut   M,(   MK,. 

2.2.5.   nOTATIONAL DEPENDENCE OF THE MATRIX ELEMENTS 

Once we had obtained an expansion tor the dlpole momont whirl, satisfied the known experi- 

mental information (the M.s  shown in Table 11). we were able to compute the .I-dependent 

matrix elements.   The procedure used is identical to that used to compute the rotationless 

matrix elements except that an effective ,I-dependent potential was obtained by adding a centrif- 
ugal force term to the potential [14|: 

hJ(J + 1)/     -1 
u 2       2 8r c/ir 

(cm     ) 

Here, h is Planck s constant and c us the velocity of light.   Energy eigenvalue! which .„elude 

both the vibrational and rotational contributions were then used to obtain rotationally dependent 

wavefunctions.   Matrix element, for a specific v and J change were computed with the previously 
determined dipole moment expansion. 

A complete set of the results from these calculations is presented in Appendix II.   Vibra- 

tional levels as htgh as 12 are included for 0    Av    5 and for J going from 0 t3 35.   Both the P 

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

These results, though presented completely, are also of undetermined accuracy for vibra- 

tional levels substantially above 4 for the reasons discussed in the previous paragraph.   The 

rotation-dependent matrix elements contain uncertainties resulting from measurement inaccu- 

racies comparable to those presented in Figs. 6 and 7 for similar v and Av.   Again, we have no 

wav of estimating the additional uncertainties that are present at higher v's because of uncertain- 
ties In the dipoL' 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 results obtained by THP fl9|.   Rather than treating the matrix elements them- 

selves, this representation treats the vlbrai. .n-rotatlon Interaction factors. F. defined by: 

<V, Jlu(r)lv, J^2
;     Vl^r)lv>2.Fv'v(J)= (Rv'v)2FV,V(m) 

where m has the value -J for the P branch and tj' for the R branch; m . 0 corresponds to the 

rotationlessjransitlon so that Fv'v(0)     1.   THP have determined quadratic expressions for F10, 
F    , and F     in the following form 

Fv0(m) - 1 + C m ^ D m2 

v v 

THP have determined analytical expressions for Cv and Dv using a cubic representation 

for the dlpole moment, a quantlc power series for the Internuclear potential and third order 

perturbation theory [6].   In addition, they have determined flUMMiHI values for C   and C 

and Dj and D2 based on 0 > 1 and 0 - 2 absorption measurements [19].   An experimental value 

was also obtained for Cg from the data of BHMS.   These values are present d In the first and 

second columns of T^ble 14.   Values of F(m) were determined from the rotation-dependent 

matrix elements calculatet'   arlng the present program and presented In Appendix n    These 
27 
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TABLE 13.   COMPARISON OF MEASURED AND CALCULATED R1'2 AND R2'3 

U 

,1.2 

,2.3 

Experimental 
(BUMS) 

9.71  t 0.4H -   10" 

11.HK t 0.59     10' 

Present Calculation 

9.67 -t 0.35 -  10'2 

11.58 t 0.9 • 1()'2 

Calculations for 

BHMSR0'1)R
0-2.andR0-3 

9.38 i 0.22 •  10'2 

11.32 i 0.32 ■  10'2 

D2 

D., 

TAB^E 14.   F-FACTOR COEFFICIENTS FOR HC1 

TIIPOt)serve(i 

-0.0260 « 0.002 

-0.0086 ± 0.0015 

0.Ü17 

-4 
4.5 | 2.0 y 10" 

4.1 i 2.0 x 10 -4 

THP Calculated 

-0.0279 | 0.0006 

-0.0066 ± 0.0005 

0.011 ± 0.003 

,-4 2.8 f 0.2 x 10' 

2.7 ± 0.3 * 10 

3.3 ± 0.5 x 10 

-4 

-4 

Present Calculations 

-0.0269 

-0.0061 

0.011 

-4 2.65 

3.76 

10 

10 -4 

1.03 x 10' 
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were fit by least squares to a quadratic polynomial as a function of m to obtain values for C     C», 

Cj and Dj. Dg. Og 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 calculations are very close to the calculated 

values ol TUP.   However, they are not so close that the present calculations overlap with the 

THP uncertainties.  The asreement 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 

m the values for 1)^.   Since both values shown are computed values, this difference must rep- 

resent either the differences in the calculational techniques or the differences in the M   used 
i 

in the two cases.   We cannot reconcile this difference without recomputing C   and D   using the 

expressions ot THP with the dipole moment function used in the present work.   We have not 

included error limits on the results for C . and D   because of the complexity of the dependence 

of C   and D   on the dipole moment coefficients through the numerical calculations.   General 

comparisons of our techniques with the analytical techniques of THP would be a useful future 

exercise to show the range of validity of the approximations of THP.   The present technique, 

though less sophisticated, is potentially more accurate than that of THP. 

In conclusion, the matrix elements for HCl computed herein and presented here and in Appen- 

dix II 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. 

However, results have been published for this band for near Doppler lines by Toth, Hunt and 

Plyler [2 ].   Measurements will therefore be made primarily on the third overtone band, re- 

turning to the second overtone to determine Lorentz widths if scheduling permits it. 

Present plans are to determine Individual vibration-rotation line 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 expansion for CO through fourth order.   Li.ic Ef-«lnptis will be determined 

by integrating the area under the observed absorption coefficient curve.   Line strengths will 

also be obtained from the data by use of the Lorentz relation and the peak absorption coefficients 

and half widths.   Line half widths will be measured directly from the observed data and com- 
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pared with thosi- predicted l)y the Anderson thoory. Distortion of the spectral lines introduced 

by the spectrometer slit function will be corrected by means of a modified direct measurement 

method 123]. 

2.?.1.   MEASUREMENT FEASIBILITY 

To determine the feasibility of observing the third overtone band of CO with path lengths 

obtainable in the laboratory, we must estimate the strength of the band by calculating the ratio 

oi the squares of the rotationless dipole moment matrix elements -vhich are proportional to the 

band strengths S: 

0iM(r)l4-2    0lM(r)l3-2  ■ |}g}^|{ 

Since the matrix elements are defined as 

Rv'0 « <0!/i(r)lv 
/' 

ÜQn{r)\}/ v  dr 

they may be evaluated through numeric integration by means of wavefunctions obtained by 

numeric solution of the radial Schrödinger equation and the polynomial expansion for ;j(r) 

known through third degree from previous experimental work.   This was done by means of the 

existing matrix element calculation program.   The value obtained in this manner is: 

S(0 - 4) S(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 can then calculate approximate 

peak absorptions for the lines by assuming Lorentz line shapes and using the expression: 

r>P(in) i  1 - exp [-KP(m)PC ] - 1 - exp f-S(m)PC /yff] 

where a   (m) ■ peak absorptances for the line 

S(m)    strength of the line 
p 

K  (m)    peak absorption coefficient 

P ■ pressure of the gas (atm) 

C ■ path length In cm 

y ■ Lorentz half width 

m = line Index, -J In the P branch, +J' In the R branch 

J, J'    Initial and final rotational quantum numbers of the transition 

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

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

.6 

) Lim' 

8(0 - 4) ■ 10 

(aim     cm 

R(0) 0.62 

Rd) 1.2 

H(2) 1.7 

R(S) 2.0 

R(4) 2.6 

R(5) 2.7 

R(6) 2.9 

R(7) 2.9 

R(8) 2.!» 

R(9) 2.6 

R(10) 2.-, 

Rdl) 2.2 

R(12) 1.9 

R(13) l.f, 

R(14) 1.3 

R(15) 1.0 

R(16) 0.8 

R(17) 0.6 

R'18) 0.4 

R(19) 0.3 

R(20) 0.2 

<vp(";) 
(2ü0-m Path 

.it 2 atm) Lini' 

S(0 - 4) • 106 

(atm"1 cm"2) 
(200-m P 
at 2 atm 

T P(l) 0.6 7 

i a P(2) 1.1 12 

IK P(3) i.e 16 

21 P(4) i.g lit 

M PCv) 2.0 21 

27 P(6) 2.1 22 

2H P(7) 2.1 2? 

2H P(8) 2.(1 21 

2H P(9) 1 9 20 

M P(10) l.H 19 

24 P(ll) 1.5 11 

22 P(12) 1.4 14 

20 P(13) 1.0 11 

17 P(14) 0.8 9 

14 P(15) 0.6 7 

11 P(16) 0.5 C 

9 P(17) 0.3 1 

7 P(18) 0.3 4 

5 P(19) 0.2 3 

4 P(20) 0.1 2 

3 > 
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order of 200 m, wr should be able to determine l.ne parameters in the third overtone band for 
all lines between P16 and R18. 

To nunimi/.e mstr.mental distortion of the observed speetra. speetral lines whu-h are 

broad compared to the spectral resolut.on of the instrument are required.   It is always possible 

to .m rease the pressure of the p, under observation to obtain broad lines: however   this also 

has the effect of overlapping the wings of adjacent lines and increas.ng the difficulty of data re- 

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

!'"(■ overlap for the pre* -res to be used during observation must be estimated. 

Since CO has a very small dipole moment, quadruple transitions dominate the pressure 

broademn,.   We therefore expect only slight variations in Lorontz half widths between second 

and thud overtone bands.   Previous experimental data [24] give widths of the order of 0.053 

C«     atm     for R(17)andP(18)linesandvalues of 0.071cm-1 atm-'formDor^lines. Since 
the spectral resolution of the instrument being used is of the order of 0.05 cm'1   to obtain res 

olution to line width ratios of 0.5, pressures of approximately two atmospheres should be used 

for the mgher J lines.and. pressures of one to one-and-a-half atmospheres for lines near band 

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

l.ne shape, distorted by the instrumental 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 d.storted line with a peak absorption of 30';, has an absorptance of 0.1';, at a distance of 

18.8 half widths from line center or approximately 1.9 cm'1.  Since the CO lines are separated 
by 4 cm    . overlap effects are not serious at these pressures. 

2.3.2.   APPARATUS 

The long 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.   Entrance and exit 

windows are seen on the front bell housing and the turbo-molecular pump used for evaluation of 

the system is visible 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 

obta.ned by successively Imaging the light Intercepted by the pair of back mirrors onto the sur- 

face of the single front mirror.   Figure 12 shows the light pathfor eight passes.   The number of 

traversal of the cell Is set by rotating the two back mirrors about vertical axes, causing the 

d,stance between successive Images on the single mirror to decrease.   A single rotation ad- 

justment for this purpose has been incorporated Into the cell design.   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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of the optical system removed from its vacuum chamber.   Visililf in this li^rc is the path 
o 

folk ved by 0328 A radiation Irom a He:Ne laser with the cell set lor 16 traverses. 

The spectrometer used is a 1.8-m focal length Ebert Vacuum Spectrometer with a 190-mm 

•   135-mm Rausch and Lomb replica n.-ating.   Resolution of approximately 0.05 cm"   over the 

third overtone CO band is obtainable with a 3-)jm blaze prttlBl in third order, double passed. 

To insure stability of the spectrometer wavelength drive, the room temperature is held constant 

to within O.f/'C. 

Since the spectrometer operates at f  10 and the White cell at f 45, vacuum f-number 

matching optics are required to couple the two systems.   A schematic of the optics built for this 

purpose is shown in Fig. 14.   A photograph of the entire optical system consisting of the White 

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

During dat.i c  ilection, the CO pressure in the While cell is continuously monitored with 

an MKS Baralron capacitance bridge-pressure gauge    This gauge permits observation of pres- 

sure variations of 0.06 torr at two atmospheres.   Although thermal effects alone may cause 

variations of this magnitude, pressure stability is expected to be better than 0.1',',. 

The infrared energy will be detected with a selected PbS photoconductive detector and a 

Princeton Applied Research lock-in amplifier.   The detector is operated at -79UC and has a 

measured dimensionless detectivity (D*) of 1.4 •  10     cm Hz       W" .   In the complete optical 

system, with a chopping frequency of 510 Hz, a signal-to-noisc ratio of 200 has been observed 

with the White cell set for a 16-pass operation.   TTie 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: 

S    ilKd^d^'     - ±\logeTlv')di>- 

where       S ■ strength of the spectral line 

P     pressure of gas under observation (atm) 

C ■ path length (cm) 

r(u')    spectra transmittance = 1 - a{i>') 

K(u')    spectral absorption coefficient 

f' i spectral wavenumber (cm' ) 

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 eilt function however, and 
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correction procedure! must be oied to «Wain the true line parameters.   Therefore, we use a 

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

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

coefficients. 

Calculation of the' dipole moment coefficients and matrix elements has been discussed earlie, 

and Anderson theory pressure broadened widths is presented in Section 4. 
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INFRARED DIAGNOSTIC STUDIES 

G. H. Lindquist and C. P. 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 c;ivity 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 concerned 

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 HP 

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 ...isfer 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 could be determined undei 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 ji one of the ways described below. 

Further, a number of investigators are currently studying the vibrational relaxation of 

excited HF molecules [25, 26, 27].  Although It would be interesting 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 tl u order of 1 ßsec are about 0.01 torr, 

much lower than typical cavity pressures fthe relaxation ti r.e must be long enough to be observed 

with typical infrared detectors). 

The excitation technique described above, although allowing simple interpretation, has sev- 

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 a.-; 

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 ai which chemical lasers operate (10 to " 100 torr), rotational equilibrium occurs 

fast enough that little or no rotational disequilibrium is apparent [301.   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 rotafioral 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 Interact', n of tht i-xclted gas 

with optical radiation in either the vibration-rotation region or the pure roi.ition region Is mon- 

itored by Infrared detectors.   The relaxation of the excited gas can be monitored bv observation 

of either emission or absorr«1-"».   In addition, the monitoring can be perfo: n d la either the 

vibration-rotation bands v. ire rotation bands.   Both techniques have been used In the 

vibration-rotation region ^u, 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 slgnal-to-noise ratios are available. 

Observations of absorption are not practical In the vibration-rotation region when spectrally 

continuous sources (e.g., incandescent lamps) are used because, at lo pressures, the absorp- 

tion is very small and the spectral slit width of any practical observing instrument is large 

compared to the true line width.   Thus, the observed absorption is even lower than the true 

peak-line absorptinn.   However, if the source used in the absorption .r^asurement is an HE 

laser, operating at the peak of one of the HF vibration-rotation tranpifions, the absorption of 
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such a monocromatlc source can be hlffh 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 summari/.e. the relaxation of the excitation produced in a low-pressure cell of HF and 

possible dilutents are to be monitor«! by measuring the absorption (as a function of time) of 

the energy from a second or probe    ^ 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 ; mbe laser on different lines) will yield histories of the 

populations of the different states.   Section 3.3 presents estimates of the emission and absorp- 

tion s.gnal 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 mon.toring techniques.   No collision or diffusion 

processes are accounted for. 

It is necessary to determine the approximate cell conditions necessary in order for rota- 

tional relaxation to be observed.   First, for observation with a system having about a 0.1-/iSec 

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 A from calculations based on 

the theory of Sharma and Brau |32|.   We assumed a cross section of 15 A and obtained a re- 

laxation time at 3730K of about 0.035 //sec at 1-mm pressure.   Pressures of - 0.01 mm are   ^ 

therefore required to obtain relaxation times of the order of 1 ^sec.   The temperature of 373'K 

was used since it is necessary to heat the HF to about 100oC 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   , ^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 in the v    0 - 

V     1 band.   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 

hand.   Only those molecules in the cell can be stimulated which are in rotational level J, (.1 is 

the rotational quantum number) corresponding to the lower level of the stimulating transition 

and which have v    0.   Those molecules will be stimulated to the v'     1, J<     j - i level. 

We can treat the excitation quantitatively, using the equations for laser amplification    In 

this case, where the only radiation of interest (the stimulating radiation) is collimated or unidi- 

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

Photon conservation ■£ * C ^ - -p(/C L Bfu - ^ B^ ) (20) 

molecule conservation -^ . -p^cjn, ^ - nu B^ (21) 

-or- +pAnt%-\ O (22) 

Note that the number densities have been written as spectral quantities to account for the fact 

that the photon density of the stimulating beam, ßy, 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 anv 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 dln.enslonless form by defining the following 

dimenslonless variables.  A dlmenslonless number density difference 7, Is defined as: 

';(x, t) = 

n.      n 
I u v _ __V 

_gJ ^L 
N 

♦See also Appendix I and Ref. [33]. 
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where g   md e   are the degeneracies of the lower and upper states and where N       nf    ' nu , 

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

The spectral populations, nf   and nu   can be written as: 

nf      nfsp(, 
v 

i        n s (r - .'„) 
u        u u 0 
r 

where s   and s   are the Doppler distributions of nf and nu about the center frequency of the 

transition r  .   Also, n    * nf     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      + n. 
(23) 

and 

i       u 

Also, we define a dimensionless photon density 

*(x, t) -- N 
(24) 

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

3i; ^=-...J;[cN,(Bfu.Buf)l 
(25) 

Equation (20) becomes 

f-^-^ww (26) 
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Equations (25) and (26) can be simply solved (e.g., see Ref. |33| to give: 

IJ(X, 0) exp 

i?(x, t) 
L   0 

cxp 

-   t-X/C 

z, 2 

•-    u 

j    'l>(0, t')dt'   + exp  Zj    T7(x,, i, I lj<   ', 0)dx, 

5 
■ i 

(27) 

and 

*(x, t) 
u -1 

1 - <! - exp .[-/(x', 0)dx'^exp 
ill 

Z 

L   0 

r    t-x, c 

-z2   ('   •«) i'iar 

(28) 

where Z,     N^^^ 

Z2    cN,.(Bfu + Buf) 

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

Pn distributed uniformly over a spectral width, Ar, then 

P       fp Arcdl       JN^O, t)(Ai')cdt    photons/c m 

Al 

whore At is the pulse duration.   For a rectangular pulse 

PA ■ *-AtArcN 
0       0 v 

(29) 

The total flux passing through a position x  ■ 0 is 

x/c+At x/c+At 

P(x) •      f    cN*(x, fjdt' ■ cN^   j 
*0dt 

x/c x/c    I - * - exi) Z 0)dx' <exp 

-  t-x/c 
Z2  J    <,,0d, 

"-     0 

J 

M 
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This can be reduced to the [ollowtng expression 

P(x)     ,       1,1- exp (-P  ) . exp (L    - P ) 
1   • — lot;  ' r1  

0 P exp L 

where P   Is a dimensionless energy input ^iven by 

(30) 

»       P0Z2      P0 
N Arc     Sv     uf       fu 

(31) 

and L    is a dimensionless length 

L       /jX/KO, x)    gj Brux;nf    - nu   )t = 0 (32) 

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

constructed, we had to use relatively hitfh pressures and hiRh cavity losses (low mirror reflec- 

tivities).   The hiy;h 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 - r,,.   At the line center 

n -m— and n.   = -=  
U fyy f Jmy 

where y— is the Doppler half width of the gas absorption line. 

- ^2 1 /2kT 
rD      c  \ ^ 

where ,H    the molecular mas- 

k     the Bolt/.mann constant 

T    the temperature 

Before stimulation n. ss n   since n   is a state where v = 1 and n- is a v = 0 state.   Thus 

n.   - n . (-).. 
p       ni>]{--Q     "WVJJ 

—  ■'"■  ' -"-' 

-^^M f 
 ~4~-,— 

ÜJ*. T 
 '^  '""V 



„L   '- -L      " Hi 
^ 

2pL ac w^uov. asrasassas ?a sa^asys ^g^ 

M o 
so thai L      -^— tf/Bf* 

VM'D 

(33) 

, nne C.nt.r,   If -he va>ue of r, a, ,    0 is constant for a.l x and equal to V then the expression 

lor rj(x) after the passage of the pulse is 

f " ■ I) 
nQ «q> (z1 y) (34) 

At 

exp(z2 [+0clt,|'exp(Z1»;0x)- 1 

or 

500 exp L 

''()      exp P   ♦ exp L   - 1 

Note that the linntinK value for * after the passage of an infinitely stron, pu,se is zero.   This 

corresponds to the inversion boundary and is the state in which a satiated absorpUon even, 
Uuallv as probable as a striated emisSion event.   Henceforth „. 0 will be referre   to as 

the hieached condition.   :t is of pritnary interest in this pro.ra. to deter.ine, for a ce    of 

total length ^ the ener.y retired per pulse to reduce , to so.e arb.tranly s.all v lue at 

the far end oMhe cell, i.e., at x    *, Ol will always be closer to zero for other x     x^  We 

have assumed that a 90'; chan.e in \ at the far end of the cell will yield a sufficiently str- 

iated cell for our purposes.   Thus, the condition may be wntten 

;,(xT) (after pulse) • 0.1 i/0 

* . f     i *    i * fpnrrpsoondine to x = x J the above condition is We would like to find P   so mat for L      LT (corresponmng io j, 

satisfied.   We write: 

/)(xT) exp 
(0.1) ■ 

W 
^pK.^^pfT)'1 

po.i= ln[9- exp W + ^ 
(35) 

P*    is the dimensionless power required to drive the value of , at the far end of the cell to 

O.Vlts original value.   The value of , In the remainder of the cell is even lower; we computed 

- 
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L    for the line center using Eq. (33).   Values of B  f and Bfu for the stimulating laser transition 

were obtained from the values of the Einstein coefficient for spontaneous emission, A^, given 

in Ref. [1], using the relations 

uf 

and 

Auf   cm2 

8r:r'2   SeC 

(36) 

fu 
—B 

where i'' is the wavenumber of the transition; Bfu and Buf are in photon units. 

The degeneracies of the lower and upper states, gf and gu, are given by 

B(     2Js • 1 

s. 2.T 

wliere .1   is the rotational designation of the stimulating laser transition.   This particular rela- 
s 

tion between gf and g   appears because the laser operates in the P branch.   Table 16 shows the 

energy required per unit cross-sectional area to excite the cell so that 90';, of the possible 

stimulation is obtained at the far end of cell, for 0.01 torr pressure, 373 K, and cell length of 

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

is equal to its upper limit, 0.025 cm'1.   This value 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 H, and SF. would be nearly identical.   Broadening by H2 was assumed to be 

about 1 5 as effective as broadening by HF.   These considerations yield a collisional half width 

of about 0.01 cm"1.   This halt width, in combination with a Doppler half width of about 0.006 cm 

should yield a full width for 'he laser transition (assuming that the laser Is operated without a 

front mirror) of about 0.025 cm"1 neglecting narrowing due to stimulated emission.   The levels 

required are very modest and are well within the capability of the stimulation laser already 

constructed. 

3.3.2.   RELAXATION MONITORING 

As mentioned earlier, optical monitoring of the relaxation process can be accomplished 

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 
CELL AREA TO PRODUCE W, OF MAXIMUM 

POSSIBLE CHANGE IN CELL POPULATION 

(a)   5 cm Coll Length 

Cell Pressure: 0.010    torr 

Cell Temperature:   373.0        deg K 

Laser Line Width:       0.0250 cm"1 

Stimulating 
Laser 
Line 

• 
LT P.l 

Energy Required 

(J/cm2) 

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 

PlO(l-O) 0.0003 2.3029 0.1731E-03 

Pll(l-O) 0.0001 2.3026 0.1656E-03 

P12(l-0) 0.0 2.3026 0.1585E-03 

P13(l-0) 0.0 2.3026 0.1518E-03 

P14(l-0) 0.0 2.3026 0.1455E-03 

P15(l-0) 0.0 2.3026 0.1395E-03 

f 
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TABLE 16.   POWER REQUIREMENT PER UNIT 
CELL AREA TO PRODUCE 90f; OF MAXIMUM 

POSSIBLE CHANGE IN Cl L.L POPULATION 
(Continued) 

(l))  30 cm Cell Length 

Cell Pressurr : 0.010   torr 

Cell Temp« ature:   373.0      degK 
Laser Line Width: 0.0250 cm"1 

Stimulating 
Laser * 

LT 

• Energy Required 

Line Pl Mem2) 

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 7(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 9..yi02 0.1815E-03 

PlO(l-O) 0.0020 2.3044 0.1732E-03 

Pll(l-O) 0.0004 2.3029 0.1656E-03 

P12(l-0) 0.0001 2.3026 0.1585E-03 

P13(l-0) 0.0 2.3026 0.1518E-03 

P14(l-0) 0.0 2.3026 0.1455E-03 

P15(l-0) 0.0 2.3026 0.1395E-03 
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TABLE 16.   POWER REQUIREMENT PER UNIT 
CELL AREA TO PRODUCE 90', OF MAXIMUM 

POSSIBLE CHANGE IN CELL POPULATION 
(Concluded) 

(c) 10 cm Cell Length 

Cell Pressure: 0.010 torr 

Cell Temperature:     373.0 de^K 

Laser Line Width:         0.0250 cm-1 

Stimulating 
Laser 
Lino 

* 
LT 

E 
p:i 

Mlfy Requir 

(J/cm2) 

P  1(1-0) 1.1335 3.3659 0.2942E-03 

P 2(1-0) 1.7391 3.9557 0.4102E-03 

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 

P 8(1-0) 0.0497 2.3474 0.1930E-03 

P 9(1-0) 0.0140 2.3152 0.1819E-03 

PlO(l-O) 0.0033 0.3056 0.1733E-03 

Pll(l-O) 0.0007 2.3032 0.1656E-03 

P12(l-0) 0.0001 2.3027 0.1585E-03 

P13(l-0) 0.0 2.3026 0.1518E-03 

P14(l-0) 0.0 2.3026 0.1455E-03 

P15(l-0) 0.0 2.3026 0.1395E-03 
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3.3 3.   ABSORPTION 

Once the cell is stimulated, it can then he probed with a second, lower power laser    The 

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

sults as independent of the degree of stimulation provided bv the stimulating laser as possible 

H 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 

n n, 
u f 
 s  s 
Ku gf 

s s 
(37) 

where the subscript s refers to the stimulating transition (such a subscript is needed because 
we now plan to introduce 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 
stimulation. 

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 

small probe laser energies only, however, the exponentials involving P* and the logarithm can 

be replaced by the first two terms in series expansions so that, for small P* 

p- ■ exp 
P0 (38) 

the usual law of absorption.   From Eq. (32). ^ is related to „ of the gas before the incidence 
of a pulse, in this case the probe laser pulse: /; for this case is 

V(t = 0) 
(39) 

where the P superscript 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 incidence 

of the probe laser put-      We have computed the absorption of the probe laser for three cond.- 
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lions;   (a) immediately after the passage of the stimulatinp pulse; (b) after rotational relaxation 

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

complete relaxation. 

Immediately after stimulation in a v - 0 - v'     1 P-branch line, the number densities in 
.3 

cm      are given by the following relations: 

v     1 

.1   - 1: 
- (2.1   - 1)(2.I 
P       s s 
kT 4,T 

l)hcB 
(i 

kT 
exp 

hcBfl 

kT J (J    • 1) 

.1 r .1   - 1: 
s 

(40) 

J = J 
p (2.1s * 1)   hcB0 

kT      4.1 kT 
exp 

hcB 

TT Js(Js + ' 

p hcB. hcB 

kT 
J(J + 1) 

where B« is the rotational constant for HF in the v > 0 state.   Tliese relations correspond to a 

Boltzmann distribution of energies except for those levels affected by the stimulating pulse. 

The populations of the levels affected by the stimulating pulse are determined horn Eq. (37). 

For this calculation, ihc population of the v = 1 state at equilibrium is assumed to be zero (at 

100 C far less than 1% of the total number density are in the v = 1 level). 

Using Eqs. (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 each 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.)   TTie 

calculated absorption values are therefore only realized In practice If the spectral width of the 
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TABU: 17.   AnSORPTFON OF COMPLETELY STIMULATED CELL BY PROBE LASER 

(a) 

Stimulating Line: P3 (1 ■0) 

Cell Temperature: 373.0 degK 
Cell Pressure: 0.010 t m of HF 

Cell Lennlh: 50.0 en HI Probe Dimension 

Absorption of 2-1 Laser Absorption of 1-1 Rotat ion.il Laser 

.1 of 
Probe 
Laser 

Before 
Ete taxation 

Aller 
Rotational 
Relaxation 

After 
Complete 

Relaxation 
Before 

Relaxation 

After 
Rotational 
Relaxation 

After 
Complete 

Relaxation 
I 0.0 0.1792 0.0 0.0 1.0 o.o 
2 0.7083 0.2618 0.0 1.0 1.0 0.0001 
3 0.0 0.2578 0.0 0.0 in 0.0001 
4 0.0 0.1991 0.0 0.0 1.0 0.0001 
5 0.0 0.1237 0.0 0.0 1.0 0.0 

6 0.0 0.0fi23 0.0 0.0 0.9994 0.0 
7 0.C 0.0256 0.0 0.0 0.9469 0.0 
8 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 

11 11.11 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 
IS 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) 
Cell Temperature:    373.0 de^ K 

Cell Pressure: 0.010 torr of HF 

Cell Length: JO.O cm in Probe Dimension 

Absorption of 2-1 Laser Absorption of 1-1 Rotation al Laser 

,1 ol 
Probe 
Laser 

Before 
Relaxation 

After 
Rotational 
Relaxation 

After 
Complete 
Relaxation 

Before 
Relaxation 

After 
Rotational 
Relaxation 

After 
Complete 

Relaxation 

1 0.0 0.1318 0.0 0.0 0.9999 0.0 

2 0.0 0.1953 0.0 0.0 1.0 0.0001 

3 0.6306 0.1922 0.0 1.0 1.0 0.0001 

4 0.0 0.1469 0.0 0.0 1.0 0.0001 

5 0.0 0.0902 0.0 0.0 1.0 0.0 

6 0.0 0.0450 0.0 0.Ü 0.9952 0.0 

7 0.0 0.0184 0.0 0.0 0.8776 0.0 

H 0.0 0.0062 0.0 0.0 0.4973 0.0 

9 0.0 0.0018 0.0 0.0 0.1718 0.0 

10 0.0 0.0004 0.0 0.0 0.0425 0.0 

n 0.0 0.0001 0.0 0.0 0.0084 0.0 

12 0.0 0.0 0.0 0.0 0.0014 0.0 

13 0.0 0.0 0.0 0.0 0.0002 0.0 

14 0.0 0.0 0.0 0.0 0.0 0.0 

19 0.0 0.0 0.0 0.0 0.0 0.0 
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TABLE 17.   ABSOF PT 

SI 

ION OF COMP 

imulattng Line 

LETKLY BTM 
(Continued) 

(c) 

P5 (1-0) 

It LA It-U LK.L LOT   fuvjor. i_. ■\or.i\ 

c ell Temperature:    373.0 deg K 

c ell Pressure: 0.010 torr of HF 

(■ ell Length: 50.0 cm m Probe Dimension 

Al Sdl pi ion of 2-1 Li iser Absorption of 1-1 Rotation il Laser 

.1 ol 
Probe 
leiser 

Before 
Relaxation 

After 
Rotational 
Relaxation 

After 
Complete 
Relaxation 

Before 
Relaxation 

After 
Rotational 
Relaxation 

After 
Complete 

Relaxation 

1 0.0 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 n 0.0001 

4 0.4613 0.0864 0.0 1.0 1.0 0.0001 

5 0.0 0.0523 0.0 0.0 0.D983 0.0 

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 

8 0.0 0.0036 0.0 0.0 0.3237 0.0 

9 0.0 0.0010 0.0 0.0 0.1017 0.0 

in 0.0 0.0002 0.0 0.0 0.0244 0.0 

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 

IS 0.0 0.0 0.0 0.0 0.00'M 0.0 

14 0.0 0.0 0.0 0.0 0.0 0.0 

IS 0.0 O.U 0.0 0.0 0.0 0.0 
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TABIiE T AB80RPTK)N OF COMPLETELY STIMULATED CELL BY PROBE LASER 
(Continued) 

(d) 

Stimulating Line: P6 (1-0) 

Cell Temperature: 373.0 deu K 

Cell Pressure: 0.010 torr of MF 

Cell I^njjth: 50.0 cm in Probe Dimension 

Ahsorplion of 2-1 Liser Absorption ol  1-1 Rotational Liser 
,1 of 

Probe 
l.iser 

Before 
Hehixation 

After 
Rotational 
Relaxation 

After 
Complete 

Relaxation 
Before 

Relaxation 

After 
Rotational 
Relaxation 

After 
Complelc 

Relaxation 
1 0.0 0.0367 0.0 0.0 0.9266 0.0 
] 0.0 0.0558 0.0 0.0 0.9978 0.0001 
i 0.0 0.0549 0.0 0.0 0.99K6 0.0001 
4 0.0 0.0411 0.0 0.0 0.9932 0.0001 
'. 0.2660 0.0247 0.0 1.0 0.947H 0.0 

6 0.0 0.0121 0.0 0.0 0.7504 0.0 
7 0.0 0.0049 0.0 0.0 0.4261 0.0 
1 0.0 0.0017 0.0 0.0 0.1R32 0.0 

ft 0.0 O.OOOf) 0.0 0.0 0.0486 0.0 
10 0.0 0.0001 0.0 0.0 0.0114 0.0 

11 0.0 0.0 0.0 0.0 0.0022 0.0 
U 0.0 0.0 0.0 0.0 0.0004 0.0 
U 0.0 0.0 0.0 0.0 0.0001 0.0 
n 0.0 0.0 0.0 0.0 0.0 0.0 
IS 0.0 0.0 0.0 0.0 0.0 0.0 
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prob«' laser is small compared to the Doppler line width.   The realization of this condition is 

discussed in 3.1). 

Similar calculations were performed for the condition exislin« after rotational relaxation. 

F( r Uns rondilion, the molecules stimulated to the v     1 level were allowed to distrihute them- 

selves in a noli/mann rotational distribution: the number densities corres,.;wlinn to this case 

KFC as lollcws: 

_   (2.1       11(2.1    - DhcB.. 
i        ' s _y  am 

*    '    kf 4.1    TT eNp 

1,,'B 
-rs^J (.1    • 1) 

kT    s   s 

ihcnf 

•   kT    ,•X,, 

fuBf 

kT   •,,•, ' 1) 

«hilf M,  is Hie inlalional conslanl for 11F in the v      1 level 
f 

(41) 

kl 

(2.1    •  l)(2.l    -  lihcH 
s H ll      v,% -j* sr,x,) 

hcB 
 ^.1 (.1 

kT   •s,'s 
li 

hcB() 

kT    "X|, 

hcB, 

kT 
M i li r 

lor am .1    The calculated .tbHorpllons for Ihls case are shown In the second column ol the parts 

ol   lahlc  l'i 

In compuie Hie absorplion CIICUUIIDIIM for the complelelv relaxed cas, we assumed a 

■oMBniann dlhinbullon lor the number densities In both vibration and rolalion     For tills case. 

Hie mmibei deiiMl\ in the \      I slule was delermlned wllh use of the vlbrallonal parlllloii func- 

iinii (or  i lurnnmlc omlllalor.   Theae value» are »hown In Ihe third column of each nl the parts 

of Table 17.   Similar calculatlniiN wen  made for ,i probe lauer operiitlnu In the v     I - V     I 

pun  loiaiion band.   The cnrre«|ion«Ün« UNUUN are KIIHWH In the fourth, fifth, and mxlh columns 

nl tin  v.irlouN inli'leN ol Table 17, 

li is expeded dial Hie espei imenlal apparalUK will not be able to delect abHor|itlonN ICHH 

ilitiu      i       We liave seen operation ol the Nllnmlallntt laser onlv on the l'4 lhrou«h P\\ lines In 

H,,, v     ii  . v       I band     Krom Table 17, ll can be seen thai al a pressure of (I 111 lorr, a lern 

peralure ol :i7,t"K, and a c»!! lennlh ol W cm, there Is enou«h absorption Iwfore any relaxallon 

lakes place to be eusllv seen with a v      I to v'     2 probe laser provided llml we operate the 

sllmulullnu laser on one ol the P4 through P7 lines    After rolutlonal relaxation, except lor a 

lew iranslllons with a lower nlale population near the Bolt/.mann peak, there will not be enouifh 

absorption to be oliMerved    This IM not expected to be a »erlous problem, however, because 

observation of the absorpllon after rotational relaxation would be In conjunction with observa- 

llon of vlbrational relaxation    This has a longer lime coiiHlanl than rotational relaxation; and 

the cell presaure, and hence the abMorpllon, could be rained to obHerve IheHe event». 
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Very substantial absorption ot a pure rotational laser pulse is expected so that the line is 

completely absorbing in the center.   Probing with a pure rotation laser should therefore be 

useful for probing after stimulation at high .T levels at which few excited molecules will be 

created.   Since we have not yet built a pure rotation laser, it is expected that all efforts on 

tliis contract will be limited to probing with a v     1 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 excited 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 because 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 A  /  , i.e., the radiative relaxation occurs solely by spontaneous 

emission.   This time constant is much larger than (he time constants we expect for collisional 

deactivation in Lhe 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 stales 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 emission 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 variables involved, 

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

Solutions to Hlirple cases. Involving c ;y a few slates, which Ignore stimulated emission 

and absorption yield the usual optically thin solution with a decay having a time constant of 

A   ^    To assess lhe importance of stimulated processes and hence to determine whether they 
uf 

can be ignored In the present situation, consider a photon conservation equation for one of the 

transitions involved.   From Appendix I, Eq, (101) we write directly: 
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/' u£ 
3t 

2  ü"v,V.    ^^iV^f'"^^)^^ 4- (42) 

where    „ is simply a symbol for the gradient in the il direction. 

Since no easily available measuring device can hope to resolve the detail of a fluorescence 

line, we can integrate over frequency.   Further, the measuring device will compare the fluores- 

cence output with the ambient radiation level.   Hence, it is reasonable to substit-.ite for p^, the 

sum of a constant ambient equilibrium (blackbody) photon density, p*, and a deviation from this 

equilibrium value, p', i.e., 

uSl ' P 

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

¥ 'c Qf>'   ^(VV - nfBfu) ' c/p'(nu, Buf" "f Bfu)dl' ' "uTF 
(43) 

Assuming thai p' is not large compared to the ambient equilibrium photon density, we assessed 

ihe importance of slimulalod emission and absorption in the fluorescence compared to spontan- 

eous emission by taking the ratio of the first to third terms on the RHS of Eq. (43).   Under equi- 

librium conditions, p' is constant and /.ero so that the above mentioned ratio mus. be -1    The 

ratio must I*' zero In cases in which stimulated processes can be Ignored.  The ambient photon 

density is given by 

2 r 
P .,..' 

I"1 

W      J     cmt 
mlons (44) 

cm srd  sec) 

Wllh this HubHlllutlon. the rutlo between the first and third right hand terms becomes 

hr       . 1 
(45) 

\Oiere Ihe relation between Ihe A    and B . coefflclenl has also been introduced. 
ur uf 

This ratio has been computed for the present situation (I.e., for the conditions existing 

immediately after ihe HF cell has been stlmulaled or pumped by monochrotiatlc lluht from an 

HF laser) for both R-branch fluorcucence and pure rotation fluorescence fram the upper level 

stimulated by the pump laser   The upper level and lower level number densities Riven by 

60 

'    \ 

■■T*» 
! I 

l&SSMi-• 



■    jir 

Jm_ 
FOHMERLf  AILLOW RUN LA BORATOHIE!.   TMt   UNIVERSITY OF 

Eq. (40) were used.   The results are shown in Table 18 for stimulation by different P branch 

lines.   It can be seen that, tor 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 long so that p1 becomes comparable to p* _, stimulated emission becomes proportionately 

more important.   The ratio is near zero tor 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 stimulated processes, initial calculations of the 

fluorescent radiance tobe expected from the experimental situation neglected stimulated terms 

even though, .is shown above, stimulated emission cannot be neglected in the case of pure rota- 

tion.   Directly after stimulation, the fluorescent radiance from spontaneous emission alone (i.e., 

the optically thin radiance) from the state pumped In the stimulating laser can be determined 

from Eq   (43) with the first and second terms on the right hand side set to zero: V ?• can also 

be neglected in comparison to c(<V 9%) since the smallest time increment of interest is much 

l;irger than the time it takes a photon to travel the largest distance of interest.   Under these 

lumptkNW, Eq. (411) can be integrated to yield 

n A  , u u( 
"   cN.r x 

«her., p' is the partial photon density per unit solid angle in the direction x within the cell im- 

medialelv after stimulation: and n   is the photon density of the upp'jr stale immediately after 

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

n A  , u  u< 
1       47-   X 

(46) 

We have calculated radiance values using this expression and the expressions for the upper 

level iMipul.ilion density given in Eq. (40) as a function ot 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 

li.iMcl and In Fig. 17 tor the pure rotation band as functions of the J value of the stimulating 

line    These values are for fluorescence from the slate pumped by the stlmulaling 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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Those radiative values do nol Include the effects of stimulated emissinn and absorption which 

have been shown to he important in at least the case of pure rotation.   The relaxation time 

constants associated with the values shown on FUs. 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 

stimulated processes are included, however, the radiance values are sure to increase in the 

pure rotation region because of stimulated emission, and die time constants will correspond- 

ingly decrease.   While these effects are important for predicting the nature of the relaxation 

process, they are less important for predicting measurement feasibility    Stimulated emission 

is made imporlanl primarily by the discontinuous nature of the rotational distribution produced 

by the süniulaiini' laser.   There are a large number of molecules in the pumped stale 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 

from a number of stales are required to determine the nature of the relaxation process occur- 

ring in the T::\- . possible high fluorescence rates from one transition cannot be used to judge 

the feasibiliu of flu )rescence measurements as a monitoring process.   Therefore the radiance 

vah. s shown in Fiw-. 16 and 17 are taken to be conservative estimates of possible fluorescent 

radlanre \ ilues to be expected during the relaxation process. 

To dttermtM the leasibihty of measuring these radiance values, noise-equivalent radiance 

values for 'vpical sialc-nl-lhe-art radiometric systems were determined and compared to the 

values shown :ii Figs   16 and 17.   Two systems were considered for each spectral region, a 

Miecti aneinc and radiometric system.   For the K branch, the detection system was assumed 
10        i— 

to be a detector having a spectral dimensionlrss detectivity (D*) of 3     10     cnull/ W in the 

vibration-rotation region.   For the pure rotation region, the detector was assumed to be back- 

ground noise limited and shielded from all ambient background except that between 20 and 2H , m 

in the solid angle viewed by the optical system    This allows observation of the transitions only 

between .1     • • J     I and .1     13 - .1     12, but inclusion of the longer wavelengths required to 

observe lower .1 values would increase the noise of the system further    In any real experiment, 

the c »oled filler used to eliminate the background need only be wide enough to observe one or 

several transitions at | time and should be capable of being changed to observe others at will. 

The optical parameters for the spectrometer were assumed to be:   a 1 2-     12-mm entrance 

slit; a collection angle corresponding to f 4.5 and an efficiency of 25',.    The radiometric sys- 

tem in each case was assumed to consist of a 2-mm square detector and an I   1 viewing system 

with an HO'    efficiency    All systems were assumed to have a 0.1-/,sec lime constant    Table 19 

gives the noise equivalent radiance for all of these systems.   The noise equivalent 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-B ran •h Fluorescence in tin 
Stimulatinu Line in 0 - 1 Line (Pumped by the 

0 - 1 ft 111(1 St imulating Laser) 

P3 -4.78 - I0'7 

94 -6.55 < 10'7 

Pr) -8.57 - 10'' 

I'd -1.10 « I0"6 

P7 -1.39 ■ 10'6 

n -1.76 K 10"6 

Pure Rotation Fluorescence 
in the 1 - 1 Line (Pumped 
hy the Stimulating Laser) 

2.81 

1.73 

1.19 

0.88 

0.675 

0.532 

TABLE 19.   NOISE EQUIVALENT RADIANCES FOR PRACTICAL RADIOMETRIC 
ANDSPECTROMETRIC SYSTEMS IN BOTH THE VIBRATION-ROTATION 

REGION AND THE SHORT WAVELENCTH END OF THE PURE 
ROTATION REGION FOR HF 

Spectrometrlc System Radiometrie System 
(1  2 -  12-miii Slits, (2-mm Square Detector, 

f 4.^) f 1) 

Vibration-Rotation Region 
(2.5 |im) 

n;   3 . IO1^-^-2' 

Pur«' Rotation Region 
(20-28 )im. Backuround- 
Nolse Limited D«'tector) 

1.7 n 10"5 W cm2-gr 3.4 ■ 10"7 W cm2-Br 

1.0 x ID'6 W/cm2-8r 2.0 • 10"H W cm2-sr 
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Since radiometrlc techniques do not allow the BCparation m contributions from different 

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

ment.   An examination of Fit's. 16 and 17 reveals that sufficient fluorescence radiation is 

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 

boxcar integrator were 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 10,   Moreover, the results of 

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

levels populated during the relaxation process would be lower.   Thus, the measurement of 

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

ti.m: R-braru h fluorescence measurement appears to be a feasible means however. 

3.4.   CHOICE OF A MEASUREMENT SCHEME 

It appears ih.il measurement of either absorption of a probe laser operating at one of sev- 

eral lines, or nf R-hranch fluorescence will be suitable for monitoring rotational relaxation. 

The choice of the ombe laser absorption technique was made in light of the following considera- 

tions: 

(1) In order to realize the calculated fluorescence output, the cell design must be such 

thai no ray from the spectrometric measurement apparatus intersects the side walls 

ol the cell and 'hat no ray passes through an unstimulaled region of the cell    These 

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

in turn, requires a relatively large, well collimated stimulating laser output and a 

verv high quality infrared beam expander. 

(2) It ull! hf 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 r^ liation is narrow compared to the Doppler line width and that 

its output remains close to line center. 

(3) The dimensions if the cell must be smaller than the dimensions of the sti-nulated 

region and, in addition, the volume of the monitored region must be smaller than the 

slimulate.1 region.   These relationships are required to insure that wall effects   nd 

the diffusion of unstimulaleo molecules Into the monitoring region have no effect on 

the measurements.   A molecule Is typically expr  ted »o travel a fraction of a centi- 

meter during one experimental event.   In the case of a laser absorption measurement, 

the size of the stimulated region need thus only be of the order of 1 cm (which Is 

r 
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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 beam. 

(4) Fissure 16 indicates that measurement of R-branch fluorescence would yield a maxi- 

mum si^nal-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 njt 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 power supply is a difficult task. 

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

tion measurements. 

II 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 before 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 

3.5.1.   EXPERIMENTAL ARRANGEMENT 

The measurement of the relaxation rates of excited HE molecules will be made with two 

HF pulsed lasers.   The first laser Is the stimulating or pumping \user and Its output Is a short 

pulse (duration < 500 nsec) on one of the Pg-Pg lines of the HF 1 - Ü 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 80"; 

if the molecules In the HF cell.   After a suitable time delay (0 - 50 (jsec), 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 coaxlally 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 is shown in Fij;. 19.   The optical path length is 1 m, and ninety-eight 300-n, 

2-W ballast resistors are arranged in H linear array with the resistor leads pointed to form the 

anodes.   The premixed fuel and oxidi^er gases are admitted into the inlet manifold and the gases 

flow around the pin anodes and down into the optical cavily.   Spent gases flow out of the optical 

cavity ihrough a slot, into the exhaust -.aniiold, and hence to the vacuu.n pump.   The exhaust 

manifold is 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, 

reluctivity between 0.9 and 0.75), the P„ and Pfl lines of the 1 - 0 band can b: made to n „illate 

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 H« or CH , fuel pres- 

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

"Hie 1-M oump laser c^ibits a variation in ou'put energy of - ilO'y, from pulse to pulst. 

The reason for Mm variation is not known but is suspected to be the result of variations in tlv 

gas discharges along the cavity which produce u.? F atoms.   The output energy variations are 

■ON pronounced at low output energy.   Further efforts are being made to reduce the output 

energy variations so that the number of 1 - 0 HF lines available for pumping may be increased 

beyond the four (P.-P.,   'Ines avaiiible at present. 

The 1-m pump laser exhibits sufficient gain to super-radiate when no cavity mirrors are 

used.  When the fuel and oxidizer pressures are lowered to reduce gain, the output energy is 

also reduced.   Initial plans to ope.ate the pump laser on a single line have been aba. 'loned 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 allows the laser to operate iver the full gain curve 

of a given line.   This should provide pumping energy over the entire Doppler width of the HF 

transition. 

The beam pattern oi the pump laser has been observed with an Infrared quenching phosphor 

positioned ■ 30 cm In front of the laser.   No front-end reflector was used and the beam Image 

appeared uniformly Intense over the cross sectional area of the sensor. 

The probe l?ser Is similar to one reported by Pettlpiece [341 and Is shown In Fig. 20.   It 

consists of -a ^-m long Lucite 'ube with a 1.2-cm bore and a 3.17-nini wal. thickness.   The 

tube ends are cut at the Brewste • angle, and sapphire windows are used to close the tube.   Pre- 

mixed fuel and oxidizer gases are admitted at each end of the tube, and an exhaust port Is lo- 

cated In the center.   Forty 910-n 1-W carbon resistors are arranged in a single-turn helix 

along the tube's circumference, with the pointed lead of each re&i-tor passing throv.' t^e tube 

wall and •'orming an anode.  A set of cathodes is also arranged in a single-turn helix f    hat 
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each cathode is directly opposite one of the anodes.   Typical operating parameters are given 

in Table 21. 

The probe laser is required to operate on a single line and also in the Tern«« mode: how- 

ever, the required output energy is very low (-0.01 m,I).   A high-Q cavity is required tor this 

type of operation, and consists of a plane grating on one end (r    0,95), and a spherical mirror 

(1-m radius of curvature, 0,75 reflectivity) on the other end.   The spherical mirror is made of 

fused quart/, which is transparent to the output wavelengths of the laser, and the laser output 

passes through the mirror.   The mirror is equipped with a 3,3-mm aperture stop which provides 

a Fresnel number of 4 which, in conjunction with the liHical resistor arrangement, is low enough 

to control transverse modes. 

The liiirh Q cavity of the probe laser operates at a mode number of -200,000 and is quite 

sensitive to mechanical vibrations.   The laser has been isolated from the vacuum pump by a 

6-ft long rubber tube to reduce cavity vibrations caused by the pump.   Pulse-to-pulse amplitude 

variations are encountered with tiie probe laser which are similar to those observed with the 

pump laser.   Variations in the population inversion resulting from variations in the discharge 

are a^ain believed to be the reason for this.   If further efforts to eliminate the problem are un- 

successful, to reduce the uncertainty in the measurements we will have to average over many 

pulses during the measurement of relaxation rates. 

Another problem encouniered with the operation of the pulsed lasers is the •toctromagnetlc 

interference (hMli caused by the electrical discharge.   The discharge consists of high voltage 

(up to 20 kV) and high current (up to 5 kamp) pulses and causes EMI with the low level (- 20 mV) 

signals from the infrared detectors.   All components of the power supply and laser heads have 

been shielded by metal enclosures.   The most troublesome interference is not caused by the 

de dt or di dt of the storage capacitor since the interference appears as a damped oscillation 

with a frequency of 50 to 100 Mil/.   The only process that might contain frequency components 

this high is the sequential breakdown of the laser electrodes.   The EMI level is high in ampli- 

tude and of long duration when the rtsultlng laser output pulse is low in amplitude.   We feel, 

therefore, that when the electrodes discharge almost simultaneously, the population inversion 

builds up faster and to a higher level than when the elrclrode1 discharge over a longer period 

of time. 

The beam pattern of the probe laser hu,1   *   n mnasured for multiple line operation.   This 

was done in the near field with a 1.0 mm diameter PbSe detector which was traversed in the 

vertical and horizontal directions across the laser beam.   The re.-.ultr ^re shown in Fig, 21, 

The circuit diagram of the pump laser power supply is shown in Fig. 22,   The probe laser 

power supply uses a higher voltage-power transformer and energy-storage capacitor but is 

otherwise the same.  Trigger pulses lor the pump laser are supplied by a H-P 211A square-wave 
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TABLE 20.   TYPICAL OPERATING PARAMETERS 
FOR THE 1-m PUMP LASER 

Output pulse energy (all lines) 

Pulse length 

Fuel pressure (H-or CHJ 

Oxidizer pressure (SFJ 

Gas flow rate 

HV pulse amplitude 

HV pulse energy 

HV pulse duration 

Pulse repetition frequency 

Rear-end reflector 

Front-end reflector 

4.4 mJ 

300 to 500 nsec (may be detector limited) 

1 to 10 torr 

10 to 50 torr 

120 1/sec 

8 to 14 kV 

6.4 to 19.6 J 

300 nsec 

1 to 10 Hz 

4-m radius sphere; 100^ Au coated 

None used 

TABLE 21.   TYPICAL OPERATING PARAMETERS FOR THE 0.2-m 
PROBE LASER 

Output pulse energy (all lines) 

Pulse length 

Fuel pressure (H, orCH.) 

Oxidizer pressure (SFJ 
o 

Gas flow rate 

HV pulse amplitude 

HV palse energy 

HV pulse duration 

Pulse repetition frequency 

Rear-end reflector 

Front-end reflector 

0.5 mJ 

200 to 400 nsec (may be detector limited) 

1 to 4 torr 

10 to 20 torr 

120 1/sec 

10 to 20 kV 

1 to 25 J 

200 nsec 

1 to 10 Hz 

625 1/mm grating 

4-m radius sphere; 95% Au coated 
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generator.   Delayed pulses for the probe laser are supplied by the delaying sweep gate output 

of a Tektronix 535A oscilloscope.   The output of a pump laser beam sampler is displayed on the 

oscilloscope.   The outputs from the beam samplers for the probe laser are displayed on a Tek- 

tronix C56 dual beam oscilloscope; one beam displays the amplitude of the probe laser beam 

im idcni on the HF sample cell and the other beam displays the difference between the incident 

and transmitted probe laser beam amplitudes.   The time base of the dual-beam oscilloscope is 

initiated by the pump laser pulse and indicates the time delay between the pump laser and probe 

laser pulses.   The data are recorded by photographing the 556 oscilloscope screen.   Typical 

data expected are shown in Fig. 23.   Many pulses (~ 100) may be required to average out the 

effects or variations in the probe laser beam. 

The HF cell used for the experiment was made for a previous study.*  It is 30-cm long and 

has a clear aperture of 5.7 cm.   Sapphire windows are sealed to the cell with Viton O-rings, 

and the cell is made of Inconel X.   The cell is heated with an electrical heater tape to 80 C to 

prevent HF polymerization.   The cell is HF passivated before use.   Purified HF from a supply 

cylinder flows through the cell at a low rate to avoid any remaining absorption effects on the 

cell and piping walls.   The cell pressure is measured with a capacitance manometer. 

The Infrared detectors presently in use are all dewar-mounted InSb and InAs detectors. 

Both types require liquid nitrogen cooling, and none of them are designed for detection of short 

pulses.   We believe that the detectors on hand have longer rise times than the läse;- pulses and 

that the displayed pulse shape is distorted.   A new detector is on order which will have a maxi- 

mum rise time of 10 nsec, and when pulse waveforms from it are compared with those from the 

present detectors, the adequacy of the detectors' response time can be determined. 

A Perkin-Elmer type 98-G monochromator with a 3-/im blaze grating is used to identify 

and monitor the various lines of the lasers.   Figure 24 shows the pump laser and its associated 

optical bench inside the fume hood; the small object mounted on a ring stand to the right of the 

'aser is used for measuring the laser beam pattern.   The monochromator is outside the fume 

hood, and infrared energy passes through a hole in the fume-hood wall to reach the monochrom- 

ator.   The compressed gas cylinders contain fuel, nxldizer, and diluent gases used with the 

lasers. 

3.5.2.   DATA REDUCTION AND ANALYSIS 

The amplitudes on the photographic outputs typified by Fig. 23 are to be digitized on a curve 

digitizer, and absorption as a function of time will be determined for the transition Involved. 

*See 0-3 HF measurement, Section 5. 
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The time constant ol these curves is a measure of the relaxation lime within the cell. Assuming 

that rotational relaxation occurs before any vihrational relaxation occurs, the time constant is a 

measure of rotational relaxation. 

We expect to perform a detailed analysis of the absorption versus time curves however. 

Absorption histories for various probe laser transitions and hence populations of different 

rotatlonal-vlbratlonal states will have been obtained from the experiment.   The set of equations 

governlnn radiative relaxation described in Section 5 will be modified to include a model for 

Vlbrational and rotational energy transfer by collisional processes.   These equations will then 

be solved nunu rlcally for various collisional rates and from tiic solutions, theoretical absorp- 

tion histories will be computed.   By comparison of these histories with the experimental ab- 

sorption histories, best values for the collisional rates can be inferred.   It Is recognized thai 

Simplifying assumptions will be needed to accomplish the modeling ül the collisional deactiva- 

lion to linvt the number of rates considered. 

A more straightforward and satisfying way to analyze the data would be to obtain absorption 

histories for enough transitions so that we can determine the population history of each vibrational- 

rotatlonal slate after stimulation.   These histories would give a complete picture of the relaxa- 

tion process     However, we have not been able to operate the probe laser on more than r> lines 

in each of the 0 - 1 .  id the 1 - 2 bands and these lines will probably not be enough to provide 

complete, unambiguous population histories. 
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COMPUTATION OF THE WIDTH OF COLLISION-BROADENED SPECTRAL LINES 

(R. E. Meredith and R. E. Turner) 

A verbal understandinn between R. E. Meredith and the technical monitor allowed the cur- 

rent contract to support the development of a code to compute collision-broadened hall widths 

Of vibration-rotation transitions by Anderson's method [81.   This section describes this work. 

4.1.   INTRODLCTION 

Collision theory has been developed along two lines:   the stationary-state theory in which 

the time-independent Schr6dlnger wave equation is solved and the time-dependent theory. In 

which the initial and final states of the system are connected by a linear, unitary time-transla- 

tion operator.   In the latter, the Hamiltoman is divided into two parts, i.e.: 

(47) H    H 
0 

where Hn La the unperturbed Hamiltonian which describes the system at times in the infinite 

past and infinite future.   As the colliding parts interact with each other, the change in the energy 

manifests itself through the interaction potential V-   If 1«^ is the eigenket or state vector for 

the unperturbed state a, then we have 

(48) 
"O^a V^a 

where E^ is the correspondinp; eigenvalue (energy).   Likewise, if we let I ^a^> and   t.^/ ^ the 

eigenkets for the incoming and outgoing states respectively for the general system, then 

Yd/        a  ^a/ 

It can be shown [SS] , [36] that these states satisfy the Lippmann-Schwinger equation, i.e.: 

*t> 
'O 

'♦■^  linl      E~ */    €-0+  ^a 

l*a> lim     =— 
€-0+ Ea 

• H0 + if    la/ 

—! \W\ H0 - U    i   a/ 

(50) 

(ni 

when e is an infinitesimal.   Now, the cigenstate at any time t is l^a(t)> anc is related to the 

eigenstate in the infinite past by a unitary operator U(t, -co): 

l^ft)^« U(t, -«)|i//a(-«)> (52) 
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As t - ■ -. the final state, then 

liM*oc)>   : U(+», -x)l^ (-x)> (53) 

where S     U(  x. -»).   The time development operator can be found by solving the SchrSdlnger 
equation in the interaction picture: 

fU. t0)     1 -i   (HjityUiV, t0)dt' (54) 

where H^t) is the interaction Hamiltonian in the Dirac picture.   Therefore, the transition rate 
per unit time is given by 

2. Wba     fl^b^'Vl^V (55) 

where n(Eb) is the number density of final states and <^bi is the bra vector corresponding to 
the final state b. 

A completely analogous solution can be found by use of the stationary-state method.   Here, 
one starts by solving the integral equation 

Hi)    e1^»      ' f "PN*-^? K( V)W v)d v (56) 

where K (r v2mE/fi) is the wave number and V{*)is the potential.   In Eq. (56), • is the position 

vector of the field point and V is the position vector of the source point.   Iteration of this equa- 

tion allows on? to find an approximate solution called the Born approximation.   It is especially 

valid for weak collisions and therefore it has been used extensively in spectral line-broadening 

theory.   This is the approach used by Anderson [31 which we shall now describe. 

4.2.   ANDERSON'S THEORY OF SPECTRAL LINE BROADENING 

Let us consider two molecules, a radiating molecule 1, and the perturbing molecule 2.   For 

a gas in statistical equilibrium, the number of molecules which are radiating relative to the 

total number is quite small, and therefore it is very unlikely that both molecules will be radiat- 

ing simultaneously.   For classical trajectories of the molecules, the complete Hamiltonian is 
tb^n given by 

H=H1+H2+Hc(t) + HR + H1R (57) 

where H0(- Hj i Hg) is the unperturbed molecular Hamlltonla-, H (t) is the time -deoendent 

collision Hamiltoruan. HR is the Hamiltonian of the pure radiatioi field, and H „ is the inter- 

action between the radiating molecule and the radiation field.  Since our goal is to find the 
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transition probability pt-r unit time between molecular states a and b, we must consider tlu» 

initial and final slate vectors ' i^, (U) • and ii^, (!)•.   Tnus 

'^a^O^      iVa(t0)V
% 

(58) 

and 

liMth    iv (t)\ 1) o      n 
\ (59) 

k-1. 

where \'s are the vectors for the radiation field with photon occupation number indices n,  and 

n,   ..   The general time-dependent state at time t is simply related to the original state at 

time t« hy the linear unitary time development operator, i.e.: 

vjO-    r(t. t0)i-va(t0h (60) 

Operator Eq. (54) can be solved by successive iterations to yield 

r ! 
l(t. t0)     expi^ JHjO'Jdt 

L »O 
(61) 

where H.     H    ■  H (t).   The transition probability for going from state a to b is 

ba ^b(t)i^a(t) (62) 

or. making use of the time-development operator of Eq. (60). we ^et 

2 >ba     I .^(tMJU.t^U^ (63) 

Using these principles, and the assumption that the duration of collisions is small compared to 

the time interval between collisions. Anderson was able to derive the following expression for 

the average transition rate per unit time for dipole interactions: 

j.j. 
i f 

M.Mr i   f 

v.IMp   Iv'.J'M^ 

nuo 1 (64) 

nun 
v - l'..  + fi +\"I¥ 

nun N 

where u is the frequency, n is the number densi y of the absorbing uiolecu.i . and u is the rela- 

tive velocity of the two molecules.   The v, J, and M indices denote the vibrational. rotational, 

and RMfii tic quantum numbers respectively, and <vJMlfi   Iv'J'M'^ is the dipole matrix ele- 

ment for the transition.   T.^e a   and a. are the real and imaginary parts of the total collision 

cross section a.   If we denote the wave number by v'i-v/c), then the line half width is 
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tmo r 

;IIK) the line-shift is 

nuo. 
Ai'" "Sure 

(65) 

(66) 

Now, if Tis the transition operator and we make use of the assumption that the time interval 

between collisions is greater than the duration, then the cross-section for a given perturber 

molecule is [37] : 

2    Jl      all 
T 

ft3* 

A'LM'Ml.m-   ■11,.M';M|JM. 
(2J * 1)(2J2 • 1) 

-1 J'.M'J   M  .T-'^Mij    Mf   .   .1.^    M,,  T ,I.M.I„,M0 '2   2 2'    L 2'    2' ,2"2 do (67) 

The transition operator Tis similar to the unitary operator ü(t, U) defined earlier, except that 

we now ronsider t - • x and tQ    0 and lei U transform the collision Hamiltonian H.(t) into the 

Dirac picture.   Thus, 

T    exp U/u-1^! ,(t)Udt 

or. by expanding the exponential we get the various terms 

1 
T viViV... 

where 

T0     ' 

ri}v'%m dt 

-x 

ri-iiJ[w"V)ö dt 

Since the differential cross-section da of Eq. (67) is given by 

da    2iTbdb 

where b is the ciassical impact parameter, we can write for the cross-section of Eq. (67) 

(68) 

(69) 

(70) 

(71) 

(72) 

(73) 
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2ffbSP(b)db 
(74) 

where^(b) is everything contained within the brace, of Eq. (67).  Making us.- of the approxlma- 

tlon. Eq. (69), we sec that 

flUb)     ^0(b)     ^(b)     ^2(b)     ••• (75) 

„ Ca„ be shown that In the «ro-th order caw, ^(b) 0. and thai for the tlr.1 order case ^(b) 

is pure imaginary and hence will contribute onl, to the Uno shift, but not to the line width. Thus. 

the first real, mnwero term which contributes to the half width .s.^C"- 

^(b) L 
M.M2 

' T2.1   I)(2,J2 rrr" L 
1 

(2J   • 1)(2.I2     1) 

.1 I MM JÜlx JXACMlJM; 

Qü        ® • 1)(2J2     X) 

all J- 
Ms    ' 

JMM^ T MM;,I2.M2       .iAS.yMyl, .l,M.I2.'l2- (76) 

The quant.ties < I > are scalar quantit.es. called Debsch-Ck.rdan coeffu-ients and represent the 

vector addition of two amrular moments to ,ive a resultant angular momentum.   Tables ex.st 

which allow on.  to evaluate these quantities for many values of an^lar momenta. 

The collis.on Hamiltonian Hc can be expressed as the product of the spherical ha. monies 

Yh of the internal coordinates of the two molecules, i.e.: 
A 

hrvo    i        i 
H   = C  'A,  (l)Y/(2) 

(77) 

c        >.*,   >, 

where CK are constants in the expansion of the collision Hamiltonian.  One can write the inte,ac- 

tion potential for dipole-dipole, dipole-quadrupole, quadrupole-quadrupole or for all possible 

multipole-rnultipole interactions.   The angular coordinates can then be expressed in terms of 

the spherical harmonics and [he matrix elements evaluated.   Limiting ourselves to the first 

th TC multipole interactions,we get 

0M     Tc^^i^) i C2b-6g2lf2(V . C3b-8g3(f3(k3,) (78) 
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where the iiirticcs 1. 2. ;ind 3 refer to the first three multipol ' interactions i;iven above.   The 

BUbscrtpt t reltrs to lie vai'ious possilile collision combinations.   The ^     are functions of the 

Clebsch  (Jordan coellicients and are tabul ited l)y Benedict and Herman* [38 |.   The lunctions 

L(k_f) •"■'' dependent upon the energy defect of a particular collision and are tabulated by Tsao 

and Curnutte 137).   The parameter k     is ^iven ny 

2Tbc 
(i 

AF. M:2) (79) 

where Ml and AE,, are the KMrfT level spacings between the transition;-, made by the radiating 

and perturbing molecule, respectivelv, as the result of the collision.   The constants C   are ex- 
s 

press-d in terms of the dipole moments ;i and //„ and the quadrupole moments Q and Q9, i.e.: 

2   2 

Co       ~ 

4' 
It 

'  'J2 

(-fiu)2 

w M Q2 

(fm)2 
or 4 

45 
n Q 

ffiu)2 

2   2 
Q Q2 

Hm)? 

The apnroximation used for these calculations is basically the Born approximation, that is, 

one which holds only for weak collisions.   If, however, we include all impact parameters, then 

strong collisions will be considered for which the approximation breaks down.   Anderson assumed 

that the theory was valid lor all b for^lb) < 1, that is, for all impact parameters such that the 

radiation does not have a complete change of phase.   When b was less than or equal to bu, a 

piiase change of 2- was assumed.   Thus 

*Some discrepancy was noted in the g factors tabulated in Ref. 38. The authors have 

confirmed that the values of g. g, and g,- are incorrect as they appear in Ref. 38. We 

have derived the following functions for the above quantities: 

(4m4 

T '35 
m2 -9)J2(J2 * 1) 

{4mm     l)(4m<: - 9)(2J0 - 1)(2J0 ♦ 3) 

3(4m4 - m2    9)J2(J2 -1) 

'36     2(4m2 -l)(4m2 - 9)(2J2 -1)(2J2 + 1) 

:!(.m4 - m2 - 9)(J2 t 1)(J2 + 2) 
Imm 9 K 

2(4m   - l)(4m   -9)(2J2*1)(2J2 +3) 
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This equation can be Integrated and tho result is 

l.»A   M.iN,   »HOUATi.Mi»-- 

1 ' Clbö4Z]^WFl(k0) + C2bö62]^2.F2(k0) * C3höH&1
F3(k0) 

t 

(HO) 

(81) 

Where the functions F.(kn) are tabulated 11 ]. and k. is the value of k at b     !)„.   The value h. is 

d"teimined by settintr.'/'d).)     1 and solving Eq. (78) for bu. 

4.3.   HALF-WIDTH CALCULATIONS 

To calculate the half widths, one must use Eq. (65), in which a   is the real part of the total 

cross-section a.   This cross-section a is the summation of all cross section;   for the angular 

momentum states of the perturbing molecule weighted according to the ixjpulaiion of the states 

of the perturber.i.e.: 

''2 

(82) 

and, where a     is determinedfrom Eqs. (74) and (78).   Since the f (k   ) are known functions of 
s   sr 

st' k   ,, it is important to see how the half widths depend on k   .    Now 1 si 

AE + AEj = |E   . - E      - E     .     - E     .1 
2       I   vJ,       vJ       v2J2,       v2J2l (83) 

AE t AE, 
VJ; vJ V2J2' 

- E vv (84) 

One can illustrate the effect of the self broadening of highly polar molecules by consider- 

ing the R(l) line of HF as shown in Fig. 25.   Usually, only one of the intermediate levels con- 

tributes to a significant extent.   The J - 1 level can interact with the J- ^ 0 or the .!„     2 levels 

(dashed arrows), and the J1 ^ 2 level can interact with the J, ■ 1 or the .J_ i 3 level (wavy 

arrows).   Here we include only dipole interactions, i.e., those cases in which A,I ■ ±1.   By con- 

siderinp; higher order terms in the collision Hamiltonian, one can consider the quadrupole inter- 

actions, AJ ■ ±2, octupole interactions, AJ ■ ±3, and all higher multipole interactions.   As an 

example, if AE,,     AE where AE,, is the energy difference between J, - 3 and J- ■ 2, and AE is 

the energy difference between J - 2 and J - 0, then a dipole-quadrupole interaction can occur. 

The closer these levels are to each other the stronger the resonance.   Details of the hard-core 

effect are treated in Section 5. 
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Active Molecule 

N2=0 

3 
.1 

— 0 
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FIGURE 25    SELF-BROADENING ASPECT OF HIGHLY POLAR MOLECULES 
Usually, only one of the intermediate levels contributes to a siRnificant level 

The -lo^r these levels are to each other, the stronger the resonance. 
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Thi' pits, ill c ahuhitions art prrscnltd in FUs. 26-29.   Tin- tlgnrefl show ;i comparison of 

nu'asunmrnt and theory lor tin- pare rotation, fundamental and first overtone iiands of sclf- 

broadrned HF.   Fibres 26 and 26 glei the luiidaniciiial liiiewidllis for two temperatures, 373 K 

and 390"K    FtfOTM 27 and 29 show the lamcsi .liscrcpancv hclwoen theory and measurement. 

poMiUy becanne the data were taken al tower renotation than the others, and becMM the pure 

rotation data were ohiamed  it H06"K, uhere poh men/alion effects night be sipiificant.   Tables 

22 throui;h 26 ^ive tabulated widths tor self-b ■> idrned widths in the fundamental seiies:   v - 0 

- 1    1 - 2, 2 - 3. 3 - 4. and 4 -   >.   It is assuimd that the absorber molecules are  in a bath 

ni perturber moleculea maintained a« i U mperatnre al 373"K.  The results are qualitatively 

aa one would expect.   For greater rlbratlonal hvils oi the active molecule, the widths are 

smaller in general because ol the   '.realei   resonance delect between the rotational levels of the 

upper v slates and the rotational kw Is ol Hie perturber molecules, assumed to lie the v   0 state. 

Also, as the defect beconei larger the influence dl more than 1 dipole-dipole interaction becomes 

greater, as do the shorti r ranee forces.   This tends to make the width versus m curve flatten out. 

for lines Involving larger v. 

f? 
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•      • Present Calculations 

ß = 1.835 ■ 10'    . 
-26 Q     8.6 ■ 10 

(IJJ     1.H19 ■   10 •18 

-2 0 

in 

FIGURE 26.   COMPARISON OF MEASUREMENT AND THEORY FOR THE 
FUNDAMENTAL BAND OF SELF-BROADENED HE.   Temporalurc is 3730K 

v = 0 - 1 [39|. 
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0.1 

0.0 

; Experimental 140] T     * 

•      • Pr sent Calculations   ß - 1.8 x 10'48 

Q = 8.6 - 10 

-8 10 

FIGURE 27.   COMPARISON CK Ait.^UREMENT AND THEORY FOR THE 
FUNDAMENTAL BAND OF SELF-BROADENED HF.   Temperature Is 390oK 

v-0-1 [40]. 
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FIGURE 18.   COMPARISON OF MEASUREMENT AND THEORY FOR THE 
FIRST OVERTONE BAND OF SELF-BROADENED HE.   Temperature is 

3730K, v     0-2[41|. 
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I   rt',   Precision 

FIGURE 29.   COMPARISON OF MEASUREMENT AND 
THEORY FOR THE PURE ROTATION BAND OF SELF- 
BROADENED HF.   Temperature is 306oK, v = 0 - 0 [42] 
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TABLE 22.   CALCULATED HALF WIDTHS FOR 
HF(v     0 - v"     1) PERTURBED BY HF(v     0) AT 

373.0 DECK 

Input Constants: 

B0     20. M      B       19.79      B 'Perturber)     20.56 

/(v     1) . 1.83riE-18     ,j(v = 0) 1.819E-18 

Q(v     1) ■ 5.000E-26     Q(v    0) 5.000E-26 

1)           3 
mi n 100E-08 cm 

Line 
(m) 

-10 

Half Width 

(cm'1) 

6.458068E-02 

Cross Section 

(cm'2) 
S.900998E-15 

-9 9.805483E-02 1.047799E-14 

-8 1.091869E-01 1.166756E-14 

-7 1.581954E-01 1.690453E-14 

-6 2.482012E-01 2.652241E-14 

-5 3.461167E-01 3.698552E-14 

-4 4.664320E-01 4.984224F-14 

-3 5.604853E-01 5.989263E-14 

-2 5.428386E-01 r).800C93E-14 

- 1 4.599256E-01 4.914697E-14 

4.566365E-01 4.879301 E-14 

5.394523E-01 5.764508E-14 

5.431765E-01 5.804303E-14 

4.536538E-01 4.847677E-14 

3 'i87319E-01 3.940215E-14 

2.409441E-01 2.574693E-14 

1.558045E-01 1.664904E-14 

1.196923E-01 1.279015E-14 

9.616441E-02 1.027599E-14 

10 6.029395E-02 6.442922E-15 
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TABLE 23.   CALCULATED HALF WIDTHS FOR 
HF(v     1 - v'     2) PERTURBED BY HF(v    0) AT 

373.0 DEC K 
Input Cnnst;ints: 

B.     10 79      B,,     19.03      B (Per turber)     20.56 

/ (v      1, v     2)     1.888E-18      /J(V 0)     1.819E-18 

Q(v    l, v     2)     ri.000E-26      Q(v 0)     5 000E-26 

b 
m i n 

).100E-08 cm 

Line Half Width Cross Section 
(m) (cm'1) (cm'2) 
-15 G.056339F-02 6.471715 E-15 

-14 6.608039E-02 7.0612'>bE-15 

-13 7.197571E-02 7.691222E-15 

-12 8.030647E-02 P.581436E-15 

-11 8.920157E-02 9.531953E-15 

-10 8.696866F-02 9.293347E-15 

-9 1.166320E-01 1.2' n313E-14 

-8 1.510004E-01 1.6135 ■'ii:-14 

-7 2.555299E-01 2.730555E-14 

-6 1.778305E-01 1.900o71E-14 

-5 2.960820E-01 3.16388ÖE-14 

-4 3.675299E-01 3.927371E-14 

4.797472E-01 5.126507E-!4 

Bjonric-O] 5.5633'i5E-14 

4.683717E-01 5.004951E-14 

4.382111E-01 4.682659E-14 

4.857581E-01 5.190739E-14 

4.679816E-01 5.000782E-14 

3.856282E-01 4.120766E-14 

2.776271E-01 2.966682E-14 

1.886207E-01 2.015573E-14 

1.497991 E-01 1.600731E-14 

1.142144E-01 1.220479E-14 

1.041594E-01 1.113032E-14 

8.753276E-02 9.3L3626E-15 

7.639092E-02 8.163026E-15 

7.357877E-02 7.862519E-15 

6.507319E-02 6.953629E-15 

6.160619E-02 6.583147E-15 

5.900751E-02 6.305456E-15 
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TABLE 24.   CALCULATED HALF WIDTHS FOR 
HF(v    2 - \ •    3) PERTURBED BY HF(v    0) AT 

373.0 DFG K 
Input Constants: 

B„     19.03      B0     18.30    Bef Pcrturber)     20.56 

1.931E-18     ,.(v ■ 0)     I.819E-18 

r).000E-26     Q(\     0)     ri.000E-26 

'2 
( (v 

b mm 
Line 
(m) 

-15 

-14 

-13 

-12 

-11 

-10 

-9 

-8 

-7 

-6 

-5 

-4 

-3 

-2 

-1 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

19.03 

2, v 

2, v 

3 

3.100E-08 cm 

Half Width 

(cm    ) 
5.720191E-02 

5.724202E-02 

5.613416E-02 

311947E-02 

5.885377E-02 

6.792086E-02 

1.166134E-01 

9 010297E-02 

6.380910E-02 

1.912177E-01 

2.119154E-01 

2.565911E-01 

2.527246E-01 

4.150084E-01 

2.644687E-01 

3.669097E-01 

4.013655E-01 

3.466491E-01 

3.526849E-01 

1.958660E-01 

1.136313E-01 

1.258485E-01 

1.048915E01 

7.242495E-02 

6.6P;>930E-02 

5.218943E-02 

7.083857E-02 

4.839763E-02 

6.362098E-02 

6.258583E-02 
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Cross Section 

fern'2; 

6.112512E-15 

6.116798E-15 

5.998413E-15 

6.744859E-15 

6 ?89027E-15 

7.257924E-15 

1.246114E-14 

9.628274E-15 

e.818547E-15 

2.043324E-14 

2.264497E-14 

2.74189DE-14 

2.70n579E-14 

4.434718E-14 

2.826074E-14 

3.920743E-14 

4.288932E-14 

3.704241E-14 

3.768739E-14 

2.092995E-14 

1.214248E-14 

1.344799E-14 

1.12085^-14 

7.739225E-15 

7.144489E-15 

5.576885E-15 

7.569710E-15 

5.171699E-15 

6,798446E-15 

6.687830E-15 

^A- Sfe-?* ■j^'-!     'ä 



TERIM 
OW  RUN L AHOHAK -Hi! S   Ttif    uMvl K'.it . 

lABLE 2n.   CALCULATED HALF WIDIHS TOR 
HFfv     3 - v'     4) PERTURBED BY HF(v    0) AT 

373.0 DEG K 
Input Constants: 

B3     18.30 B.     17.ÜB      B (Per 
4                     e 

turber)     20.56 

/(v     3, v 4)     1.973E-1H      ti(\ : 0)      1.819E-18 

Q(v     3, v 4)     5.000E-26     Q(v 0)     5.000E-26 

b           3.100E-08cni 
nun 

Line 
(m) 

Half Width 

fcm'1) 

Cross Section 
/      -2^ (cm    ) 

-If) 3.660505E-02 3.911561E-15 

-14 4.923180E-02 5.260837E-15 

-13 6.160534E-02 6.583055E-15 

-12 7.554555E-02 8.072692E-15 

-11 6.648064E-02 7.104028E-15 

-10 8.061868E-02 8.614796E-15 

-9 9.220731E-02 9.853138E-15 

-8 1.444248E-01 1.543302E-14 

-7 2.127870E-01 2.273810E-14 

-6 1.467471E-01 1.568118E-14 

-5 1.381717E-01 1 476483E-14 

-4 1.961167 E-01 2.095674E-14 

-3 1.385143E-01 1.480143E-14 

■2 2.562874E-01 2.738650E-14 

• j 2.081543E-01 2.224306E-14 

3.157854E-01 3.374437E-14 

3.242705E-01 3.465106E-14 

1.563498E-01 1.670731E-14 

2.428266E-01 2.594809E-14 

2.885888E-01 3.083817E-14 

1.743240E-01 1.862800E-14 

1.561589E-01 1.668691E-14 

1.147209E-01 1.225891E-14 

7.256985E-02 7.754712E-15 

6.383151E-02 6.820946E-15 

7.895076E-02 8.436563E-15 

12 4.543156E-02 4.854749E-15 

13 7.631880E-02 8.155318E-15 

14 5.062404E-02 5.409610E-15 

15 4.792231E-02 5.120907E-15 
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TABLE 26. CALCULATED HALF WIDTHS FOR 
HFfv     4 - v' ■ 5) PERTURBED BY HFfv     0) AT 

373.0 DECK 
Input Constants: 

B4     17.58 Br      16.88      B (Perl 
5                      e 

urber) - 20.56 

/(v ■ 4, v 5) = 2.012E-18      Mv 0)     1.819E-18 

Q(v      4, v 5) ■ 5.000E-26     Q(v ■ 0) - 5.000E-26 

1)           3.100E-08 cm 
nun 

Line Half Width Cross Section 
(m) (cm"1) (cm    ) 
-15 5.034163E-02 5.379432E-15 

-14 5.535909 r'-02 5.915590E-15 

-13 7.611191E-02 8.133210E-15 

-12 7.832700E-02 8.369912E-15 

-11 4.893632E-02 5.229263E-15 

-10 5.115712E-02 5.466574E-15 

-9 1.139505E-01 1.217658E-14 

-H 1.190719E-01 1.272385E-14 

-7 2.561160E-01 2.736818E-14 

-6 2.717257E-01 2.903620E-14 

-5 2.175332E-01 2.324527E-14 

-4 2.013538E-01 2.151637E-14 

-3 9.152400E-02 9.780124E-15 

2.802700E-U1 2.994924E-14 

2.122521E-01 2.268095E-14 

2.998384E-01 3.204029E-14 

2.800925E-01 2.993028E-14 

2.623007E-01 2.802907E-14 

2.671228E-01 2.854435E-14 

3.556556E-01 3.800483E-14 

1.493846E-01 1.596302E-14 

2.021505E-01 2.160150E-14 

1.609575E-01 1.719968E-14 

7.349074E-02 7.853114E-15 

7.011849E-02 7.492762E-15 

6.331491E-02 6.765740E-15 

5.155549E-02 5.509143E-15 

6.930453E-02 7.405782E-15 

6.410170E-02 6.849817E-15 

15 5.575894E-02 
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B 
MEASUREMENTS OF INTENSITIES AND WIDTHS IN THE SECOND OVERTONE OF HE» 

(R. L. Spcllicy, R. E. Meredith, and F. G. Smith) 

Collision-hroadened molecular vibration-rotation line parameters continue to be of im- 

portance lor a variety of applications.   For example, strength and width parameters are re- 

quired for analytical predictions of radiative transfer within complex gaseous mixtures.   Also, 

the electric dipole matrix element of a molecular transition may be determined from line Mrengtli!- 

nuasured by absorption spectroscopy, and the electric dipole moment function may be empiricallv 

modeled bv means of the matrix elements [41, 43, 44).   Determination of the dipole moment per- 

mits the calculation of radiative lifetimes and absorption strenpiths of lines not measurable in the 

laboratory, *.§., hmdaa Mtal and overtone vibration-rotation lines involving levels for wnich 

v > 0, and for which ,1 is not sufficiently populated to permit observation.   Collision-broadened 

line half widths supply information about molecular collision processes particularly with regard 

to the validity of collision broadening and collision-deactivation theories.   Also, measured  line 

half widths may yield molecular electric multipole parameters of the active specie and its col- 

lision partners. 

In the present investigation, line strengths and self-broadened half widths in the second over- 

tone band of hydrogen fluoride have been measured.   The primary motivation of the investigation 

w.,s to obtain a better definition of the HE dipole moment [1| for the calculation of radiative life- 

times of vibration-rotation lines lying well above the ground state.   These lifetimes must be known 

for an understanding of HE chemical laser perfornance as well as for other applications for which 

radiative .strengths of excited HE are required. 

1.1.   MATRIX ELEMENT CALCULATIONS 

TTie connection between the strength of a vibration-rotation spectral absorption line and 

its electric dipole matrix element for a diatomic molecule is 

8^ 
S .   (m) 

v ,v 

im U'  exp [-«v, «A 
3hckTz 

l<v'.rlp(r)lvJH 
— x 1.0135 v 10 (85) 

»Contract No. DAHC-15-67-C-0062 supported previous work in chemical laser studies at 
the Willow Run Laboratories.   Part of this effort involved the measuremf nt of line strengths, 
and hence, matrix elements In the v - 0 - v' = 3 vibration-rotation band of HF.   This work was 
not reported under the previous contract and is therefore described here. 
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The matrix element  l<v'J'i/i(r)lvJ>| is piven by the expression 

<v'J,l/i(r)lvJ>l -/^ ,   ,^(rW    .i^dr (86) 

where S - line strength fatm-cm2)"1 

wave number of the transition 

/. vibration-rotation partition function 

Of; , .1) - term value of lower level 

k Boltzmann's constant 

T temperature (deg K) 

/. (r) radial electric dipole moment function 

m - -.1 for P branch; ».I' for R branch 

The matrix elements are functions of the internuclear potential through the wavefunction 

C/(r)( and they are functions of the form o( the electric dipole moment /;(r).   The most com- 

monly used function /.(r) is the truncated polynomial expansion /. fnp): 

Mnp)    VM (r - r   )" 
■    n e (87) 

The matrix elements ^vT l/,(r)l v.I~-        mav be determined from individual line strengths 

S(m) from Eq. (85).   The line strengths may be obtained from the measured absorption coefficient 
of the transition K(r) through the relationship: 

S(m>     J    / K(r )di 
line 

(88) 

where P is the pressure of the absorbing gas.  On the other hand, the matrix elements (and hence 

the line strengths) may be calculated if the polynomial coefficients for the dipole moment M. 

and the wavefunctions # are known [1|. 
i 

In the present investigation, the parameters M. have been determined from line-strength 

measurements in various overtone bands through simultaneous solution of equations of the 
form: 

max 
<vl/i(r)IO> =   T] M. jVv(r - r^'i^dr   for v - 0, 1 

1=0      J max (89) 
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wtiere v   , , is the upper vibrational quantum number of the htghftsi overtone measurement 

available.   The matrix elements have been calculated by numei ical integration of Eq. (86).   We 

nblained wavefuiu tions ^    T by solving SchrodinKer's equation using finite difference equations. 

Tht' RXR potential function, including the vibration-rotation interaction term .KJ < 1) r , was 

used. 

5.2.   LINE-WIDTH CALCULATIONS 

Tie Anderson theory has been used with considerable success to calculate self-broadened 

half widths of spectral lines of simple molecules |3, 38, 411.   In this theory, the half width (-, ) 

is related to the real part of the total cross section (a) througli the relation: 

-(mi 
Nu   i 

2c n 
(90) 

where u is the mean relative collision velocitv andN is Die number density at one atmosphere 

and ai temperature T.   The cross section is written as the statistical average of the partial 

cross sections of each rotational stale (,!-) of the perturbing molecule: 

-    i?       ir    ^ 

J, 

K, exp 

Q. he 
,J2 
kT 

(91) 

where g is the degeneracy of Die perturbing state.   The partial cross sections are in turn re- 

lated to the impa 

the relationship 

lated to the impact parameters b(.I,J and ^(b) which contain the details of the collision through 

'(.I, 
r 

2 |^b)bdb 

0 

(92) 

In what follows, the functional dependence of bfJJ on J» will not be discussed in the interest 

of brevity. 

The collision amplitude ^(b) may be expressed In terms of multipole interactions for b ^ 0 

as 

^(b) L 
j'j 

,-2{s + l) 2]2>b"voTiVs(v 
8 = 1      I 

« • -    « 

(93) 
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s - 1, 2, and 3 represent the dipole-dipole, dipole-quadrupole, and quavlrupole-quadrupole contri- 

butlons, respectively.   The subscript ( refers to the various collision combinations.   The g. 
s, I 

are products of Clebsch-Gordan coefficients, and the f (k) are resonance factors [37, 381.   The 

parameter k is essentially the dimensionless energy defect of a near resonant collision.   Tlie 

coefficients C   and the parameter k are as follows: s 

1     9 

/■ 0 

(fnj? 

'2    4r) 
o« 

'3    2r 

4 

ffiu) 

(941 

s.' T^-"*\ 
Kur polar ni'>l , ii as UK, Anderson's approximation No. 2 |3| is appropriate; 

Wh)     1 for u     1),, 

^tb) •  1 for b ^ b 
(95) 

u 

Integration of Kq. (92) then gives 

"'•V 
/,s 

(96) 

* 

where V.Q is the k     evaluated at bfJJ    b-'J»), and where Eq. (95) has been applied to Eq. (93) 

to determine bJJj. 

In practfee, Fq   (Ofil rnn he u<!e«1 only for roP'sion partners .T   for which the long range 

forces dominate.   If this is not the case, b- must be determined empirically, or a model such 

as the resonant dlpole billiard ball model must be used [45]. 
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5 3.   F.XPKRIM.vNTAL PROCEDURE 

S.3.1.   BACKGROUND 

Measurements were performed with a 3-m focal length Ebert spectrometer constructed 
by H. W. Marshall [46].   A BOO ^0()V(> mn, Bausc|l ,ind Lr)nib ^^ ^^ bla/ed ^ ] 6 ^ ^ 

was used in second order, double passed.   An average spectral resolution of 0.07 cm"1 across 
the sec.nid overtone band of HF was obtained. 

We achieved wavelength calibration using the HF lines themselves since accurate line posl- 

ttona are well known [39, 47| .   .«.solution checks were made with Krypton and Xen -n GeUsler 
tube emission lines. 

Determination .-t scattered llghl is particularly difficult in this spectral region (11,500 cm"1 

Blnce molecular absorption strengths are too weak to permit observation at opaque lines without 

v-.y long |v ih lengths    Hie required extinction can be obtained from a 0.09 molar concentra- 

tion^ Neodymlutn (♦S) In a l-normal solution oi nitric acid    Although the absorption lines ol 
N,l      ■'"■ l""•l,l• llu   -"•""■«-' ■" "'" Unes could be made sufficiently opa,,ue while leav.n« sul- 

»clenl windo« transmtttaice.  Bcatttrwl Ught dttermiiiwl with this method wns ku thu l-, 

A silicon photovoltaic detector, COOM to -VV'c. ^ Us(.(1 ,,„. ,„ „„.asurements     l.,,|„ 
lr",n ■'  "  W ,|lul1 ■ "",,"•• ■ ''■ ««■ modulated at M Rl, and the smnal was amplified by 
a Princeton Applied Research Corpontlon lock-.n unpllfler, Model IIRH .„ui was displayed ,„ 
■ i l e. its and Nortnrup chart recorder 

An absorption cell taftaf an optical path length of TA en, mi used for all measurements 

Hie cell was conslru. ted o| monel «HI, sapphire windows and had a design Identical to thai 

'-P'-ned m IM   {||{     The «as handling system was also similar In that described in Rel   [41). 

n» cell, c,as manllold, and a Tele.lyne pressure transdacer were maintained at  lOo'V while 

H-e cell was hlled with HF, and. dur.n« the measurements, the cell was Immersed in a bath of 

■•ently l,oillnK water.   These and other Kas-handlln,? precaution« were used to avoid the effects 

of polymerization of HF at room temperature, the absorption of HF by the cell walls, and the 
reaction of HF with exposed metal surfaces. 

Observed line wld.hs, peak value» of absorption coefficients, and InteRrated absorption 

coefficients were taken directly from the chart recorder and corrected by the direct measure- 

ment method.   The entire procedure was the same as described In an earlier publication |23|. 

5.3.2.   FXPERIMENTAL STRENGTHS, WIDTHS. AND MATRIX ELEMENTS 

Line strengths, widths, and peak absorption coefficients were determined by direct mea- 

surement with the use of correction factors tabulate.! In Ref. [23|.   T^ble 27 shows the corrected 

values for pressures of 0.932 atm and 0.467 atm.  We obtained dlpole moment matrix elements 
by averaging the measured strengths and using Eq. (85). 
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TABLE 27.   MEASURED LINE PARAMETERS 

Line ■ametei 

S 
P(4) P 

KP 

S 
P(3) ,   P 

V 
K 

S 
P(2) / P 

KP 

S 
pin )   P 

KP 

S 
RIO) >   P 

KP 

S 
R(l) )   P 

KP 

S 
R(2) )   P 

KP 

S 
R(3) r P 

^P Kr 

s 
R(4) V  P 

KP 

S 
R(5) y/P 

KP 

S 
R(6) y/P 

KP 

(0.4G7 atm) .J.932 atm) 

- 0.0175 
- 0.430 

- 0.0127 

0.023;") 0.0232 
0.503 0.502 

0.0149 0.0144 

0.0245 0.0235 
0.506 0.509 

0.0154 0.0146 

0.0164 0.0164 
0.447 0.488 

0.0116 0.0107 

0.0193 0.0188 
0.397 0.430 

0.0154 0.0139 

0.0327 0.0310 
0.443 0.427 

0.0234 0.0231 

0.0353 U.0308 
0.453 0.400 

0.024H 0.0245 

0.0287 0.0299 
0.412 0.434 

0.0222 0.0219 

0.0188 0.0159 
0.331 0.295 

0.0182 0.0172 

0.0099 0.0103 
0.254 0.256 

0.0124 0.0127 

1.0039 0.0038 
1 164 0.167 

0.0074 0.0072 
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Since band-strength measurcnentB dotermine only the square of the rotationless matrix 

eletnentR (Tal)l(' 28), die m dependence of the matrix elemenis must be used to remove the si^n 

ambiguity.   This i> feasible in the case of HF since its vibration-rotation Interaction is quite 

large.   The .sinus determined in this manner are listed in Table 29 along with the present value 

of <3l/ (r)IO"-        and the preferred dipole moment coefficients of ;i(3P).   The correctness of 

this choice of sign is indicated in Fig. 30, where we compared the experimental matrix elements 

with calculations usint: bo,h the preferred M3P) and thai based on the negative matrix element. 

We computed the wavefunctlons  used  in the calculations numerically, using the KKR potential 

tabulated in Fief, 111.   This potcmtlal was calculated with a program written by Zare [11] using 

the spectra    jplc data of Johns and Barrow |4H| as input. 

\ comparison of tne observed and calculated half widths is shown in Fig. 31.   Listed also 

are the dipole and quadrupole moments used in the calculations.   For the radiating molecule, /, 

was taken as a weighted average between its v = 0 and v     3 values while the v = 0 dipole moment 

was used I ir the perturbing molecule.   The same quadrupole moment was used in both cases.   The 

lower curve shows the widths obtained from Kq. (H9) when only dipole-dipole contributions were 

considered.   The upper curve includes contributions through quadrupole-quadrupole.   T'e com- 

parison is quite good, indicating that the theory properly accounts for the em rgy defects.   As 

predicted by the theory and verified with the fundamental band and first overtone band of HF [41J, 

the R-branch lines are narrower than the correspond  •     P-branch lines for small Im , and the 

line widths decrease progressivelv with increasing ^v.   The tendencv of the calculated values to 

lie below the experimental curve is not unexpected, since forces of shorter range than quadrupole 

have not been explicillv accounted for. 

Hie m dependence of the line widths arises from " e product of the J.-dependenl collision 

cross section and the Boll/.mann factor. This is shown in Figs. 32 and 33. Figure 32 depicts 

the case in which the spectral line involves energy levels near the Holl/.mann maximum, The 

Boltsmann distribution for the v 0 levels of the colliding molecule and Ihr partial cross sei - 

tions contributed by the J2 stales are shown The conlrlbulIons for m »2 and m -2 are no) 

identical and the Boltzmann distribution Is more favorabU- for Iv P-branch line, causing it If) 

be broader than the corresponding R-branch line. 

Figure 33 describes the case of lines with energy levels far from the Boll/.mann maximum 

The partial cross sections for the two branches are more comparable In this case, and the 

Boltzmann distribution does not favor elthtr branch.   The resonant and near-resonanl terms 

are eliminated by the Boltzmann factor and the dominant confrthullons are now the off-resonant 

terms.   These terms are nearly equal and lend to a constant value as the energy defect AE In- 

creases.  This condition produces nearly equal half widths for the P and R branches for large 

Im I.   This Is essentially the assumption of the resonant dipole billiard ball model (RDBBM) [45! 
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TABLE 28.   EXPERIMENTAL 
MATRIX ELEMENTS 

v'J'  /id-jlvJ- 

(em-cm) 

P(4) 1.738 

P(3) 1.677 

P(2) 1.642 

P(l) 1.639 

R(0) 1.623 

R(l) 1.613 

R(2) 1.563 

R(3) 1.615 

R(4) 1.528 

R(5) 1.574 

R(6) 1.554 

10 
■21 

TABLE 29.   DIPOLE MOMENT PARAMETERS 
AND EXPERIMENTAL MATRIX ELEMENTS 

M, 

M2 

M, 

(a) ir9 0.91717 A) 

i(lp)l [*(*)] |M(3l))l 

1.819 1.819 1.819 

1.494 1.511 1.522 

- -0.286 -0.136 

- . -1.314 

! ! Mi raDebve 

<0lM(r)l0>        mljn§4  10"18 csu-cm 

<ll>i(r)l0>exp  = 9.850 x 10'20 esu cm(15) 

<2l(i(r)l0>eXp  ■ -1.253 x 10'20 esu-cm(3) 

+<3l»i(r)l0>exp   = +1.628 x 10"21 esu-cm 

4 
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KKU UK 32.   CASK IN WHICH SPECTRAL LINE INVOLVES ENERGY LEVELS NEAR THE 
THE BOLTZMANM MAXIMIM 
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FIGURE 33.   CASE IN WHICH SPECTRAL LINE INVOLVES ENERGY LEVELS FAR FROM 
THE BOLTZMANN MAXIMUM 
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and is In agreement with measured second overtone half widths.   If it is assumed that the con- 
2 

slant value of the cross section is given by a(J2) - fbni.n, the calculations predict a value 

h 5 6     10"H cm.   This compares well with the half widths reported in Ref. |411. 
min 

The contributions of the higher order te   . s (dlpole-quadrupole, quadrupole-quadrupole) 

may be Inferred from Fig. 31.   Although Ih«    • terms are not as large as the resonant or near- 

resonanl dlpole terms, they become increasinglv significant as the stronger terms move Into 

the wings ol the Boltzmann distribution.   Figure 34 clarifies this by showing the partial cross 

sections calculated from dip ile-dipole interactions alone and those calculated from all inter- 

actions through quadrupole-quadrupole.   The increase in 0(1), a(2), "(3), and a{4] resulting 

from the higher order terms significantly alters the calculated half widths since these levels 

are heavily weighted by the Boltzmam factor. 

5.4.   CONCLUSIONS 

The Investigation reported here confirms earlier indications that we cm rellabl) predict 

sell-broadened, spectral line widths with theorie., ike Anderson's using long range multipolar 

molecular interactions     Although the HF molecule represents the extreme case ol small mo- 

mcnt of inertia and laru'e dipolc moment, the pronounced agreement between Iheor   and Kptrl- 

men! indicates that line widths may be calculated accuralelv if proper account is taken of nmi 

re^mant effects    It is also confirmed thai the effects of vibralion-roialion interaction diminish 

with increasing Av, in a«reement with theorv 

%    • • «   • • •   • 
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Appendix 1 

riu  . quationa governing the interaction of gu molecules with r;idiation by means of the 

process« B described by the Einstein coefficients for spontaaeous emission and stimulated absorp- 

tion ami t mission can lie developed In the following way. 

Consider from the standpoint of hydrodynamics, a volume (V) fixed in space with Ixmndary 

surface A.   Lei us assume that this volume contains molecules in two states only and that Doppler 

broadening is the only broadening mechanism.   The numlx-r density of molecules in the upper 

State is n . and of those m the lower state n^.   Because of Doppler b    ..     anR, only a certain 

portion oi the molecules, namely nu  dv and n   dp are capable of absorbing or emitting at any 
V V 

mi,   ir. ciueiicv ,•.   Consider also a density of photons, p^ ^ at or near a frequency i' entering a 

Ipavinii thai volumi and trsvelhng between directions^ andfi • dn. where, k^ is a unit vectoi 

n, the      dlrei tlon.    fh« nel nine rale of change in phijtOM within that volume is given by the 

rirsl i« i in on the lef) hand side oi the tollowü p e- •atkm: 

nd 

\ [^ndMdo»dv "•|(p,,,.^''")ku-uiA= -^ 
io p.Q .IV (97) 

EA 
V A 

Ih.   i. ni.undc i ol tin  terms account for the means by which photons   ';»hin the volume are 

gained or loH.   Ih«  second term   ai counts for the change in p^ ^ by ttl   u  ...       'outward 

Mux til I.IH.IUIIS     IIH  elemenlal area dA has the outward normal I .   The right ha a side is a 

.oinii   i.im and   d(i    ,. dl is ihe rate of creation and loss of photons resulting from the 
■.^ KA 

priMTHM'i  ilesinlied l*v Ihe Klnslein coefficients 

it* 
n    A , 

u     uf 
M 

KA 
dWdcn^^ B^Mtf» nf ^neDfudnd,y 

V 

(98) 

The lorm n( Id»)   ,, dt^j      is determined by the definition of the Einstein coefficients (see 

Im example. Kef. 49) where A . Is the coefficient for spontaneous emission, and A^At is the 

'liiiilMbtlHy liial a mulecule^n the upper*üUte will spontaneously emifc   ^ot^n in any direction 

in time M. I»    and lif   are the coefficients for stimulated emission and absorption respectively. 

It    L At Is Ihe prowblllty that a molecule In the upper state will emit a photon by stimulated 
uf   e 

emission In time At when subjected to an Incident spectral photon radiance of Ly  This photon 

107 

MM ~ *^^!r * ^•..■* T .-L 



r 
^TRIM 

»ORMERLr  W.LIOWRUNUABORAIOR.FS   TSi   UN^KSTY Of   MICHIGAN 

-ill be in phase with and in th. sam. direction as th. incident photon,   A simiUu- definition 

hold« for the absorption of a photon because of the stimulated absorption coefficient Bfu. 

The molecular number densities within the volume also change because of the absorption 

and emission of photons.   The number density of molecules capable of emitting at frequency . 

yd,,, whore y   is a spectral number density having a frequency distribution identical to 

the shape of the absorption coefficient for a Doppler broadened line.   It is assumed nere thai 

COllisional broadening is not important, an assumption which is certainlv reasonable at the low 

cell pressures considered for this program.   Assuming that the net flow of molecules across 

•he surface of the volume is negligib.e, the equation for the change in molecular number densi- 
ties can be written 

v v V ft L   ^ ^   v 
dil dV (99) 

The firs, term on the right hand side is the gain of molecules .n state f capable of absorbing 

"'"-"" '' and ...  . d:,  because of s^.ntaneous emission.    The seend term is the gain and loss 

of molecules in state f because of stimulafd emission ani absorption     Roth these terms in- 

volve integration over all directions to account for all changes in nf.   Th -der of the inu.gr.,- 

..nns over solid angle and . in the right hand side of Kq. (99) can be mverted „nd .„e time deriv- 

at.ve on the left hand side can be brought inside the integrals    .ince all terms are to be integr „ed 
over r and V, the integrals can be dropped so that 

'"f 

IT' Vuf + J""."cKBuf"nf Bfuldsj 
(100) 

The inteKral over solid angle is really a two-dimensional inteKraUon. 

Similar simplifications can be made to Eq. (98).   The term representing photon flux through 

the surface of the volume can be transformed to an Integral over the volume by Gauss' theorem 
so that Eq. (98) becomes meorem 

Tt ikn d^ dv ♦, JVn. ^ dl/dnjdv . jhp 
dV 

EA 

Again, the integrals can be dropped so that Eq. (98) reduces to 

dp n   A • 

(101) 

♦ •-- 
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Thus, Eqs, (100) and (101) form two partial differential equations in the three unknowns, p 
nf  ' nu  •   T,le ,h'rf1 equation is the mo'ecular conservation equation 

v      v 

N 

r.SJ' 

n   f n, 
u        i (102) 

where N is a known function of position.   If no interaction between the photon field and transla- 

lional enei      occurs, then 

n     +n, 
u i 

V V 

N (103) 

where N    is a known function of position and hu the characteristic Doppler variation with fre- 

quency    The quantities n    , nf , and N   can also vary with direction, since the Mlstmec of I 
v      v 

nonisntropic photon field having an arbitrary spectral shape could produce different spectral 

profiles in nf   and nu   in different directions    The constraint on such variations nmsl be such 
v v 

that the number density at any position and time, integrated over all frequencies must be (he 

same Irom all directions, i.e.. 

(nf  (r, t, '.1, v)4*>     nf(r, t) 

and similarly (104) 

J n    (r, t, f), i')d^     n Jr, t) 
v 

In other words, n,, and n   cannot be functions of Si. 

Equation (101) yields the blackbody photon density when thermodynamic equilibrium is 

assumed.   Tins can be seen by Inserting the relationship between A f, B f, and B.   and noting 

that at equilibrium Cp^ ^/at = Vp^ n = 0.   The relationship between A ,,, B p, and Bf   are 

given by Eq. (36).   At equilibrium, the relationship between n   r.nd n, must be 

n u      n      g 1/       u     0u  = — = — exp ^1 
kT (105) 

where gu and gf are the statistical weights of the jpper and lower levels respectively and E 

is the energy difference between the two levels and Is equal to hi^; h Is Planck's constant. 
f 

Substituting these relationships into Eq. (101) yields 
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^n-^hpfs*)- ' 
i-i 

(106) 

the blackliody spectral photon density per unit solid anple. 

I! all photons of inter' st  .re traveling in one direction only, and the ambient radiation can be 

Ignored, and It spontaneous emission is ignored, then Eqs. (100) and (101) can he reduced to the 
laser amplifier equations: 

dp dp 

IT + C"5C" = P c n    B  . - n,  B, 
'1t dX 1^   I   U      Ul I        fu 

en- 3n r.. n 

ir—rr-vK Buf-"r Bfu 
v     l' V 

(107) 

In 'he case of a simple laser amplifier, the radiation of interest comes from one transition 

only, so that the two-level picture above is sufficient.   However, when fluorescence and radia- 

tive relaxation are to be considered, many different transitions and states participate in the 

relaxation process.   Thus, it Is necessary to consider a photon-density conservation equation 

like (101) for each transition Involved.   There must also be an equation like (100) for each of 

the states Involved.   Since each state can gain or lose molecules by several transitions, e.g., 

pure rotation, P-branch and R-branch transitions, terms must be added to the right hand side 

of each cv these equations for each of the possible transitions In which that state participates. 

The resulting equations contain such a large number of terms that It Is not practical to 

solve them, even by numerical means.   Even a general solution to the two-level case Is com- 

plex b3cause of the large number of dependent variables Involved (three position variables, two 

direction variables, time, and frequency).   However, as has been noted, It will be necessary to 

assess the effects of radiative rotational relaxation by stimulated emission.   This assessment 

necessitates the solution of these equations for some simplified case and will be attempted 

during the second half of the contract period. 
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Appendix II 

The detailed results of the mahix element calculations for HC1 are included in this appendix. 

The matrix elements used to determine the dipole moment function were: 

<0|/i(r)|0- 

<ll/i(r)IO^ 

1.10847 10       esu-cm 

7.12 K ID'20 esu-cm 
,-21 

The d 

<a|<i(r)IO> = -7.75 x 10       esu-cm 
-19 

<3l/J(r)|0> ■ 5.15 x 10       esu-cm 

<  moment coefficients determined from these matrix a 

■IS 

•?nts are: 

M0 
Ml 
M. 

1.0935 ± 0,0007 x 10       esu-cm 

0.947 ± 0.023 x io"10 esu-cm/cm 
-2 2 

0.015 ± 0.041 x 10     esu-cm/cm 

M3     -0.814 ± 0.116 x 106 esu-cm/cm3 

Tlie first three pa^es of tabulated values lists the rotationless matrix elements computed, the 

corresponding Einstein A's and the computed band positions.   The following pages list the rota- 

tion dependent matrix elements and Einstein A's.   The transitions covered in the tabulation in- 

clude vibrational transitions for which 0 < A^ s 5 for all vibrational levels between 0 and 12. 

All rotational states between 0 and 35 are included. 

Tabulated values for transitions involving vibrational states substantially greater than 3 

should be used with caution, however.   Such transitions represent extrapolation of the polynomial 

dipole moment function to internuclear distances beyond those distances represented by available 

experimental measurements and hence are subject to unknown inaccuracies.   The tabulated values 

for transitions involving v ^ 5 states exhibit unusual and unexplained variations with rotational 

quantum number J.   These variations cannot be defended because of this extrapolation and should 

be treated with some skepticism. 
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I? -7.1    ) -, 0 r - 7 0 l.OST^F 01 c?Qq,4 •?*?«Y0E»?0 1.0401r 01 4044 .4 n -7.T   1   ]<.u.-,  1 1.16'?^ 01 r400.7 -2.-»107e-?0 1.0317r 01 4<5n .4 
i* -7.1!7aF--T '  .Tl^F m ^400."' -7.7707r_?o I.Ü777F 01 4377.3 
i* -7. i 1 *■"''  -7 ) I .0"'7Qr 01 «^oo.o -7,3tPOF-?0 l.Olft-'F 01 4342.1 
i*. -?.' 707t_7 ■) 1 . J77}r Ji C107.-F -7.3h'J6F-7C I.OO^lc 01 4,006.0 
\f -7.1   7i,/.r-7 1 1 . )o':«r- 01 r.T74.1 -^.■»onF-jo uwtie 01 47^.0.0 
i" -7.1 7"1 (--70 DPO« 01 ';31o.l -2.4141F-70 ').<'«i41 F 30 4730." 
M -7, i •> /,/,r_7 j 1.-1P71F 01 t':"'7.fl -2.4^«»0F-20 7.RR'>4F 00 4»5<31 .0 

'i 
-?.140i'r-'' » i .opoor 01 ^^S.l -7.4M1F-20 0.<1747l: JO 46M .9 -?.' /.^oc-?-, 1, 107or 01 ^3^.5.<> -7.4P<»4r-20 0.7M1F on 461 1 .1 

?■' -7.1 S7QC -;T l.OC^r ii S7S5.4 -2.^170^-20 <>.60«IQF 00 4^69.3 
71 -;.I<, itc -7^ i.aa^ir oi S7C3.4 -7.^tsoF-70 <».S37^E 00 4'526.6 
?'. -7.1^^7r-7 j 1  .  )'3f,lF 01 S130.1 -2.S7iSU.-20 o. 576fiF 30 44O7.0 

-?.1 fHV-^fl l.0*MC 01 S31S.1 -2.607flF-70 I.Slfi'it 0Ü 443«.6 
-7.1a77r-70 l#<M«SI ni S?OQ.O -2.'<40<>F-20 O.iS^c 30 4393.2 

?7 -7.1  -. 7r,C_-7 J UQVM 1 01 'i7'(| .4 -2.^75(SF-20 <?.^Q70F 00 4347.1 
7« -7.7077r-.'0 1 .OO^OP 01 S?ft7.7 -?.7llor-70 q.i37/.F 00 4300.0 
7q -r.'i ME»? ) 1 .O^?!«: 01 ■i^ALö -2.74OOF-70 <».77<17F 30 47«;?.2 
30 -.7.77C7F-1T I .onnr 01 s?!«».1; - '.7«<»7<:-'0 0.?1<'2': 00 4203."5 
31 -7.24UF-.10 ?.cn<i->E 01 sm.o -2.S314F-20 ''.1'iOOF 00 41S4.0 n -7.7t7i!,F-->1 l.JotfrF 01 S170.Q -2.ft750F-20 ".IOOP«- 00 4103.7 
^> -2.?^KOr_?0 1 »OMOK! 01 ^144.3 -2.<J207F-70 <).0414F 00 40,52.6 
■><. -7.7707^-70 1.07S7r 01 5116.» -7.Q6O6E-70 ••«IITE 00 4000.7 
M -i.9«t«r«9a 1.0^03^ 01 •^OfliS.^ -•'.01P«F-''0 8.1'21<»F )0 394<1.0 
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2PL 
»OBMFRL»   »VIL. OW  RUN I »BORATomtS    IHI    UN.ViHSlT, 

AMD   Fvrar.ICS   CT»    V=      ?    rn      ,    TRANSITION«;   OF   nri 

FSI'-C'i 

0 2.H7CF.91 
' ?. «tt,r.?, 

-1 7. ■> "SC7r-71 
A »,3 -»AOF-'I 
* 7. ■(otir.-'i 
•! 7.'-.! MIE-71 
6 y(4^MF-91 
7 ^ .'. >. 07 r - ? 1 
' 7,4 -1HRC.7! 
O 7.K1 t^r.-.! 

10 7.'.i."iTf- -;•; 
11 ^.t; TU«,!:.-»] 

!2 -.. i lor -TJ 

13 r.«-r-1^r-'i 
14 »,ft«IfF-»t 
i«; 7 . ' "> i,/. c - -«l 
if. 7,77CT _•) ] 

iT 7.9 ■7fr.71 

i« 7,a 78CC_Ti 
!• ?.a^Hf-?1 
20 >.Ooq5r-71 
'1 i.T<'-.7r.T1 

7-> '.' ' .^F-?! 
»3 1.1 7p0c_?l 

■>i. ^."♦FBF-?! 
*% •<.»->->/lc_7I 
?* (.mAr-?) 
?7 -•./.i ir;c -T] 

?» >»«^»0F-?l 
■") -".^S^r.-Ji 

I« t.740SF-71 
• t T.aiOQt-Tl 
«> T.O^I^.-.?, 

1^ <(.0CC7F-71 
M. .1.1 7a4F-7i 
■>s t.?o77r_7i 

SFC-I 

•>.»,6«>7r. 

'.'Pll1 

4.C70OF- 
't. 1 K1?c 

«.,,77qp 

'♦.'WF 
4.S100C 

4.7C2qp 

"). J7i,6fT 

S.s/.t7r 

>;, P c i /. r 

^..O^O^F 
^.77')?F 

7.aq^OF- 

7.Q17qF 
>>. 1044? 

«'.■'"43F 
<».0C77P 
".4?» 7F 
9.7ft0''c 

UOlttl 
1.047«;? 

01 
01 
Tl 
01 
01 
01 

-31 
-01 
-0' 
-01 
-01 
-01 
-01 
-Tl 
-Cl 
-01 
-01 
-0' 
•01 
•01 
■01 
■01 
■01 
01 

•01 
01 

•01 
-0' 
-01 
-01 
-01 
-01 
-01 
-01 

00 
00 

*T4«.Q 
TTM.O 
777Q.7 
77T1^ 
7P0?.1 
■""0.7 
7 P '. 7 , « 
T<>?.',.4 

7a7^.«; 
7q?^.7 
78'3.0 
7q1P.1 
'P] 1 .Q 
70T<. ■• 
77<J?. a 
77*0.4 
77S6.1 
774°.fl 

"'711.7 
7«,PO.J 
7(S64. 7 
■".^P.S 
7^10.? 
7S70.T 
7Si,7.s 
7sn.? 
7A7^. a 
743P.1 
7107.7 
7-»S<.0 
■»■»lo.? 
77»^. 7 

""^K. 1 
71IS2.H 

»-PR ANC.M 

'.■»l?4r 
'.■•051F 
7.7907r 
?.?o«;4F 
?.?03TP 
'.?0?^F 
?.'C3PE 
i.?0)S«.F 
'.>OI3f 
?.:>07SF 

7. 17«;7F 

2,>«41P 

7.403ISF 
?.4?S»F 
7.««13p 
7 , 4 74 or 
?.^O^OP- 
^.R^SP 

?.Sf.66P- 
?.60?1F- 

?.f.<'l7P. 
?.",?S7F. 
?.77iQr- 

2.P7ft3P- 

7.O04<)F 
'.CfrOlP- 
3.1200=- 
3.704^c- 

-21 
-21 
-?1 
-21 
-21 
-21 
-71 
-21 
-21 
-21 
-21 
-'1 
-21 
-21 
-21 
-21 
-21 
-21 
-71 
-2] 
-21 
-21 
-71 
-21 
-21 
■'1 
-71 
21 
21 
21 
21 
21 
21 
'1 
71 

7.iSOl<,P-01 
':.O'525F-01 
4.4P37F-01 
4.7142F-01 
4.34ftC.P-01 
3.Q263P-01 
3.«'376-01 
3.75PSF-01 
3.iSOMr.f11 

3.6471F-01 
'.«>o/,«,F-01 
'.SSs<JF-Tl 
3.S22"P-0l 
3.4034F_oi 
3.4SP3F-01 
T.4460F_TI 

3.42q4F-01 
3.4157F-01 
'.4051P-01 
3.3<»77P-01 
3.3O32F-01 
3.3qiOF-01 
''•3<»3PE-01 
i.30i»4P-oi 
3.40S')F-01 
3.4lm4F-01 
3.429aF-01 
1.445*16-01 
3.4'.«!2F-01 
3.4S7SF-01 
3.«;] 30F-01 
».541fP-01 
1.S741E-01 
3.«,0O3C-0l 
3.ft4P7F-01 

FM-l 

7711 .4 
76O0.0 
7m*-f,.7 
7641 .7 
7fl4.0 
7SP*,.4 

7S74.1 
74O0.S 
74SS.I 
7413.1 
7370.4 
7?-«0.1 
7207.7 
72^3.7 
720P.IS 
71M.9 
7in.7 
7Ü6 3.0 
7012.ft 
ftOSO.fl 
ftO05.S 
'K'>40.ft 
6792.l 
6733.6 
6673.4 
6611.7 

64«4.0 
641fl.l 
6350.7 
6251 .9 
6211.6 
6140.0 
6066.9 
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FORMERLY WILLOW HUN LABORATORIES, THE UNIVERSITY OF MICHIGAN 

I 
1 
i 

4 

7 

10 
n 
i? 
n 
ii 
IS 
IT 

i: 
?i 
ii 
?i 
?* 
pi 
i« 

?* 
?» 
?0 
31 
•>•• 
'3 
14 
3S 

MtTlfX   FL^WT^,    FT^'^TCIM S'S    »NO   FNFT.fF«; rn"»    V=      ?   TO (S   TRANSITION';   P^   MCI 

r-«o/\NCM                                                                                                     P-BOÄNCH 

<V     l/«il/V«    J*'>                         I                                        ': <V   J/Mll/V J-1>                A                                       F 

rt;i,-'-M                 srr-i                    c^-i FSI)-:M                 s^r-i                   CM-I 

-A.^PSOC-? ? ■,.'T?'»7P-U4 101 ?1 .^ 
.t #T  !  JOC -? A l.t lAOC-Oi, 101»*.? -4.''440f:-21 h.070?F-04 100«4.^ 
- = .li'. ■'■"■_•>•> t.. 1 «.roc_04 1014».h -4.I')'5?F-23 3.sqM--04 10062.4 
.c:#o T-of -^-^ 4, qff.nc:_04 nis<?.4 -4.01«.7t-?1 3.070'n:-04 10017.9 

-f.-'S/.l'-?» e,. jroiK-04 101*>i.9 -■».ooisc-?! ?.7173F-04 10011.0 
.,..7^ fic.-i « . ''M'iF-CK 10170.■» -1.»17OE-?3 2.S2MF-04 99*1 .« 
.y.2*'- <■-■>■> =!. 1 lM|t:-04 1J173.? -3.7n4 7F-?3 ?.4l41F-04 99«0.1 

-7,o I?"'  -■'"> o.^'^-O«. 1017->.? -3.7h?3F-?' 2.3311F-04 ooib.l 
-a.«.  M'-?' ' .1 PO^-O* 13170.f, -3.7P?qF-?3 2.309f«F-04 9P79.9 
_!:#i )e^( .»i i ,-> utF-cn lOliS^.h -3.P77«F-?3 2.3247F-04 0Q41 .? 

-q.ci 671 -"', 1 .rT477F-01 lOISB.O -3.qioiF-?3 ?.3>1S7F-0' o«00.3 

.t.QtMf-22 1 .'>?^0F-m 10147.0 -4.04S')F-?-X ?.40786-04 07S7.? 

-1 .'^' " -■'7 7. ! •<7OE-0» 1013"i.1 -4.?0^3F-?3 ?.65 09F-04 071! .7 
-1 .l»,^ !-.>■> 7.^o';7r.oi »01'0.7 -4.3'JP"F-2< 7.«4<1SF-04 <,6fr4.1 
_ , , •, 11 c; i _ > ^ ->.Q41'iF-01 1010'.•) -4.M««':-21 3.1101E-04 OM4.? 
-1   .H^T-T-. l.t^TOC-OI 1001?.3 -4.0O50F-?3 3.30BBF-04 0^62.1 

-l.fO^tf-»? ^.nift^c-o^ 1 OOSO.«. -S.'117F-?3 3.779«F-04 Q'»07.O 

-1.74?Rr-7- '■..«,o-'5'!-03 10034.1 -c..«S6<>c_?7 *.?l'ftF-04 04S1 .4 

_l .noc, 1 [■-■'" r, ,4fc70P_01 looo*.•; -•T.O506F-23 4.7->34F-04 OT92.0 

-?.0<>n4r-7' ft, ^•>42c-03 '>''7*.l -*.3074f-7^ 5.-«5 7SF-04 9332.1 

•t«9044r»22 7.^171E-03 Q041.1 -'>.'»6S7F-23 ft.'U«SE-04 92*0.3 

-^.Tqinr-^-» B ,4^4*, C-O^ qoa7.«; -7.3''05F-?3 fc.1*2*>F-04 9204.4 
-->.s-.'-i'.r-->T ■).7410>:-0-» 0R(SQ.4 -T^M^F-?1 7.7411^-04 0137.3 
.-• #7<.CQP.->? 1 . 1 lo?c_o? >fl?fl.f> -q.S7l<>e-?3 ,«,7<13<'F-04 O0ftP.2 
.7#oa» i    .->r 1 .■>047!:_c-» 079^.2 -o.2?04F-?l O.9112F-04 ROO7.0 
--'.7 1 itr. >7 1.4*>7qr_02 Q7KJ.-» -o.o«;?f>E-?3 l.'?*4F-03 8021.7 

-'.'.'7pt -?? l.'.791F-0? <?hQ0.S -1.074?F-7? 1.27R26-03 R«4«,3 
-■>. »I  7->r_;>, 1 .'40MF-0? 161°.1 -l.lShSF-?? 1.4420E-01 «770.0 
.|(a<t«^f.y« '.^SIF-07 <:SP5.0 -l.?4SqF-?? 1.6274F-03 «601.5 

-4.'ITN -^? ?.4"i-»]F-0? qs?«.» -l.'4l7E-2? l.fl3 36E-03 (1609.9 

-4.lS00'■^-,■> ?.77>?F-0? 94f,B.7 -1.443Pf-22 2.0MIF-03 «526.1 
-4,o1^ir.77 1.17BTF-0? <?40ft.^ -l.'i5?flF-27 2.3114F-03 8440.7 
-»,70 P0f-_7,7 ^.•;?l4F-n? «♦1 .* -1.6*<'6r-?2 7.5M1C-03 8352.0 
.^.f Mi.ir-77 ■».<5R7lF-0? !'?71.S -1.7062F-?? 2.3OR7F-03 8263.1 
_«. ,0* a«;F-7 7 4.417qF-0» i?02.' -I.O>0<»F-?2 3.2377F-03 8171.2 
-f .^OTTf--"1-) 4.0(>.«7F-0? ^l?«».l -7.07S4F-?? 3.4113F-03 8077.2 
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ERIM 
FORMfRLr  WILLOW RUN LABORATORIES   TMf   UN-VKRSiTY n   MICHIGAN 

««T»IX    rirs,F-;Tc;.    r,N.<;Tr|N    *,<;    4Nn   FMPRr>,F^   rn0    v=       ?   „,       ,   TRANSITION«;   HF    Hfl 

»-•»•4HCH 

<V    l/«li/V'    JH^ 

^L'-'M 

0 
1 
? 

c 

Q 

10 
11 
1? 
11 
I« 
1r. 
I» 
1 7 
I» 
I« 
7 1 

?■> 

■' i 

M 
.■"■ 

77 
7^ 
7 ) 
30 
31 
7? 
3-» 
^4 
■>^ 

-1 .-"I'l.ir 
-l,3»»Mr 

-1.'.0->^F 
-1.604sr 
-l.'.0f7F 
-1 .40i.7F 
-1 .«.o«.ir 
-'.40^7^ 
-1 .•»«■'•OF 

- ' . ■» ' 1 1 F 
-1.3B?7C 

- 1 . ^ 7 7») r- 
-1 .'«'.osr 
-l,J*«1f 
-l.TOTF 
-i.»orw 
-1 .■•« >4F 
-l.-'STJC 

-1 .IQIOF. 
-' .1 S^sr, 
-'.I }0f-t- 
-1 .O^'ilF' 
-1.0'OAF- 
-q,«;«, 7PP. 

-P.qo'iir. 

-''.•'7^SF- 
-7,a<,0^c. 

-'■.6,inF- 
-":,7«OPF. 

-4..7P1-JF. 

-3.7->fOF- 
-2.««71F- 
-l.->77iP- 

■>.' ?0?C- 

-7? 
-77 
-77 
-7? 
-7' 
-77 
"22 
-7-) 

-'? 
-77 
- "» ^ 
-77 

-7? 
-77 

--> T 

-77 
-77 
-7 7 
-77 
-7? 
-77 
-? 7 
-?7 
-7 l 

.7-» 

.7 > 

■7 3 
-73 
•73 
.71 
.7 1 
.TC, 

3. •< 710^ 
'..^o/,7F 
^.OMAF 
■i.."^ SIP 
S, TJRO t 

1 .S7«,7p 
c;.c;7mP 

S.1- SC7P 

S.SIT^P 

S. IS?«.? 
S.7WIF 
^.1C^"F 
6 . C) S «, K P 

A.77n3P 
'•.ssrop 
A.3411F 
4.0T3F 
3.<'7,;SF 
3.c;477F 
■>. 7<(i!.7p. 

7.03Q<)F 

7.M-K.P. 
7.7QA4P. 
i .«fe^ac 
l.f-«10F- 
1 .-»-»SSP. 

1 .(KOOF 
■'.K.30,:- 
s.l'.CAr. 
3.r)f?oF. 
1 .A^MP- 
3.70?'7C- 
l.OC?f,P. 

-U3 
-tn 
-03 
-03 
•01 
-OS 
-03 
-0 3 
-03 
-03 
-o-< 
-03 
-07 
-07 
-03 
-07 
-07 
-03 
-07 
-03 
-03 
-07 
-07 
-0' 
-0< 
-03 
-03 
-07 
-07 

-0 3 
•04 
■04 
-04 
■04 
-OS 

O«» 

CM-1 

!73«Jl.fl 
1740S.3 
1741S. 7 

1747^.0 
17477,< 
1747«.4 
1?4?^.3 
'?471.? 
1741?.1 
1740'..': 
177q7.J 
' 77/.r».4 
17348.», 
l'T»4.7 
177q7.>s 
17767.^ 
17734.f) 
l?lc7.4 
'71S7.7 
17114.« 
170*.R. 7 
1 701O..V 
110fr(..q 
ll°ll.7 
IIOS?.? 

11774.4 
1 lhS5.S 
11^«3.7 
'IS07.6 
'1478.*> 
1134S.I 
1 17^0.0 
11170.4 
11077,? 

10Q90.3 

p-n^HNr-i 

<V  J/<*U/V*   J -1>                 A F 

FMI-C^ «C-l TM-l 

-1.3P70P-27 1. 13q7F-J? 127SS.S 
-1 .7041P-77 7.S13flE-03 12337.9 
-1.37C7P-7? (S.«,77qF-03 12307.0 
-1.3750E-7? ').2727F-03 12279,r 
-1.3713F-?? '-.01fl3F-03 1724f.,4 
-1.36S7F-2? S.«0h?F-03 l??ll,f 
-1.7610F-2? c;.^43flF-03 17173,7 
-1 ,isstP_77 «i^RA'p-ai 12133,0 
-1.3S00F-2? ';.3471P-03 l?0oo,-\ 
-l,343SF-7? S.7f)4';F-03 12042,7 
-1 .3-»ftSF-2? S.06?«F-03 ll«:q3.2 
-1.37Q7r-77 4.n7^np-03 n<»40,P 
-l.'7?0P-77 ',.7RMP-03 1 l^RS^ 
-1.3137P-27 4.'i47OF-03 11«77,5 -1.30Sq'-_?? 4.S0 74P-0:< 1 1766,'■ 
-1.70S4F-?? 4.3S40E-03 11702,0 
-l.?«S?F-77 4.7057F-03 11^36,4 
-1.7742E-2? «.0S34F-03 11S67.2 
-1.2^10F-?? 3.P<»07F-03 U4qs,7 
-1.24P7P-7? 3. 73f 7P-'J1 11470,S 
-1.7347F-7? 3.':744E-0? ll',43,l 
-1.2202F-7? 3.4137E-07 11762,0 
-1.704SF-22 3.?501t:-03 IIIPO,! 
-1    iftf,pp_2? 3.090SF-03 11004,5 
-1.1702F-?? ?.<»7lqf_07 11006.3 
-l.'.so6F-22 '.7S37F-03 1001^,3 
-t.l919C«t> ?.sqi7F-03 10P21,7 
-1.10P7P-2? 2.4217P-07 1077S,4 
-1.0«70F-?2 2.2^246-03 10626,3 
-1.0IS36E-2? 2.1031F-03 10524,6 
-1.03»SF-2? l.<»4S0E-03 10420,0 
-1.0123F-77 I.7q06F-03 lO'l?,? 
-q.P441E-2? 1.S38qE-03 10702,7 
-0.^740=-?' 1.4fl6?F-03 lOOP",« 
-<».21576-23 1.340«F-03 0074,1 
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2™. tORMERlY WILLOW RUN LABORATORIES   THE UNIVERSITY ol   Ml( MIOAN 

WÄTRTX   >:LF«r,*'T<;,    EINKTCim    A'S    ANO   tN^GIFS   FfW   V=       ^   TH      ■«   TRANSITIONS   OF   HCl 

Pure Rotation 

J CV   J/wiJ/V   J*!^ A F 

FSU-CM err.! C«-l 

0 1.14<.OF-lQ 1.037O=- ■03 10.1 
1 t.l«SlP-1 1 q.o^OT- -0' 3R.1 
? 1.10V.F-1« A# ■; opp t. -Ü? ^7.? 
3 ,.iqs«c-ia «.pnsRc. -02 7«,.? 
/, 1 .1 OtTF-m 1 .75StF- -01 0*>.\ 
t; 1.!"fQF-I^ 3.0710F. -01 114.0 
A 1.1077F-1« 4.01<}1F-01 1»7.R 
7 l^QPSF-] P 7,1707F -0' I'il.S 
I 1 .I'^F-l" i»0994P 00 170.2 
o 1 .POO'iF-lP UMffl on 1^3.7 

10 1.7017F-1■ '.o74?c 00 707.1 
1 1 1.?0>OF-1R '.4C44F 00 27^.4 
1? 1.'n^Ac-ii 1.1«,7flF 0D 743.5 
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7.7*31 F—03 11767.1 
7.00»'.F-07 11776.4 
6.H7iqF-0? 11701 .P 
6,6117F-03 n'^4.7 
^.^SZlE-o? 11A?).7 
^.^l 1^-03 1I^PO.l 
6.3?26F-03 M M1.9 
«).?l??F-n-» U4P4.0 
^.0<»00F-07 11431.6 
». ■J61?F-07 11176.3 
S.1?54f-07 mn.o 
S.6P?0F-07 11757.0 
c.M4«iF-03 111«5.1 
'5.34'iOF-03 I 1126.4 
S.1S1PF-03 11056.1 
4.''S61 F-01 100H4.5 
4.73P9F-03 lO^OQ^ 
4.S111F-0? I0i17l.s 
A.771?F-03 107^0.q 
4.0?43F-0? 10667.4 
1.7711F-07 10SR1.2 
•<.S017F-01 I04Q2.? 
7.7407F-03 10400.4 
'.'>671c-03 1070").7 
>,.7046F-0? 1020R.2 
?.^B6r-03 10107.9 
'.!10QF_07 10004.7 
l.'3777F_07 opqp.«; 
l^fllSF-Ol <»7Rq.4 
1.4<i19F-07 0677.7 
i.??6ir-03 «»562.1 
l.01«11F-03 9443.'. 
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«ATPIX fLFMTMT«,. rtNSTFIN Ä'S ANO rMFur.IE«; FOP V=  4 TO  4 TRANSITinN«; OF HCL 

Pure Rotation 

J <V   J/^U/V   J*)> 4 F 

ISV-TM SFf-l CM-1 

l.??10F-l9 q.«445F -04 ip.«; 
l.itXPr-l* <).4?00F -03 3IS.P 
1.2214F-19 '.400^F -02 55.3 
1.221PF-lfl P.3«^F -0' 73.B 
1 .??2iF-l <» U«*49f -01 "V.l 
1.???<»F-1R 2.9mF -01 110.4 
l.?2-'fF-l« 4.6615F -01 l'P.6 
l.??t,%f-ia ^.OPIOE -01 146.7 
1.2?5>r-l« <>.<»fll2E -01 164.R 
1.72f3F-n 1.3607F 00 1P2.7 
1.2?74F-IR '.«21^ 00 200.5 
l.?3«6F-lfl 7.3610F 00 21R.2 
1 .22Wf»1 1 2.''C2HE 00 '^5.7 
l.?3nF-l B 3.-'2?7F 00 25^.1 
1.23?OF-1H 4.';';7'<F 00 270.3 
1.234SF-I« 5.50u>»F 00 2P7.4 
l.?3f7f-n ^.K563F 00 304.7 
1.23filF-18 7.7?B?F 00 320.9 
1.?400E-1<1 9.01OSE 00 337.3 
l.2421F-iq 1.0433E 01 353.6 

20 1.7'.«.?F-n 1.19(S7E 01 ■«69.S 
?1 t.74f4F-m 1.362qE 01 385.3 
« 1.24l»flF-lH 1.54UF 01 400.8 
?? 1.2517F-1« l."'?21E 01 416.1 
?4 1.2537F-lft 1.9351E 01 431.0 
2S 1.25<3F-1« 7.15C4F 01 445. 7 
?6 1.2590E-18 ?.3772.- 01 460.1 
?7 1.7618F-1<1 ■».MS^E 01 474.7 
?fl 1.2647F-1« 7.fl652E 01 488.0 
29 1.2676F-1« 3.12'i2E 01 501.4 
?0 1.270TE-1B 3.3S53F 01 514.6 
M l.?7^E-l« 3.6742E 01 527.3 
1? l.?7f«)F-lfl 3.<>623E 01 539.8 
3^ l.2«02E-lfl 4.2578E 01 551.9 
3* l.7B3'5F-lfl 4.S601E 01 563.6 
35 1.2«fcRE-in 4.8684E 01 575.0 
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M,TPly   FlCUFMTC,    ri^STTIN    A««;    AN')   PNror,!P<;   rru    v=      «.   TO      >;    TR4NSI rr f|N<;   OF   HfL 

u_r« ijf Mfi P-B« *NCH 

.1 «-v   i/pu/v1  J»I^ A F ^V   J/wil/v'    J-l> a F 

t Stl-'"" ^ec-i ra-i r^u-r« S-C-l TM-l 

r\ '.'• 7 l"--!-1 ■*.?7^0^ 01 7^07.« 
1 l,«iT«f.{« >.07ft>*F Bl ''SIO.O 1 .ttf-onz-^r. 1.0032r 03 24^.4 
' 1, ■» ?*(»■-♦ 0 t.,no77r 01 7S7fr.m 1.4n2fiP-l<l h.T^S'F 01 2437.4 
3 l,H0.T-l<l A.1777r 01 7,iA7.iS !.^'ft?F-10 6.1143F 01 2417.7 
'♦ 1  # ^ T <-Tt   _1 -1 A.l IS'.f 01 7SS7.0 l.S7Q7t:-l T '..nsSTF 01 2'")7.s • !. < )>l«-in 4. 1 7« »C 01 2 ■!??,» 1 .^'•33F-l0 S.7 1 7».F 01 2376.7 
A. 1, ■> -f Tor-i 0 

4.n6';': 1' ■■SP?,.«, l.'in'iflp-io ,i.f<7<l7F 01 23^.4 
7 i ,.»P>,»M -i q A.J7>,lc: 01 ?SP4.<? 1 .61C4,:-1() 'l.Sb'iOF 01 23?^.6 

1  .-'■'<•., L  .]  r, A.ocnr 0 1 .■"•!?. . 1 .A73<»F-in ■T.snoF 01 2311 .2 * 1 .■'O/.er-] o I.QIMC 01 7f-?A.i l.it.,i75F-17 9(«ftM' 01 221".3 
I J 1 .1 TOM -in '.p7nF 01 7f, ■?«;.« '.^PllF-lQ t;.4?07F 0! 276S.0 n 1.1 s.'.Ar-)T 1,7\«ir ill ^s^^.o 1.704^-10 S. W40F 01 2241 .1 
i? 1.1?o»r-i" ^.h^fTT 01 7f.'-,c; # 7 1.72P2F-10 'i.-»247F 01 77lfr.fl 
11 1 . 1   lli.f  -1 c 3.4o0np 01 7ft*.4.7 1.7^IOF-10 ^.7771F 01 2102.0 i« l.Wir-i ) 7. ■<iS«4'r 0' ?''7?.<» l.-'7S4=-iq S*71SftF 01 2166.0 i^ 1.0s?Jt.i  j l.'^OOr 01 ->f^|-).7 1 ^oqoF-l^ ,;.1S46F 01 2141.2 
i 'i 1,<»»^*F-10 1.1C<"'P 01 ?is^7.0 l,B??«,r-_10 ^.a^QiF 01 211K.2 1 » C ,f 0 POF_7T 7.077 7C 01 2^?.° 1 .84ft?F-10 S.0187r 01 20PP.7 
1 J C.7 1 70r.7   1 "•.IT« jr n ?f^a.O 1 .Bfroqc-io 4.0436F 0 1 70'-1 .0 11 C ,0', 7^-70 I.MH« 01 P,T0?.3 I.PT «4r-io 4.R«.37F 01 2074.7 
7 0 c.1 <-^4f_^ ) 7.S47QF 01 770';.7 l»<lt««IC-l« t.77POF 01 2 )07.1 
71 C . q 7 - 7f . -> 0 7.',C1<'C 01 77 0«./, 1 .O404F-1O 4.'.<?O6F 01 l(57C1.2 
?.' p.sinor-'o 7.7';fiF 01 7710.1 l,4t}«|l.l« 4.S757F 01 1^^0.9 
?1 o.-> jt/^p.-'o ?.1')>-'-c 01 2711.1 1 ."174^-10 4,4074F 01 1072.2 
7'. T.OTW"-?') 1 . OSfl^p 01 77U.? 2.0100^-^ 4.304oe 01 1P03.3 ? ^ '••   •=-"T--?(l l.''in7F 01 2710.3 2.0341F-]Q 4.2SRSF 01 1P64.0 
?«• T,«"»*lt—JO 1 .frf^or 01 27Cfl.iS 7.0K74r-n »•ITtll 01 laB4.4 >7 7.0S >.)t-7y I.SIRPC 0' 2 70'. 0 2.0<"05F-lq 4.0')47F 01 1a04.') 
71 t.7?/.Pr_T0 1 .■?7SOF 01 7702.S 7.IO?f.F-10 :«.Q472F 01 1774.4 
7T »# >OM C.70 1 . ? ^ "i R F 01 7(SqP.l 2.1265F-19 3.fl7f,QF 01 1743.0 »a f .0^rf,'"-70 1.n0O7F 01 2^«J2.7 2.1493F-1Q 3.7040F 01 1713.1 ni = .». -)Tt(   -7-5 o.«,«,O0F CO 76«f..4 2.1710F-1Q ^.S7B4F 01 1612.1 
i? «.StMl -»0 0.IQ^^r 00 2^70.1 2.1042F-in 3.4S0PF 01 ^^O.« ^' 4.n770( _->-) 7.1705c 00 2^70.8 2.2164F.lt) 3.3212F 01 I6I0.2 
■■A 4t4*T0( -7i «■.0?73F 00 >*«t.« 7.77p-»F-lq 3.1o<»qF 01 1517.4 M 4.U?0r-70 <>.n47*,F 00 26S1.3 2.2,iqoF-l'= 3.0^776 01 l«9f.] 
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MATPIX   rL<:MFNT%    r,NSTF,N    A,s    ÄNn   FNFRr,IF^   FOp    y,      ^   Tn      f    TRANSITIONS   Of    HCL 

P-^RANCH 
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- ■> . 7 0 7? F 
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-1.^r,77F- 
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-■'.MOOF- 
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-1.71 W- 
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- ? . 7 ? «4 F - 
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-•>,B014F- 
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-?1 
-20 
-70 
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-'0 
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-20 
-20 
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-7 0 
-7j 
-2 0 
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-7 0 
-20 
-'0 
-20 
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-?0 
-7 0 
-20 
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-20 
-20 
-20 
-70 
-20 
70 
20 

1 F 

SEC-l CH-I 

'.7inF 01 4P6,;.2 
.1.0fl2SF 01 4flR1.2 
7.71f.4F 01 4Rq*..0 
'.124^ 01 4900.5 
'.^B^F 01 4021.7 
7.4721F 01 40-*?.(S 
2.4';75E 01 4042.3 
2.47f.7F 01 4OS0.6 
2.4P4<)F 01 40',7.7 
2.5'006 01 40M.4 
2.'5222F 01 49(S7.P 
2.5170E 01 4O70.0 
2.«107E 01 407?.7 
2.,;4S7F 01 '-.T71.1 
2.,i'-00F 01 4972.2 
7.<;s71F 01 4<»f>0.q 
2.';'i47E 01 40«,6.7 
2.'iS4?c 01 49M.1 
2.CS2BF 01 40«4.7 
2.«iS01F 01 404^,9 
7.S4«BF 01 4917.h 
2.«14026 01 4926.9 
2.')3'»1E 01 4914.8 
7.«»245F 01 4901.2 
2.S142C 01 49R6.1 
2.'i022P 01 4160,f, 
7.4flfl4F 01 4flSl.S 
2.4720F 01 4P11.9 
2.4552F 01 4H10.« 
2.4355E 01 47PP. 1 
2.41376 01 4763.8 
2.'B06E 01 4737.9 
2.3610F 01 «710.3 
2.1139F 01 46P1.1 
2.3021E 01 4650.2 
2.2674E 01 4617.5 

P-BRANCH 

<V   J/MU/V»   J-l> K 

FSU-CM SEC-1 

-3.R211E-20 
-^.8407F-2ü 
-1.8595F-20 
-3.P797F-70 
-1.9012F-20 
-1.O240F-20 
-1.94P3F-20 
-1.O741F-20 
-4.0014^-20 
-4.0107E-70 
-4.06066-20 
-4.09276-20 
-4.12666-20 
-4.16226-20 
-4.19966-20 
-4.23916-20 
-4.2P05F-20 
-4.32406-20 
-4.16966-20 
-4.4175F-20 
-4.46776-20 
-4.52046-20 
-4.57566-20 
-4.63356-20 
-4.6941F-20 
-4.7577E-20 
-4.8244E-20 
-4.8942E-20 
-4.96746-20 
-5.0442E-20 
-5.1748F-20 
-5.2094E-20 
-5.29B2F-20 
-5.39166-20 
-5.4P98E-20 

5.16426   01 
3.43226   01 

01 
01 

3.07896 
2.o72?E 
'.«'1076 01 
2.768P6 01 
2.77256 01 
2.68556 01 
2.65446 01 
2.62716 01 
2.6030E 01 
2.5 8 06F 01 
2.55976 01 
2.53996 01 
2.5209E 01 
2.5025E 01 
2.48476 01 
2.46 716 01 
2.4500E 01 
2.4331F 01 
2.4161F 01 
2.3906E 01 
2.3P30E 01 
2.3663E 01 
2.1497F 01 
2.3329F 01 
2.11616 01 
2.2991E 01 
2.2819F 01 
7.2646F 01 
2.24696 01 
2.2291F 01 
2.21096 01 
2.1925E 01 
2.1737E   01 

F 

CM-1 

4829.5 
4809.8 
4788.9 
4766.9 
4743.6 
4719.2 
4691.6 
4666.9 
4639.1 
4610.2 
4580.7 
4549.1 
4517.0 
4483.8 
4449.6 
4414.4 
4378.7 
4141 . 
-3J2.r< 
'263.8 
4221.7 
«182.7 
4140.8 
4097.9 
4054.1 
4009.4 
3963.8 
3917.2 
3869.8 
3821.4 
3772.1 
3721.9 
1670.7 
3618.6 
1565.6 
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MiT'Jfx   M.rw»»TC,    FIWSTFfN    i";    AN1   FMI-Rr.tP«.   PnR   V = TO    7  To^isiTnN«;  nf  HCL 
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'.■> me IT 71 »l.-S 
!.s-'.«r Q ) ■M^n.i 
|.7-M|f 03 n^.i 
1 .a7'^r- 03 7174.» 
|.««M* 00 7101.1 
1 ."S'.UF on n->o.7 
■'.Ti^'.e 00 

7n,5.4 
7. JM" 00 71QM.7 
?. i n i • 00 7->no.n 
7.160?F 00 71oq.<. 
'.?CC«iF on 71Q><.0 
7.7CT7r 00 710?.^ 
7. MIU^ M 71'">.0 
7.1MO- on 7177.ft 
7.41PSI: 0J 7lC-7.7 
■>.47<;IF 00 1\^'*.^ 
7.':-»41 = no 7140.■> 
7. r. c s s c TO 7174.7 
?.f SQ^r 00 nos.o 
'.■''ftPF 00 70«^.ft 
7.■'c^p(: no 70M.7 
7.0*10^ 00 70,P.fl 
^.0<.47F 00 7017.1 
i.onop 03 ft«»?.9 
''. I 050C 00 AQCT. ! 

I.IQOIF 00 ^o->0.4 
">.7 7<'AF 00 SIPS.4 
^,IfOOF on ftlfco.l 
'.'.».A-JC 00 ftlC.O 
7.SS"?«: Of) (S7..7.A 
■».«■f^tc 00 ')77-<.ft 
■". 7f SflE 00 '>'»77.5 
3.071PF 00 '■ft?«»^ 
■».TROftF 03 hI;7R.o 
«.0C1>,C 00 '>,)24.ft 
«.^O^IF 00 ft4ftfl. 7 

P-RRSNCH 
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MiTO|)|    t\F*r*>f*.t    CTk)STCIN    4»S    H»3   ro'KRr.fF«;    FOR 
Tn      o    TRANSITIONS   OF    Hfl 
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FORMERLY WILLOW RUN LABORATORIES   THE UNIVERSI1V OF MICHIGAN 
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Pure Rotation 

6   TPANSITIDNS   OF   MCL 
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FUPMEHLY  WILLOW  RUN LABORATORIIS   THE  UNIVFRSIT» Of   MK Mii.»N 

«OT^IX   ^l.rMCMTS, FIN^TFIN A'S «NO  HNFRGIF^ FOR    V=      6    TO 7   TP4NSrTI0NS HF HCL 

15. HOftNfM D-BBANf.H 
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A.«.I ?';r-71 
'.71 U.r-7l 

R.OTBTC-O? 

1.0PR4F-11 

1.74P7--01 
l^Q^^F-OI 
I.'IUF-Ol 
l.->f.?sr-oi 
1.TOO^F-QI 

I .^I'SIE-Ot 
1.441SF-01 
1.4770F-01 
l.SQ'.'F-oi 
1 .s !M2P»0I 
'.SIOSE-Il 
l.^'^tF-Ol 
I .*>H71F-01 
1. ^^F-01 

\ .^BSIF-Ol 
' .'n'iSF-Ol 
'.osn?F-oi 
?.1RhOF-Ol 
?.144RF-0l 
J.'HOiSF-Ol 
?.7<t74F-01 
7.qoo<1F_o^ 

U'QIIF-Ol 

«.01ft'c-01 
*.4fr0Sc-0l 
«..PTOOF-Ol 
«.SSO^F-Ol 
S.'IO'.F-Ol 
6.<',576F-01 
7.1C0«F-01 
<».7«-'7F-01 
O.PC,i7F-01 

FM-l 

'57^.1 
974?.4 
0"'<|7.(» 
^74Q.q 

''7<.?.«, 
£»73-».4 
T770.S 
fl70-».<» 

OM1.9 

C>4,>4.11 
9417.», 
07Q7.4 

om.4 
0?7«i.5 
•?ll,7 
9147.9 
9077.O 
o00,>.:< 

'«<»4?.4 
P7S4.9 
ic-fc?. ft 

146?.« 
nS4. « 
P?41.0 
1171 .1 
"'"94.'. 
■"»M .I 
7770.4 

P-BRANCH 

<V   J/^O/V«    J -1>               A f 

FM)-:^ SEC-1 TM-l 

9.43-1I6E-?? 7.,;S04F-01 O703.6 
o.•»3745-?? 1.6SS4F-01 96B3.3 
9.?T?SF-2? 1,44*1F-01 96'59.<, 
9.1'36E-?? 1.1337F-01 96M .o 
<'.0071F-?-> 1.2S10F-01 Q600.B 
P.flPiftF-?? 1.1«19F-01 9S66.1 
P.7SS4F-2? 1.119PF-01 9'>2 7.« 
fl.4?41F-?7 1.0S20F-01 94P5.9 
P.4«'02r-?7 1.0071C-01 9440.S 
«.'^59F-2' 9.S4PIF-02 9391.6 
".?777r-?? 9.04906-0? 9319.3 
P.0944F-?7 «.57«')F-02 97 31.4 
7.O70SF-?? «.n?4F-0? 97?4.? 
7.'?«;7,iF-7; 7.7?i2F-07 9161.5 
7.7«N7?F.27 7. 1454F-02 909>i . 1 
7.6740F-77 7.0100E-0? 9025,P 
■'.60R9F-2? '>.71-»2F-07 •Q«7.9 
7.«:6?9F-?7 6.4615F-0? PP76.»- 
7.SSS4F-77 ''.2593F-0? «T«*6.f 
7.,57«0F-?? 6.1117F-02 P713.9 
7.6362E-?7 ^.aiSftF-O? «627.3 
7.7372F-27 ■;.q779F-0? 8537.4 
7.PP57E-?? 6.001«F-0? «443.9 
P.0P77F-2? 6.0024F-02 «'46.R 
3.34«7c-?? •».7S4SF-02 «246.1 
8.67fl4f;-2? 6.4996F-0? «141.7 
".0«04F-27 6.PT0SF-0? «033.4 
9.«i(S33F-77 7.7SP3F-02 7921.1 
1.0139F-71 7.79««r-02 7«04.7 
1.0«13F-21 1.46045-07 7684.0 
1.1601F-71 9.2646F-07 7«i5fl.« 
1.7514F-21 l.()??"F-01 742«.? 
1.^67F-71 1.1373F-01 7293.7 
1.47«1F-?1 l.77?9F-01 7153.4 
1.6I7BF-21 l.432«F-01 7007.3 
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2PL 
FORMERLY WILLOW RUN LABORATORIES, THE UNIVFRStTY OF MICHIGAN 

«AT'MX    '•lr-""MTS,    CIM^TCIN    \'^    tKn   EMFHT.tPS   Fnp   v=      P   TO      «   TH ANS m r">'<;   OF   HfL 

Pure Rotation 
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.»0?'>F- 

.'0<.0F- 
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.'0<i?r - 
»%0««f - 
.'0C7r- 
. i n oq F - 
. ■^0<■.,>c- 
.■^0<!7F- 
.■»0r'•^F- 
.■»O^F- 
.■<07OF- 
.^Of«F- 

•. F 

ccc-i r 4- , 

T*t9IA! -■)4 1S.Q 
h.qi,iJ^c -C M.« 
?.47?T^ -n-» Uf.A 

6.r^f-'F n-> H.A 

1,29%*' -0' ""^.s 
?.i mc 

-0' os. 7 
^.'«01c -T '10.<» 
■: .OCA^c -01 1 ?<.. 6 
»•»»10« -01 K?. 1 
«.■«'■OTF -01 l^.ft 
1 . ^ 1 '« / F no 17-).O 
1.7CQ7F ro 11«.' 
?.\ ']nr 00 70^.-< 
'.'•7f«<: 00 'lp.2 
■^.Pfc?^ M 'Ti.Ü 
^.4?^F 00 747.«, 
4.ISiSf.I = 00 ?«i'.l 
^.<.'>l«<r 0) 7 76.^ 
^.■^74•>^ 00 700.-» 
■f.^i'^r 00 10'.. 1 
B.19S7C 00 11 7.7 
".SOMF 00 •M1.0 
|,0*Ma 0' '»'.'.. 0 
1 .l^'.l r 01 'Sl^. 9 
l.-i?S7F 01 ■^^o, 7 

'. .^-»O' 01 ^«l.«. 
\.SCSTF 0' 101.2 
1 .T??^ 01 404. 7 
1 .OO.?<.F 01 41«. T 
».OS'SC 01 476.-» 
^.^IO'FF M 417. 1 
?. JfhO11 01 447.1 
P.^IO6 0' 4S6.7 
?.67/.lF 01 4^';, j 

P.^'A^F 01 474.7 
'.IfcCSF 01 4B1.T 
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2ER!L_ 
FOHMERU»  WILLOWRUNLABOR4IOH.es   TMI   UM V I NSI H  t >>   M.( 

M/>TP!X   FLFMrNT«;,    CINSTFIN   »ts    »NO   FNFOf.irS   TOP   V=      «TO      q   TOiNSITIHNS   OF    MCI 

P-^RANCH P-«oÄNrH 

J <V    IZ-'D/V«    J*^ A 1 

F <; u-c x SFC-1 r«-i 

0 l«)il47F»t4 i.7cioe 01 7076.1 
1 la1*«4f »1 <3 '..IP '6F 01 'OQO.'i 
? 1.3l3frF-iq ^.IMQF 01 7104..A ' l.?777P-iq l.tMM 01 ?117.S 
* l.?4 0?F-'. 0 7.1 H9F 01 2170.'» 
5 l.?0?*.F-10 Z.OSMF Ü1 7141.s 
» i.i«Me«i4 1.<»7B1E 01 21S2.1 
» 1.1 ?«.2F-lq I,««q7F Ul 71'.2.4 
1 l.-)flt,4F-iq 1.7«»2SF 01 7171.7 
q t.n4*rF-iq 1 .'.«OSF 01 ?no.-« 

10 i.noiiF-iq LSPIIF M 71'»fl.l 
11 «.''OHF-JO Hft'lIF ai 71<JS.O 
11 c.t TcqF-?o l.T*47F 01 2201.7 
n B.77Kir-?o l.'JPIF ni 220ft.s 
14 ««^(KTqF-?!) l.tttM 01 2211. 1 n 7.7'iP7F-?f) 1.00<.''F 01 721*.1 I« 7. Al ik^F-PO S.pc^OF 00 Ml?« 7 
11 ^.PMOF-?0 7.7f,<qF 00 2210.7 
IS f>.'»in<»F-7n s.s^^rF 00 2''70.1 
•0 S,7BS<.F-20 ^.^lOOF 00 ^771.0 
?0 ■i.74->7F-?0 <..M -"^F 00 77'>0.1 
71 «.(SP«6»"-?0 ^   ^7F 00 271«.7 
77 4.1a71F-->0 ».RIOTF 00 2716.2 
7\ ■".ROCqF-?0 .O^O^F 00 2212.7 
?« ?.0<»lKF-'0 1.'B*IF 00 220R.2 
2^ ^.TSn-rF-^O B.I^OSF- ■01 '202.ft 
?fr l,«;eSRf-PO '..iro<«F. •01 2lOft.o 
71 a.^^o^F.?! 1.7q^SF-oi 2I"P.y 
7» |,T*Hf-?1 «..OM'IF- •01 71-0.^ 
7<* -^.7»:uf-?i ^.l'«q7F. •07 ;Mfto.4 
10 -l.?'i>7C-?o ?.««7«F- •01 21^0.7 
^1 -2.17C»F-?O 7.H*7F- •01 ?l«S.ft 
17 -i.n2««F-7o 1.160RF 00 tltt.1 
H -■»."■"iF-'n ■»^■i^lF 00 2116.s 
•*<l. -<,.P>,S?F-"»0 I.IMII 00 70OO.7 
M -,i.PSP4r-?o 4.7P7<,r 00 20«1.4 

<V   J/HU/V1    J-l> K F 

FSU-i-M s^r-i C--I 

l.««;^gE-iq ^.ftftPOF 01 2044.q 
1 .<,q7ftF-iq 1.«ftlSE 01 202«.1 
I.-S'IOF-IO I.^IOF 01 2011 .0 
l.ftS40F-lq l.42ftftF 01 no<.i 
1 .IdftSF-n l«l?»|| 01 1074.4 
l.M«7E-10 1.1S04F 01 19%?.2 
1 .ft^04F-lo 1.314ftF 01 lo".3 
l.ft«17e.io ,.371ftF 01 10'4.» 
UTItH*!« 1.1077F 01 !'•          1 
l.74i2R-JO 1.2!>0«F 01 1«77.0 
l.7732F-t<» 3.2ft9ftF 01 I«40.H 
l.«02»»F-lo 3.2432F 01 l«7^.q 
1.N110E-19 3.2U2F 01 1«03.ft 
l.»ft04F-|0 3.1733E 01 1770.7 
1..<««R4F-1   ) 3.1292F 01 17^5.3 
l.fllSRF.jq 3.07HOF 01 1730.S 
l.<»42SF-19 3.0226F 01 170«..1 
1.06HF-1O 2.0ft0lf 01 1679, i 
|.qqf7F-10 2.«91«F 01 IftM.l 
2.01A0F-IO 7   «ITdF 01 162ft.4 
2.0414F-1O 2.7J83F 01 1^09.2 
2.061«F-10 ?.ftS17F 01 1S71.7 
2.0<«?0F-lO 2.<647F 01 1^43.B 
7.lO,51E-l'» 2.4701E 01 1S15.4 
2.121NF-lq 2.3720E 01 I4*ft.7 
2.1412E-10 2.2700F 01 14«i7.6 
?.lSft<»F-l«« 2.164RF 01 14?fl.O 
2.1710r-l<» 2.0567F 01 in«.l 
2.1H32E-1«» 1.9461F 01 1367.7 
2.10^-10 1.1337F 01 1336.9 
2.201SF-1O l.719«f 01 130S.7 
7.2072F-1O l.ft049F 01 1274.0 
2.210'JE-IO 1.4««>7F 01 1241.8 
'^IG^E-lfl 1.3747E 01 1209.1 
7.2079E-10 1.2ft04E 01 1175.« 
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TERIM 
FORMCRLY WILLOW RUN LABORATORIES   TMt  UNIVtRSITY Of   MICHIGAN 

«»fix   M^F'm,    CINSTTTN &•<;    »Nl   FNFT.ir«; FHR   V«      R   TO 11    TRANSITIONS   OF   HCL 

»-MANCH                                                                                                            P-RR/VNfH 

<V     IZ-'U/V«     J+">                         A                                        F <V   J/MU/V« J-l>               *                                        I 

F^lj-rw                        SW-1                           TM-l FSI)-CM                        SFC-I                           CM-l 

1 7.1n^ft^-70 1.0C4BP 01 *>**>! .* 
1 7.1RC^F-JO 1.21SOF 01 ■ii^q.i 2.1P44F-,?0 '.9627F 01 •;o2P.l 

? ;.) Q-ITL .ig i.m^p 01 MTt.« 2.1P47F-20 I .0574E 01 5H10.0 

^ ?.lo TSr-^O 1.172SF ot SflRS.a 2.Ift61F-20 1.74';5F 01 57R0.7 
A ?.7f)^1F-?n 1.41A7F 01 ^SQO.h 2.1PP5':-20 1.6467F 01 5767.3 
K !.2101f-?0 1.447TC 01 •i^n^.^ 7.10?OF-20 1.5P5tF 01 5742.7 

6 7.-51 n;>F_-> j 1.<.7(,<VF 01 S« J1.7 2.1O65E-20 1.54161- 01 5715.0 

7 ?.?'74F-?0 1 .4<?7,1F 01 spqi.o 2.2022F-20 1.5066E 01 S6R7.1 

fl ?,»! nnr-T) l.^l«"1" 01 Ip^.R 2.20O1C-2O 1.4771E 01 S6S6.1 

O »»J^'Of-ZO X.'tW* 01 ^Pfll.S 2.7171F-20 1.4516F 01 5623.1 

n ;.»6V»-?o l.c,i*4F 01 S<177.0 2.226OF-20 1.42«5E 01 S5PP.1 

11 2.^7P0F-?T 1,*t%*P 01 sp^7.l 2.2,7OE-20 1.4074F 01 S5<;0.O 

i? ?.?3i.4r-70 l.5CT<F 01 SP40.0 2.2506F-20 1.3«fl0F 01 5511.« 

1 ! 7.11 .".'•-7 0 l.'.C7SF 01 ■^13.7 2.26406-20 1.160nF 01 5470.7 

14 ?.-'1"r-->o l.»i240F 01 5P16.1 2.2«llF-20 l.'.510F 01 5427.5 

1 S ^.TSIOF-'T 1 .«■40feC m r>7<>f..2 2.2O01F-20 1,1174F 01 e3«2.5 

If i,-> 77-«r-?0 1.^'574c 01 S771.9 2.3106F-20 1.3230E 01 5335.4 

IT T.^t^OF-^T l.'.741c 01 574Q.4 2.1423F-20 1.300RF 01 52P6.5 

1" ^.'.ic^r-'o I.A«t9l 01 '5727.5 2.1677F-20 1.2078F 01 ■i235.6 

1" ?.4f<03F-?0 i.7oqoF 01 5601.7 2.1O57F-20 1.2fl70F 01 51«2.8 

70 '.^OI^F-'O l.72*.''r 01 5661.5 2.4268E-20 1.2775F 01 5128.1 

?' ?.«;?f7c-'o l.t««9l 01 '5627.1 2.4612F-20 1.2603F 01 5071.4 

72 7.^M4r-?o 1.7674F 01 Ssqo.6 2.4OOie-20 1.2625- 01 5012.8 

7\ r.^r)?7F-2o 1.7fl01F 01 «"=51.3 2.5400E-20 1.2571F 01 «052.3 

?4 ?.^44>;r_7i-) 1.7QnOF 01 5500.1 2.5B6PF-20 1.2511F 01 4880.8 

y\ ?.^oORF-?0 l.'l^AF 01 54 64.5 2.6?7lF-70 1.2505E 01 4825.3 

7*- ?.7 '«ioF-^o l.tSZM 01 5417.1 2.6O27F-20 1.24q4E 01 475«.7 

27 ?. 7 ««;«.<■ _?o l.fl47«F 01 5166.6 2.7,i16E-20 l.'490F 01 4600.0 
?» 7.n->7<>F-?0 l.P'S22c 01 5113.1 2.P203F-20 l.251flF 01 4610.2 
7Q ?.Ro?BF-7r) 1.174PF 01 5256.4 2.P034F-20 1.2552F 01 4546.1 

90 ?.os04f-20 l.Bfl,i2f: 01 5106.4 2.O736E-20 1.2601F 01 4470.6 

•«1 ■«.oio^r-ro l.fl<?76F 01 5132.0 1.0615F-20 1.2663F 01 4302.7 

12 1.072^6-70 l.a^f2F 01 5065.7 l.\*l**-7Q 1.2740E 01 4312.2 

31 1.1 171F-.70 Lno^lF 01 4004.6 3.2615F-20 l.2S2flE 01 4220.1 
14 1.7010P-2Ü LflP^SF 01 4019.4 3.17O1F-20 1.2027F 01 4143.1 
-»s ?«.7^cor-70 l,«7<.<»c 01 4P10.7 1.5065F-20 1.10 34E 01 4054.0 
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TERIM 
► ORMEKl  <   «VII L OW  RUN I »BORAIORltS   TMf   UNIVtRSIT« 

MATBIX   rtFMr';TS,    rpjcrr^    \>^    4N0   *N€*STF5   FHB   V=      «   TH   17   Ta "VN^ I T! nn <;   OF   Mt L 

^v    l/'il/V«   J»»> « <v  J'"U'V'   J-l> 
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IP 
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?■» 
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7S 
?^ 
?■' 
-•a 
?Q 

'1 

-f, •> O ^ 1 f - ■> i 

-*• • 7 •> per - 7 1 

-<>, ?74jr. •> l 

-f-. ■■1 2,r - ->1 

• A , T c ior - n l 

- / , vi';! '- ■> « 

_ ^ L6 P< ' - 
-h,c-0'>T~- 7 1 

mfi , *l s ?<• r - 7' 

• tf. «.   ?C)^f _?, 

-«, T0!*F' •»1 
_ i 7 " ""Öl   ■ •'1 
-fr ,(!•» I'»'". ?' 
-6 ,1 7 0?' • .->1 

-7 .1«OOF- •71 
.7 .?'l ür. -71 
_7 , 1 i f T- .7 1 

-7 ./. li^r. -71 
_7 .A/. r.4t -71 

-7 .P ■<07P •?l 
_o .o-<o?': -?1 
-p .7^.07^ -7) 

- o .<. 'O'.F -7. 
-r .T^J*« -71 
«o .OftlAF -71 
-0 .-^fitic .71 

-o .«-OTiF -' 1 
-1 ,90Tor -7.) 

-1 .J'i7/,F -70 

-1 .0Ol?F -■>o 
.f .1 stuf -70 
-1 .loo-«r -70 
.] .7^«iQF -70 
-1 .^OftOF -70 
-1 .■»70''F -.?0 
-1 .A', OIF -?') 

1 . 7A<.7P 
7 . 1  7 < r r 

;_/,-> r, 7 c 

? « ^ 1 '• '• r 

■• .-(■•".<■ 

7.'   ^1  >• 
>, 71 r o« 
7.7<,';7C 

;. H 20« * 
7,<-. 7^-^^ 

7.',CC^C 

7   ,0r-'''r 

■> > j i o 5 r 

J,| ".If. " 
7 , T,''cl F 

7 .'. i74r 
7 , t /.TO r 
7.^^70'■ 
■>, 7 1r, i r 
T.'-l J^F 
<.. J^'lOF 
4.?7^7F 

<.,*,<**■?-- 
4. 7fl*.ir 

S.7 3no- 
'i./.77^F 

'-.■'773, 
,S.C>'7?6F 
^.■'frS7^ 

h.'lS?11 
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1) 
oo 
00 
00 
00 
00 
It 
00 
01 

00 
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00 
00 
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00 
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no 
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7li7iS.l 
r*M«o 
710')." 
7>;«7. 7 
7^:<S.f1 

7Sa0.'» 
7S7?.1 
7'i'>0.1 
7'^«,.S 
7«i70.l 

7^0tl.'> 
'««■S. 1 
74^«.ü 
7470.7 

r7s^,o 
7770.7 

77""».1 
771?.7 

71"3. H 
Tl»|.4 
707<i.7 
701 A.', 
to«;'. '< 
f, p fl t.. 7 
h^lf-.O 
',741 .7 
^^67.3 
<.t;7s.7 
«.400.* 
'>3r,7.7 

'.("^■P.fe 

F<;U-CM 

■>-. 147'5c- i\ 
•*, ipior. 11 

•*, 097OF- ?1 
-»■• 07ftOF- 21 
--. O^ft'F- 7 1 
••, O'pqF- ?1 
••. 0?4?F- 71 
-^. 0170F- 7 1 
- A . Ü077C. ■?l 
_ t- CORlf- ?1 
-s. O07]F. •7 1 
-f>. oon = - -71 
- h« ClOftF- 'ft 
-f, O-'ftftF- -n 
-t. 04O7l:- •71 
-«, O»!1)!1- -71 
•A .tnif« -71 
— *. .1741':- -71 
-A ,?777F -21 
-<- .'147t -71 
-6 .40ft7F -?1 
-6 .^ISIF -71 
-ft .ft420F -2! 
-ft .Tu**? -71 
-ft .<>C)«3F -71 
-7 . lci?ftE -21 
-7 .■<741F -21 
-7 .ft7fSlc -21 
-7 .nn<»e -21 
_n ^^•i^E -21 
-fl •fcCOQf -21 
-o .01401? -21 
-9 .4«07F -71 
-1 .OOO^F -20 
-1 .0ft04F -20 

^rr-i 

F 

r,««-i 

t,.0763F 
7.(704P 
->, 74P1 F 
7.7SOOF 
2.')7ft.7F 
7 , 4 «1 7 E 
'^A^OF 
2. ^n-'c 
->.771 7r 

■>. 2737F 
7.2707r 
7.170':F 
7. 1247F 

? • OM M 
7.O^'OF 
'.00«T 
t.o777r 
I.QSIOF 

l.c>30,7F 
1 .''! S 7 c 

U«099f 
l.«9tti 
1.<507SF 
|.«129C 
l.Q?»*.'' 
l.c>52^«: 

1.OP40F 
2.0741F 
7.0733r 
?.H20'; 

2.2010F 00 
?.7«10P 00 
7,372RF 00 
?.47 70c     "10 
7.<;044F 00 

).l 
00 
JO 
00 
10 
00 
00 
00 
)0 
00 
00 
)ü 
Pfl 
00 
00 

M 
00 
00 
00 
oo 
00 
00 
00 
00 
JO 
00 
00 
10 
JO 

™?7.? 
W I» .3 
74<3ft .4 
7471 .A 

7447 ,p 
7413.Ü 
7179.4 
774?.P 
770».4 
72ft! .1 
771'5.o 
»IM.O 
7117.7 
70ft7.f, 
700 7.7 
ftO/. c. 1 

ftanft.2 
ftP21.,• 
ft7,= 4.1 
ftftP3.Q 
ftftlO.«! 
6R3S.l 
ft4ftft.ci 
ft774.Q 
ft7<10.4 
ft70?.P 
6112.1 
ftOl» .1 
SQ?C.7 
ft019.7 
5715.0 
5ftüft.1 

549 3.4 
^375.9 
5753.7 

167 

~mmmm 
'■ _s_ 

■•■•  L, -■r^^"'""7 



ERIM 
FOBMtRL»  WILLOW RUN LABORATORIES    Itil   uNi Vt RSIt Y Ol   MK.Mit.»N 

vunx    tl  -"rM1;,    ciM<;Tf-IM    A'S    AN")   FNfRIUM   FOd    V-       o   TO       Q    TBAN^ITinNS   HC    Hf L 

Pure Rotation 

J < V    1 / ^ 1 / V •    .) f ' > l F 

F^n-r« «FC-l fM-l 

0 I.^OPO1"-! H *! . ■> ' ^ S F -04 1t.? 
1 1. ^ 0"1r-1 a «.. n'- 7 ■» c -0^ 30.S 
^ i.3n«iF-i" ■».'t'ülF -07 4«;.7 
T l.^OBU-l« ^.■,7C7r -0* *iO.P 
A ! .^nait-l J 1 . 1-Mor -01 7<<.0 
(j 1.3TPU-' " 1 . c "»C^F -01 11.1 ^ I .?0,>2,:-, 0 '.CO07F -01 lO^-.l 
7 l.'0H?r-io '. .^Tq-jF -01 I'l.O 
q 1 tJIWF-t* f. ^"1711 •01 ns.o 
"3 HOB"-]  q ■<.7/.77c -01 I^O.? 

1 -) l,?0MF-1 ■ 1 . W, 1 0 F 00 US.'. 
1  1 1.3 0B3P-1s i.srooF 00 170.q 
I? l.SOMF-1« l.PT-^F 00 1 K.. ^ n l.1JW^F-»" 7, I^TAF 01 ?0P.S 
i'. 1.30«3F-' " ?.>-7)0F 00 772,1 
ic 1 .^T^?«^- .  ' ^.'•^Hc 01 "ft.7 
IA 1. ' •) «1F - i i.oo'-OF 0 ) '^O.S 
IT 1 .3()aa':-l " 4.PCh4F 00 'fi4. 1 
1» 1.3T7RC-!« S ,5 70P F 00 ?77.A 
Ii l.-'O-'ftr-iP ^.'.If.'lF 00 701. «> 
M 1.307^F-1 3 7. in^F 00 30->.4 
?I i .lo^r-' a P.2»,T; = 00 116. 1 
f? l.^8M«-li ".J^O^F 01 37P.4 
21 1 .IQSnc-iP UOYMtC Cl 340.'; 
M l*9091F-tF la | 6«*,F 01 is?^ 
M ).30«?r-iP l^^^O^ 01 3ft'.7 
2is 1 .n^pr-i o i .■'yt-** 01 3 74. P 
77 l.^OI^F-la 1 .ACMF 01 305.S 
7B 1 .300'.r-!fl l .^17«;^ 01 'os. o 
?a l,?Ofl7P-lP l.-'l"!- 01 40«;.« 
■«o l.."1f^F-] a l.^soqc 01 41S,<, 
•1 lty««7i>*] H 1 .^J^pgr 01 4,-4. s 
3? l«7«fsr-i P ».TQ^SF 11 4'3.? 
I1 l.?P70F-!n '^C^ISF 01 441. S 
3* l.?P40F-»o '.-»lO^F 01 440.? 
H 1 . 7 7 q« F -1 P '.<(C7f,r 01 4,:').4 
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2PL fOUMERl T   WILLOW   "UN  I »H< JH*TOBIl S    IMI    UMVtBSltT  OF   MICMU.AN 

i-TUAMfu o-PRÄNCH 

0 1 . 7 > 1 c : . 1 i '.7C70F    0' 1<>*4.4 

1 ] ,1 oitr-iQ i .ms« oi 1*T»,7 1.30S3E-1C S.^TOIf 

2 ,.! tior -| -) l.'.l^c   oi r 01.7 1.7412F-10 7.hS70F 

< !.l l'""" -1 " i.m^Tr    0i 7003. -, 1 .J7^4F-10 7.'«(;3sr 

4 l.OTMC -l ' i .»«n» 01 701^.0 l.iUOF-lO 2.3,'O0F 

>; i .T^-x^F-n I,»««If   01 707S.7 I .44<iOF-10 2.'S6<SF 

' o.' \ ?or-'n ' .71 ■»K   r>i 20^.*• 1.»7«4F-10 ?.3SOf)F 

■ 
c.i ■'r0F-''0 i,i*v»r ui 70^4.n 1.M11E-10 7.'«S70F 

a C _ n l C ) !   _ -. Q l.O'^F    01 70S7.1 1.^437F-iq 7.3'5h6F 

•. p#c 7 r^t _7() Q.^'ll""   00 70'.a. 7 l.S747':-10 2.)«Stf 

10 ".iiJ?r-?o »,tl^1«   00 ?o^7.4 1 .».ÜS^F-IO 2."<460F 

1 i 7.^7^<:.?() '.ni^oF   oo 70 7 3.3 1 .^3S7F -1 0 J,i»*" 
i ■> ?.l173F-7T iiWiw oo 707".A |#M«tF*t4 7.317sr 

1? ba« »MF-;n s.or-pc  oo 7097.*, 1 ^O-JPC-I 0 2.7051F 

It 1 .' O'rr.?,) ^.I'^TC     00 7 0 0^.0 ' . 7 7 1 ^ I" _ 1 0 2.?'>71 F 

1 S c4Kf,,-'/,r-->T /.^»iS^F   03 70J^.c; 1 .749^-1 o 7.733?F 

1 ft ^.O.Jil1--1.) ..'.9331-    00 70<=0.1 1.774(-':-10 2.1037F 

IT /. .t -•f.or _7T 7.77-iir    00 70o0.9 1.7"<55F-1 1 2.1494F 

1 0 7.P XC0F-70 »,0* OF 00 70O0.S 1 .fl2W-io 2.007SF 

l" ■' .7', 7r)F-7i) \./,■>"<** 00 7090.4 1 .«4^0^-10 2.0417F 

M ».*T!t»-M <»,>|l*«-01 7JH7.7 UHT9l!-la l,«»T«*i 
'i l,«OT»C-?0 ■^.O^Ol^-Ol 'C'f.O 1 .<>R71r-lo 1.Q111» 

?? 1.71  7t1t-?J .7.p/.oiF-01 7070.9 l.O0^4F-lo l.'«410E 

? x ^.01 oo,--"i r.l,t.i.*t-0-> 7074.is 1.P210F-10 1 .7MKRF 

7/. --.'./. 7nF-'i «, 14^OF-07 ?0^,».7 1.9WC-1« l.fr'«71F 

?c' -1 .-)7lOF-?0 1 .40'-' F-01 7.')A0.^ 1.0401=-10 l.S04-«F 

■>». -1 .o->?Ar-7;> ^•4**f *-01 70S2.2 l,qS04F-lc 1.S194F 

p-» -7./. 7. JF-?" T.^iQE-oi 7042.« 1.^72F-10 1.47 OOF 

?« -7.C rA7P-70 1.^A^OF   00 7031.^ 1.0721F-!" 1.3304F 

70 -'. .A^^sp-pu 7.,SS71 R   00 ?oin." 1.0744F-10 1.7473? 

10 - = .A^i'3F-70 3.71P7F   00 2001.7 l.OTTlF-l^ 1.1S41F 

M -«..4t'00<:-70 S.l 7ST   no looO.I I.06S2F-1O l.OiSOSF 

37 -7.S^9'>f-70 f-.'OOlF   00 1173.4 l.osoiP-n o.«,7«;2F 

13 -*».■"> «-»iF-^O n.7',S3F   00 iq^K.l l.O^SSP-K 9.740<1F 

}* -c.oinF-70 I.1M7*   01 I«)«»] 1.07ftOF-10 7.03«^ 

3S _1#11OOF_In UtfM"   oi 1013.4 1.<)026F-1<? S.OV^SF 

01 
01 
01 
T 
01 
01 
01 
01 
01 
01 
31 
n 
»1 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
31 
0' 
00 
30 
30 
30 

r 

r»-1 

1034.7 
1 < 1«. 7 
1007.1 
! '»«4. 7 

18^.7 
1"47.0 

17P7.P 
17^f.S 
1744.^ 
1722.1 
"^o.i 

IMI«? 
lfr2C'.,> 
1601 .■* 
\t:Ti.'' 
1^4«;.' 
1522.«> 
1405.4 
146 7.7 
1430.K 

1410.O 
1391 .0 
n5?.4 
n72.4 
17Q1.o 
12M.3 
1279.6 
1107.7 
1165.3 
11*2.3 
lO^PW 
10*4.5 
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2™. 
FORMERLY  WILLOW RUN LABORATOHttS   TMt   UNlVtRSrTV 

«•4T'»fi(   P|E«fNTS,    riN^TffN    MS    »««0   FNMftir«   rp5    tf«   11   TO   1]    «««tSlTIO»« HF    Hfl 

\ 

Pure Rotation 

J <V    Jffl/\f    ,!♦]> .^ 1 

r<;ii-r..- <rr-i rv.-! 

■) 
1.5 )07r-in 4. c>,aqi:_0<. n.7 

I l.'ooor-ia A.77c-<>r-07 '7. 5 
? 1.iQ7HC-lfl 1 .^•MP.o? 41.7 
1 1. '"isr-i« 3.37'.';F-07 S4.Q 
4 1 .7Q 7or _> a 7.7 II-T-TT f-'.5 ^ l.?«*«P->1fl | . '/.<,Ar-o' "'.l «, l.J^eor-i^ ?,1^OA^-O! OS, f> 
7 1.7OC0F-1P %,r iA/. c-v7i 10«».! a 1.704,0.!J »«4TA9P-0I 1   ',7.S « 1 .'"'■'IF-! ^ ^.'•i'lj'-.oi I1";, a 

in 1,?oioc-ip a.JOP!c_01 ivi.o 
■ i t,7Q0^F-,• 1. 7 »■ o a t   o ) lf?,l 
i? 1 , 7 o q; r - 1 n 1 .7477r     p 1 17S. , 
15 1.7q7i;t;_, n 1 . ^ c a r   /j •) in^.O 
1« 1.7 |«TC.|a 7.07«,ir    o,-; ?0C.6 
M l.'^^r .,  ~ ?./.7^,7'   rtn ?n,i 
1 * 1.7 -Mtr-i ^ ».«Mf»  oo 77S.* 
1 7 1,77 T^r _,o ^•14««»   0 3 7 17.K 
1" 1.77.?r-ij i.a^ror   oi 7 41. 4 
1  1 1.777,(:.in '-..<. IT. c   00 'M.O 
ra 1 .T   5Rr_l  , '.. }c ! o r   rvj 

?■'?.<. 
?i l^'.Mt -1 a t.stig/, r   ^j a^^.s 
_>? l.?'>Pr-l» f-.7 77QF   OJ 7 1A . ^ 
'^ i •?^m-ii A.PTisr  '!^ ■>04, 7 
?4 K's''"--rj 

7.K776F    00 ■? 1A . H 
■'S |,?«Mf.|i B.'777r   00 :?7<,.s 
?6 l.?407r-l a »."iv-r co ''33.0 

77 1.7 j77r-i^ 7.«1K7f:    r)a 3 '. 7 . a 
?q l.?7r7r_l« 1.007»,?    oi 7S1,7 
?" '."»I •«€•1 « 1.0e7sc   m 3Si),7 
10 1.?0*7F-1B l.lC*or   0' 3^*,,«, 
'1 1 .lo/.oc-J q LlAO^r    n, 37^.ft 
-n 1 .1 "'Or-ia l.t^Af   01 770,0 
M U1«7S^>| o '.?07aF   oi 79S. A 
■>u 1 .I^OSr-ii, l.?7 0r-c   01 100.7 
'5 1 .1 •» 1 I >■ -1 a 1.71--:'    01 '"S.o 
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yim 
FORMERLY WILLC W  RUN 1 ..UOH*TOHIES   tMI    UNIVIRSUYUI   MICHIGAN 

MMPIX   nLrMFNTS,    FINST^IN    »•<;    ANn   FN^GIFS   rno   v=    !1    Tn    1?   TPAMSITIIN«;   HF    Hfl 

1 ^V   J/^l/V     It'^ 

t ;II.' w 

') f .^ | a^-?0 
6. >«MF-»0 
c , ^ (P7F -?o 
*.i ??tr-2o 
4,n'--t0' -20 
<..' n7T -> J 

■,.'<l>0^F-?0 
•>.l .•, t^r-p- 
?,• o<:-.r_7o 

2«9I 1**->(J 
1 .41  \l.\--7i) 
7.«< Wf -'1 
'.. ■"' r-'H •?) 

-',4i p r -•>] 
-1  .1:. 70t -70 
-1.T i^p.JO 
-P.7= «.7-- .70 

-7.S. -'ir-70 

-t.^oi^c-'O 
-i. ,7 aa-JF _70 
-(..7 w-jr--. > 
-T,1 "TIP-?J 
-7.71 »7r.70 
_C.-> Q 71F -70 

-i..v.?->F-n 
-i .1' '«' -n 
-1 .■'■•1?r-io 
-1.'.??0F-lo 
-1 .^«-lOF-lP 
-}.-'} ATF-li 
-1 ,R7':4F-10 
-7.0itOF-l• 
-7.-,7p7F_|0 
-7,4   I 0 )I  _1  T 

-'.s^C't-io 
-?.-<7fnr.]o 

<;Fr-i CW-1 

?.7f.p7F 00 17?->.l 
7, 4 7 70 F 00 ir-x«.? 
'.?7^0P 00 \T'C*.*> 
7.0'lSf 00 \-"^f .r> 
1 .7?C)*)F 0) Xlth.b 
1 .t,mr. 0.5 1774.4 
I.I  "«^F 00 17R2.1 
R.->6iS0F -01 WQ.i 
ti. TMTf -01 17«;^.«, 
■».^■»O^F -01 IBOO.q 
1. 7C.70F -01 HOS.? 
"^.SltOF -0' ISO«.7 
1 . ', 7 1 T -0' l«ll,? 
'.6ACor -07 101?.7 
l.^roir -01 1B13.^ 
7.^7I'tF -rn 1«'?.« 
^.0 7f?c -01 1«11.4 
1 .l^or 00 l«0P.a 
l.74««c 01 IBO«;.? 
7,iro7r 0) 1B0Ü.S 
'.^is-- OT 17QA.7 
'..ei77SF 00 1707.6 
•^.^IMir 00 177C).4 
7. ' ■•....'.r 00 1760.8 

0. 0P7f)F no WiB.« 
'.n^^F 01 1746.<> 
1 .T 70^P 01 17-??.o 
l.S7q7r 01 1717.4 
1 .0S77C Bl 1700.' 
'.1SA3F 01 16fll.S 
?.4Bft?>: 01 1660.7 
7.fl«.?<?F 01 16->7.o 
l.??«^^ 01 1617.9 
•^.^■»O?'" 01 I^BS.^ 
A.OSSIF 01 is1;?.! 
'»."^OF 01 IS?7.0 

CV   J/MJ/V'    ,1-1 >                A f 

F<;ii-r,«« ,;;r':-i r,«-i 

T, -»^QOF-PO M.2776C 30 160S.4 
7,7?7BF-?n ^.aiO^F 90 16B0.T 
«. 10?«F-?0 S.70BOF 00 1M9*6 
9.464?F-7 J •Y.7677F >o 164q.S 
fl.fll?lF-?0 ■= . BO B4t M 1632.6 
Q. 1467F-70 6.02B7P TO lAtl.O 
p.46661--    I 6.1607F )Ü 19«*.7 
o.-'T^Br. _7', ^.?727F M 1S77.6 
1 .0rs4--lo 6.7^B1F 00 IMT.7 
I.OMII!»!« '-.4177F 10 l'>^7.? 
1.060?C-1Q S.^SQF 00 IIU.O 
1.0B46F-10 6.4iqqF 0. I4Q4.0 
1.in77r.1c f ."»SOBf 00 1471.4 
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