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The VV deactivation rate of N2 by H20 Is calculated using a hard core repul
sive potential. The process Is found to be dominated by near resonant YR pro-
cesses with large changes in rotational motion , and the rate Is critically
dependent on the classical path chosen.

• In part 2 , a nonperturbative model of H20 Is used to calculate the effects
of centrifugal distortion on absorption line intensities. The errors are less
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ABST i~ACT

The VY deactivation rate of N2 by H20 is calculated using a hard core

repul sive potential . The process is found to be dominated by near resonant YR

processes with large changes In rotational motion , and the rate Is cri tically

dependent on the class ical path chosen .
p

In part 2, a non—perturbat ive model of H20 is used to calculate the

erfects of centr i fugal distortion on absorbtlon line Intensi ties. The errors
p

are less than lv percent for weai as well as strong lines . The eftects of

col l is ion broadening by N2 and are presented using Anderson theory together

wi th aipole transitions supplied by the multi -mod e model.
I’
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A. k2-H20 DEACTIVATION RATE

I. INTROD UCTiON

Water vapor plays an important role in the response of the atmosphere

to infrared radation , due to its intense system of ab sorption bands . Wate r

also proves to be an efficient ab sorber of vibrational , rotational , and trans-

lational energy , and tends to dominate equilibr iat ion processes such as that

resulting from the propagation ot laser radiation through the atmosphere .

Consequently it is important to understand the kinetics as wel l as the spectro—

5CO py Of water vapor .

in particular , the deactivation rate of vibrational ly excited N2 by

h~U is of critical importanc e to kinetic cooling .~
11 in this process , a laser

pulse causes a transient cool i ng of the atmosphere , leading to thermal lensing

rather than thermal bloomi ng ot the beam. The CO2 laser pulse induces transi-

tio ns in atmospheric CO2 from the (ivy ) to (~u1) states. The Cu2(UU1) level

is roughly in resonance with P42 ( l ) , and consequentl y most of the C02 (UU l )

energy is resonantl y absorbed by N2 mol ecules. Atmospheric N2 serves as an

energy sink and the depleted C02(luu ) level s are fill ec by translational ener-

gy, leading to a decrease in temperature or cooling . Eventually, the N2(1)

level s deactivate , return i ng energy to translation , and heating overcome s

cooling .

I

5
I
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The degree and duration of the cooling process are determined by the

deactivation rate of P4 2 (1) . which is domina ted by the N2—H20 deactivation

rate. Thus it is important to understand the co ll i si on dynamics of HzO an d N2.

We note that experimental water vapor deactivation rates are anoma l-

ousl y large , even ~Elen there are no vibrational resonances. In general , meas—

ured val ues are several orders ot magnitude more rapid than those predicted by

standard theories of fl exchange. Si nce these theories work well for most

other molecu les , i t would be interesting to know why they fail for water va-

por . ~e have calcula ted the coll i s ion rate for the process

N u  h u P~~, • K u .  (1.1)
2 • 2

uur predicted rate is in gooo agreement with recently measured values. in

particular , it ~hi tson and P’tNeal found K .3 x 10b sec t atm~~,~
2 ’

~
while we predict K 1 x 1~~b sec~~ atm ’’.

II. LU LL ASIU P4A L MEC hANISM

t)ue to its asytvretry and large rotationa l energies , the roto—vibra—

tional structure of water vapor is very complex , and in fact there are tranSi-

tions between I~ levels which are resonant wi th most other molecular infrared

transitions . ~.onvent1onal theories either neglec t rotational changes , or

ass~~e that they satisfy dipole selection rules. It is a result of these

assumptions that deactivation rates are under-estimated by several orders

b

I
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1

ot magnitude . There i~ evidence that in collisons , large changes ot rotation—

al motion occur , ana theretore should be taken into account.~
3’4~

For our model of the N2-H20 co l l i s ion we have chosen an interactio~

potent ial aominatea by a large repulsive core term. Other possible choices

are long ranged electromagnetic forces , and short ranged attractive chemica l

potentials. ~i rect calculation shows that long ranged forces cannot account

for the large rates , in spite of the longer interaction time .* Chemical

rorces are not expected to be relevant to the N2-~i2u deact ivation. A compari-

son ~ t and ri2u deactivation rates supports the above cho i ce. For colli-

sions with CU , the ratio 01 ~~u and ~~~ deact ivat ion rates has been measured

t~ )as

~U~u - C U 
2

- 7 x 1~ (2.1)

tiecause the long ranged interactions are highly resonant , they predict a much

smaller value for the above ratio. On the other hand , chemical interaction s

would impl y a ratio of the two rates to be close to 1. si nce h20 and D
~
O are

cnemic ally ident ica l . Therefore we are led to the short ranged repulsive

interactions for the deactivat ion of CO by H20. Si nce N2 is similar In struc-

ture to Lu , we likewise Choose repulsive interact ions for the N2—H~O deacti-

vat ion.

A calc ulation was maae usi ng the dipole—quaorupol e interaction . The resul t-
ing rate was tour orders of magnitude less than experiment.

P
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The inter-molecular interaction potentia l is assumed to be a sum of

atom-atom potentials of the torn

V V~~~(r 1
) + VNK (r 2) 

. V~~(r 3
) + 

~Nh
(r 4) + V~~(r5

) VNO (rb
) (2.2)

where the V 1 are atom-atom Morse potentials

V(r) 0 ~~~~~~~~~~~~ (2.3)

Morse potential torms were used because they were more convenient in determi n-

i’i Q the cla ss ica~ path .~~~ The paramete rs U and a were determined by fitting

the Morse potential to a LennarQ-..~ones potential , weighted over the repulsive

region or interaction. The r 1 in U.4) are interatomic distances , and are re—

ex presse d in terms ~t the separation ot the molecu lar centers of mass ~~~, vibra-

tional , ana rotational coord i nates.

To spec i fy tne orientations, we choose the intermolecula r axis as tP’~

polar axis. Then the orientation ‘is given by two angles ( G 2,,2
) ,  and the

orientation by one ang le (9’ ). The use ot these angles rather than coordi-
3 A

nates based on a space— fixed fr~re lead s to a hel icity representation for the

angu lar momentum. This representation is conven i ent when coupl i ng between

rotational and orbital angular momentum is neglec ted ,~
71 which is generally a

good approximation . The transturmatlon of the Kam iltonian from a space fixed

representation to the helicity representation introduces terms whiCh couple

orbital and rotational angular momentum , giving rise to a large number 0?
P

I

_ _ _ _  - . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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P

coupled equations. The coupling terms as well as the orbital term are propor-

tional to ~~~. Assuming a range for these interactions to be on the Order of

tfle et fect ive time scales for orbital and rotational motions are

j~ bL) x 1u ’4 s (2.4)

tROT 
b2/J x LU S

For most or the states important to N2
-r1

2
u V~( exchange , J > b , and 

~ UT >>

‘i uRb’ result ing in small orbita l-rotational coupl i ng. Thus we neglect the

coup ling terms. This approximation leads to an unperturbed Hamiltonian which

is diagonal in the space of states which consists 01 the relative , v ibration-

al , orbita l , and rotational motions.

• In the he licity representation , the potential (~ .2) is ot the torn

v (R , q 2, q~~~, e 1, ~~~~
. (2.5)

Ne retain onl y the parts i mportant to relative motion and N2(1) • H20(u1U)

excha nge :

~ 

+ V , (~ .b)

P

9
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e a cosh (5~ cos e t ) cosh (

~ cos •2 sin e 4 ) ea 2

~- c o s e )
- 2 e a cos h ( -~~cos e~ ) cosh (

~ aco s •2 sin 82) e 
a 2~ (2 7)

U N O
V 1 q 2 q2

2 0NK e ~ —i— (~~ cos e 1
) ( 1

~ a 
cos s in 8 2 ) (4.S a)

cos
si nh (~~~~

- cos e~ ) sinh (~ cos sin 8 2 ) e
d

- e c4~ 
cos e i ) (‘~~

j 

cos 04) sinh 
(.

~~ cos e i )

cos ~~~
. .

cosh cos sir’ 0 2 ) ea C

Here

~ N~ bond length ~ 1.1u~ A
0 (2.bb )

~ a sin

y ~~ —~— d c o S e~ /2
h 20

ci • OH bond length • .97 AU

• 11
2

0 bending angl e • 1U3.9 °

P
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e 1 N2 orientation angle

o~ , •2 1120 orientatIon angles

0NH ~.iK

a

In (2.b) we have neglec teci P4-0 interactions entirel y. This is val id

to ten percent accuracy because the heavy oxygen atom stays close to the cen-

ter Of mass anci samp les muc h less ot the potential surface than the lighte r H

atoms. Al so, the attractive part of the transition potential V 1 has been ne—

glec tea si nce tne VR exchange is lar9el y due to the repulsive interaction tern.

The V~ part or (~.b) determines the relative motion of the molecules .

NC make the classical path approxima tion , whIch is va lid when the energy

aetect .~L is sma l l  relative to the kinetic energy Ek. In our case there are

contributing ~R exchanges wi th AL anywhere trocn U to ~uu cm
’1 . However , since

the transition probability given by (2.9) falls off exponentially as a func-

tion ot ~E wi th effective width on the order ot 20U cln ’, the transitions wi th

larg e energy exchange have small weight. Consequently the classica l path

approxi mation should give a fair picture of the collision process. Then the

interaction potential is given as a function or time by V 1 (R( t)), with R ( t )

determined classicall y by y
L~
• The transition probab ility is then:

+
~~ ~~aEt 

2• 5 (i~ V 1 J t> e cit
~

p

11



with the matrix element (i IV 1 I f> is detined as:

1 1120 N 2 1120(il V i f> (*
~ ~ ~ 

IV 1(R(t))~ • f ~ V ~ ~
> (2. lu )

The wave functions in (2.10 ) are for the 1120 roto—vibrational motion , and the

P42 vibration respectively. Note that both the vibrational and rotational dyna-

mics are treated quantum mechanically for 11
4
0. and the matr ix elements were

eval uatea using our model .~~~ For N4 only the vibrational motion was deter-

mined quantum mechanical ly and was taken to ~e a harmonic osci llator. N2

rotation has Deen neglec ted in the above , because its N4 rotational energies

are small in compari son with al l other rel evant energies . Orb i tal motion is

taken into accoun t by the centrifugal term in the potential which determines

~e note that (2 .9 )  is val id  in the limit that the matrix el ement

(4 .10) Is small , or single quantum exc hange is val id. Uirec t calcul ation

ver i f ies that this is a very good approximation in the present case .

Al though the matrix elements (2 .10) determine the relative probabi li—

ty of a spec it lc transition , the magnitude of the rate wi l l  depend crit ically

on the c lass ica l  path, R(t ) . This Is determi ned by V
~ 

together with the cen-

trirugal term L (t+l)/R 1
~. An ambigui ty arises since V 0 ‘is dependent on molecul-

ar orientations through the angles 82, •~~, and e
~
. 1*nerall y, one simply aver-

ages the relative potential

_
_ _

12 
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V0 (R , e4, •
~~
, •l~ 

— t (t+1)/R2 (4.11)

resulting in a po tential dependent only on I~ of the form

(2.12 )

If the molecules were rotating rapidl y, they woulci see such an angle averaged

potential . however , for N2—tI4U hard core collisions the relative time scales

re:

t cuu. ~‘ Zxl u ’14 s (2. 13)

112U 14
tROT 02/JxlU S

P 4 .  14T RUT .a~ b44JU/JxlU

ie therefore see that the molecules are not rapidl y rotating during the col li—

P sion and that the path determined by (2.12) Is Inappropriate .

Sinc e the molecules rotate slowl y, we use a steric factor averaging

P technI que to aeterm i ne l~(t). In this approac h (e4
0,,4

0) refer to a particular

Initial orientation of N~ U which remains constant during the collision . Afte r

the transition probability is eval uated , the resul t Is averagea over all possi—

P

I

___________________________ 
~~~~~~~~~~~~~~~~~~~~~~~
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ble val ues of t8 4
0,.4

0). A similar procedure is followed for the U4 molecule.

it is interesting to note that the steric factor method Of angle averaging

gives rise to transition probabilities larger by an order of magnitude than

that obtained by potential averaging. When transitIon probabilities are calcu-

lated as functions of orientation , the angl es which lead to deep interpenetr a-

tion ol’ the molecules tend to dominate the average. Conversely, when the

potential is angle averaged before the calculation , the larger potential s

associated with lesser penetration aominate the average. As indicated , the

diffe rence ifl the resulti n g rates can be an order of magn itude or more.

The fact that the method ot angle averagi ng usea can atfect the rate

b~ an oraer of magnitude or more indicates that the reaction rates are criti-

call y dependent on the classica l path chosen.

The last ste p in the ca lculation is to average over all ini tial

states. i~elative momentum is aolt~ ian averaged , and orb i tal motion is aver—

P agea by treating t as a continuous variable ana 1ntegrating .~~ The initial

vibrationa l and rotational states are also averaged using a t~olt~iian distribu—

t ion .

p

Ill . LUhPUTATIUNAL RESuLTS

P The results for several aitterent temperatures are compared wi th

ex periment in Table I. our val ues are roughly 3 times that at the most recent-

ly mea sured val ues in column 2 , and show the same temperature ri se . Our re

S

14

5 , 
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1 1

sults agree to wi thin a factor at 2 with co l umn 3 , but do not show the rapi a

rise i n temperature indicated in col umn 4. In every case except for column 4

near room temperature , the preaictea rates agree to wi thin an order of magni-

tude of experiment. ~.e fina much larger rate s at lower temperatures than

those given in reference (11). In Table II , we give some calculated val ues at

atmospheric temperatures .

lb

I ,
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TAbLE 1. CUMP~ARlS0N OF CALCULATEL) AND EXPERIMENTAL RATES

I Kcalc Kexp A Xexp B KexpC

(sec 1atni 1) (sec 1atm 4) (sec’4atm ’1 ) (sec~~atm
4)

x 10b x x 10b x iu6

,SLJIj 1.0 .,~4J .45

1.9 ..,b .bb

122 1.1w

1.bb 2.07

• ihitson aria ~cNeal experiment ( 2 )

• empirical tomuia~~ 2. 551 x

• empirical formula~
1
~~ 2.bThxlu

9 
~ ~~~
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TAbLE 2. CALCULATEL, RATES AT ATh$USPHERIC TEa’i~’ERATUR€S

I kCALC KCALC

(sec 1 
atm~~) ( sec ” 1  T 1)
6xli.,

uU .bi ,

20 .b7 bb2

.74 974

00 .o1 lu7o

.b 9 117u

.~~i 12b0

I:

p

P P  

1?
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IV. ULS C USS L CJN

The preaictions ot kinetic cooling in reference ( 1)  used N4-1140 deac-

tivation rates similar to column 4 in Table 1. We predict a rate 10 to lb

times larger than column 4 at room temperature . With such a large rate , the

deactivation tenos to be the dominant process for the rel axat ion of

v’ ibrationally excited N4 i n  the atmosphere . For example , the three processes

lncluaed in re ference ( 1) as e rfective in the relaxation ot N4 i n the atmos—

pnere are :

+ L04
(uuu ) . N

4 
• C~~(uui)

+ Cu 2(u~Li) (4.la )

Li • P42 
+ (4.lb)

N + h~ L~ • N4 + PI
4U 

(4. lc)

P
The time scales tor the three processes were chosen respectively as:

‘CO 
• 1.’~ x 10

’
~ s (4.4a )

• .~.c x 1u’
~ s (4.2b)

P

‘M u  
a ~ ~ t” .2c)

_  

lb
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These are roughly equivalent in importance in the deact ivation of N4~. hOW-

ever , it we use our value for the rate (‘~.2c), the time scale for the latte r

process become s

‘h u  
• b.u x iu ’

~ sec (4.3 )

Tnus , tne rl4u deactivation is an order 3t magnitude more ettective than the

other two processes considered in reference (1). ih is aominance simpl ifies

tne anal ysis consioeraol y. It turns out that Dotn the maximum temperature

decrease aria the auration or the kinetic cooling become i nversely proportional

to the ~~~~~ ceactivation rate alone . Thus the pre dictions ot these para-

meters in (1) should be aecreased by a fac tor of 1u— 1~.

These parameters have been measured in an ooservatiOfl or the kinetic

cooling effec t by Sica~
’1 . lie found that in order to explain his measure-

men ts, ~~e rate Of ~~ -H~ u ceactivat lon at atmospheric temperatures hac to be

1~ times greater than tnat used in reference ( 1) .  in agreement wi th ou r calcu-

lation.

CUNLLUS ION

* The calculatio n or collision rates involv ing change of vibrational

quantum numbers generally assumes reasonant V V exchange , with an ang le avera—

geø potential determining the classical path . we have found that the larg e

P
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N4-h~u deactivation rate is due to rotational as well as v ib ra t iona l  exhange.

lhe possibi li ty or large rotational changes induced by hard core collision s

leads to a very large number of resonant exchange reactions, tend i ng to in-

crease the reaction rate over that ot pure vibrational exchange . In additio n ,

the result was found to be critically dependent on the classical path chosen.

Spec ifica lly, steric fac tor angle averaging gives resul ts larger by an order

of magni tude than potentia l averagin g , and was necessary in predicting cor-

rectly the oraer or magnitude of the transition probability . The resulting

rate is found to be large enough to dominate the deactivation Of vibrat iona lly

exc i ted in the atmosphere. Consequently both the duration and degree of

kinetic cooling is inver sely prop ortional to the h2-ri 4u deactivation rate.

Our rate shows a temperature dependence which agrees very well with

tnat or references (2) and (~~,u). hOwever , for T ‘ ~ou our rise agrees wi th

that i~ referer~ce (~ 1). ~e give the following approximation to the 11 2.4120

deac . ivat ion rate as a f unction of temperature :

~~~1

7 —2/ .uT ~ — i — 1 -• ~~~~ i 1.. e cm atm (for I 7Du) (5.1)

S

‘~ -b~ 91 -1 — 1• ~.b 1es x Lu ’ e - an atm (for I ‘ 75u )

P

P
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BAND MUUELS

I. Int roduction

To oeal wi th problems invo lving atmospheric ab sorbtion or emission of

radiation , band models describing the absorbtivity of individual mol ecules are

neeaea. ri particular , for cases involving transmission of high energy laser

beams , mooels are required for a wide range ot temperatures and pressures.

_ ine ~y line moøel s sati sfy these requirements.

The parameters which determ i ne a line oy line model can be eithe r

measured experimenta ll y, or calculated from first princi p les. ~e use a comb i-

nation of the two approaches . The band model parameters are determined from

the Multimode ?‘~Gel~~’
121 tor water vapor , which in turn is based on experi-

mental quanti ties . Th is semi-emp irical approach is expec ted to be valuable

for several reasons. I n  the rirst place , pure ab— initi o calculations are

‘inaccura te in predicting line positio ns and strengths. ty using a model con-

sis ti ng of experimen ta l input into a structure wi th a theoretical baS~S , we

can combine the accuracy of experiments with the simplicity of a theoretical

model . A model based on ex perimen t is expected to be valid only i n the range
P

of temperature and pressure at which the experiments were performed. Finall y,

a semi-empirical model can serve as a guide for building more accurate models.

P

in order to create a line by line band model , three major components

are needed :

P

2 1

P
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L~ne positions

~

. L’”t~ s:reng r~

~ine ~ .‘ 1 •~~5

r1e 1 i ” t ~ posinons i’-e ~1 er~11neu ~i ’ -~ctl y ~~~~ The Mu ltim od e Model

‘ar ’ .u.i er ~~~~~~~~~~~~~~ As ‘s we ll ~,njw n , the deta~ ’~’i nol ,~c u 1ar st ructure of

-1 ,J presents un~~~~1 i~~ 1C~
j
~~t ’ C S  ~ wu ’~~’r i~sp1ays •tri’c”e cent r ’ f ~~al ~‘s t o r—

~n , i’ r t ~~’~~rLi l anh~~rio r i’c i ’ y .  as we l ’  as F’ rn ’ resonances and other types

0. ~o~~—~ O~ie i~ t~ r~c ’ i’~S.  i t ~ St ’ ‘e - ~’~~s 1~~ ’ nj t e  the no lecu lar ch~ rj c te r~ S—

:~ cs ~ — J . no~ j nl~ ~.a1 ’ ’~ el y but ~ n t’ ’e~ y ,  ~nd are ref lecte d in

the t 3-~~~~~~~~ •~~J~ ~~~~~~~~ ~ ~ev~ lS and w a i e  ~~ncnons .  Conseque ntly t ncy w I l l

~~qn ’’i cjitl ~~~~~~~ ‘
- The t’- s ~~~-~ i po1~’ r~’crien s , ‘ ev e 1 posi~~ons , ano l ine

~~~~~~ ics. •~~~~ t’mod e ‘~~e~ 
•a~es tne s” fed~~ ”~~ ~~o a c c ) ~ n t  and Thus

; r o ij j  ‘~~r~’ he bas’s ‘~ r -~ ~~‘;‘~~ J b~ n~ ‘.~- 1 .’1.

I 1~~~ ’ ‘ “t ’?’~S 1 t  ~s are f)und :y ~v~~l ,~~ ‘ n~ n a t r ’ x ele m en ts o~ the

~~~~~ fl ~~d~~ t’ ‘ ~nc~ icns ~~~~ i ed  by The “ul timode •iodel . The

~~~~~~~~~ ~~~~~~~~~ i ’ .’ ~~ 
‘ ! I~~ ~~- ‘v -” -’~

P r’> - ‘- ‘~ (1— 1)

~~~
re I,,~ ‘S ~~r~’’’~e’~ by :~i ag 0 na l l Z ’ n 9  ‘he quant in - ‘echa rrca i -~an’l —

‘~~‘‘on ~~~~~~ the ~‘is~S states n> and J KJI> , where rn> ~s a ~r~iduct of three

‘~orse ~s c i 1 l a t r bas ’s  ‘ ,rc”. lOflS ‘ ‘ ) r C S C 1 ~ ~ng tie stretch , bend , ~nd asymme—

P —~c Y ‘~~tc” io~1es • ~~~~~ ~~~~ is a symetr c r ~tj r  ~av~’ f inc~ ‘on.
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Finally, t~ e line widths at atmospher~c pressures are assuried to be

lcn’”ated by coll’s:on broaden ing. Thus one needs to know how H2~ interacts

w i t h  t h e r  molec es. ~e not e that c o l l is i o n a l  interact ions al so cause a

smal l ~i’’’ t “ occ ,~r in the line pos itions . Both the broadening and th~

;n’~ ts can ~e ~Y a i i e - i  ~ron Anderson s~
’3
~ theory of collis i on broadening

~~n — n  4 !i I ‘~ ~~
_ • ‘~)~d ~~

r

‘
~~e :‘;~ol~ ‘ ..rf  ~r is a ~nc~ ~~~ ~~‘ ro~at iona1 and v ib ra t iona l  coor—

1~~ate5 .  ~~ ~~~~~~~ ~n a ‘ y lor serIes about the three i~brat~onal coordinates

, :~ , a s fol

• JOO ~~‘iOO’4 i ~~~O lO ’~’ ~ ‘43 ~~~ ~~~~~~~~ (2-1)

• 
~‘j’~

-
~~ ~~ ~~

.~~~• • •

~~ere the ~~ depend On r o t a t i o n a l  coordinates in the osual nanner. Note

tha ~~~ 
~~~~~~~~~~~ ~~~ 

te~ ’iS dete~~ ’ne s ingle ~uant un tr ans i t i ons  in the

s tr e t c n  ~‘od e , bend~ng node , m d  .asvnrnetric stretch modes , respect’vely. Due

to anharllon c’ty and ~i’xI ng ~f nodes th is separatIon is no clear , in that

n.~re w l l  ~e snai l contribut nns to  bend i ng mode trans itions ‘ron a ll UIJ K

~~t n  (:~~J’ ~~~ 
t
~i1- s rrr ’~ ing c onpli cmtes the deter’i~’nanon of ~~~~~~ from

_ _  - — -~~-~~- :.I~ ._ _
~~_ 

-
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exper~rient-i l quant ines , because u0~~ is not exactl y the measured electric

di~~j le ni~iient and i s not exactly the bend i ng mode t r ans i t i on  d ipole

moment.

The were fit to experimental quantities in  two different ways.

Both r’tethod s involve truncat ing the series (2-1) to l i m i t the number of para—

ieters. Th~ f~r~t ‘iethod involves calcu lat ing a number of individual line

st’~ ngtri s , :ymjarlng w ’it h exper im ental l In e sh i fts , and - .‘arying the ‘~IJK i n

order to i’nirn ~ze tiit ~ ~i 4ference between t ’ie two . The second nethod assumes

~ 1at I~ coupl Thg ~ias a small ef’ect on the integ rated band int ens iti es. Ne—

~;Iec t inj ~~~~ 2- ~~ ’ l Ing ,  - r,e can d agonah:e Th~ 
,-ot a t i2nal and ,‘~br ational part s

3f The Na m i l t j n ’ a n  ~e~ a ra t e ly. ~a~ 1n~ onl y the .‘lbr atl on ai wave funct Ions

~ h> (2—2 )

3’e l~~~r I  ies 3 ‘n.’ ~iteq rated band in ten si t y by isln q ‘~atr ix element of

~~
— . )  esii 4at ed bet~ee’i purely ~i~ br iYona l S t 3 t e S  -

~~
). :~ ter’ls 3f the

~es , t In g - ‘ lat r ix elenpnt , the Integ ra ed band ‘~ntens Ity is jus t

~~ • —
~~~~~~~

_
~ _—

where v 1 5 ‘h ‘~equeiCy ‘it ~ ind or -gin anti ~ is the dipole moment matrix

‘!l~ -ient . ‘he f ’ t t I n i  procedure ‘s now to use ( 2 —3 )  to calculate band

strengt hs , compare w i t h  ex pe rinent , and vary the paraneters u :n. to mln ~rni2 e

the ,~r ro r .

2~

: _ _ _  
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The first method is used in the code LINE , an d the secon d i n BAND .

The parameters derived from line fitting give intens ities which are very
t

acc urate ‘in the region of the spectrum in which the lines were measured , but

less accurate el sewhere. The band fitting method , though sl I ghtly less

accurate due to the neglect of VR coupl ing, gives results which are consistert

over the entire spectrum.

Ma tr Ix Elert~ nts

~)nce he dipole operator is determ ined , one need s to eva luate the

• r na t r ’ ,i. elerient between YR wave functions Suc h as (i- ). For simpl ic ity we

cons~der the rlatr lx element of a sing le term In (2-1),

- ‘ k
• ~~ q

3

~~en 3 t e  by J,~, ti e nbrati onal nat’~I .~ el enent

• <rn~ ~~ 
-i
~~ 

ri , ~2-5)

I

~nd EK ,. ~he rotatio n a l nat r-ix element

K ~ ~~ROT~ 
I J ~ 

‘
~~> (2-6 )

P
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The matrix element of ~ between VR wave function s is then

< v J T ~ ~~I vjt> • ~~~ C~~K~~
t Q I JK E~4 C~~

t 
M I J K (2-1)

m,n ,K,X

The matric es D and E are known from the theories of Morse

osci lla tors~
141 and symetric top rotor functions ,~

15’ and the mat rices C

ar ise ‘-Om toe Mu ?timod e Model. One m ult i p l i es the matrices to yield each

element , and then sin s over a l l  !JK to give the total transition moment

between I v J ~~~ and ~-J~ >.

::c. : nte ns i t ’ es

‘b~ I?ne strengths are given by the relat ion

—h c~ ~~ 3 N 
~.‘h~I -

- ,  0 — ‘ -  — .
• S • ~.-e 

—

~~~~~~~ 

cm at~ (2—8 )

where a x ~j
1
~ STP / T )

• d i po le  l ent na t r ix  element in esu

• I m e  frequency in crn ’

P • occupat~on of lowe r sta te

• 1J2J.1)e

I
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~

The i mpact approx i mation is made. Thi s assumes that most collisions

are binary , i.e.,

Z << 
~/‘tc0fl (2—9 )

where Z is the co l l is i on  frequency and 
~col i ‘i s the duration of one coll isio n.

For N -,-H ,U , -at atmospheric temperature and pressurt~,

N ~I I0~ sec 1 (2-10)

u/ t co l l  ~

‘ 
a J ” ”

~
’ 10 sec ’

One can see from t he above fo r  i • 3 A° , N ~ ~.7 x . 0’~ , M • 13.96 amu , the

I’lpdct approx Imat ion i S  v a l id .

Second ly, the c las s ica l  ~ato ap prox ’nat~ on ‘i s made , where it is

assumed that toe r e l at iv e  mOt1O f l  :an be descr’bed class~call y. This is valid

when the energy exchange c~ energy defect is much smaller than the kinetic

energy. For the long ranged ‘nter~cttons wh ich lom’nate coll ision a l line

broaden ing .

*

<< too cm~~ (2— 1 1)

P
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Ek~~~
2O0 cm ’

~

and the classical path approximation can be used.

Thus the relative separation is assumed to be wel l described by a

class ical path , R (t). One generally assumes an addition that R(t) is essenti—

al ly the stra ight l ine

~(t) Jb
2 

+ v2t2 (2-12)

wnere b is the inpact parameter and v the re l a ti .’e veloc ity . The interaction

~ote nt ia 1 ‘ is then impl ic i t l y time dependent , v •

~etails on how the l ine br oad en ing and I ,“.‘ shi cts result from the

i i tC raCt ~ Ofl c a n  ~e found in numerous works. The lin e broadening arises from

the v i r tual tr~ns ’it~ons wh ich occur dur’’ic the col l~ sio n , and the snifts are

due to changes ‘in phase. Ihe S nat r ix ‘ is iven by

—
~~ (w ,b ,v)

S • e • e ’’ • (2-13)

I

wnere A depends on b and v through the c lass ica l  path (2 — 12 ) ,  and is also a

function of the energy lefect w. The rea l part of A determines the vi rtual

k transition pr obab il ity, wh~~e the mag’nary part determines the phase shift .

~ Is q’ ien by

28
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~

(b ,v )  • I~ 
V

11~ (t )  e nm dtl (2—1 4)

In —*

• <n iV im >

I
One readily sees from (2—14 ) that r is just the sum of the Born approximation

probabi l i t ie s for all the possible transit ions out of the state n , induced by

the col l i s~on interaction V. Since A(w) is a sum of holomorphic functions of

w , whose real , art is 1/2r , the inta ginery part of A is given essent ial ly by

the Hu bert transform of r(w):

&

5 , i) 

~ E ~ ~~ ~
nrn (
:~~ dw (2-15)

where

a 
:~~~
. 

~~~~ e
_ 1
~~ 1t 2

Fin ally, one must average Over all impact parameters , all relative

veloc ities , and the populat ions of init i al states. Assum ing that r < 1 , i.e.,

the t ran siti on probab il it i es per co l l i s ion are small , the line width and the

l~ie shifts ‘or the state n of H20 perturbed by N9 are given respectively by

I

• N bdb 5 vdv F (v) r 1 2 (b ,i) P(J2) 
(2—16)

29
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• h N 
‘c 

bdb 

‘

~~ vdv F (v )  ,1 2  P~J ,) (2—17)

J 2 0 0

where:

J 1J 9 is eq. (2-14) for the case N2 (J 1) + H20 (n) * H20(n ) + N2(J 2)

~) j ,
is eq. (2— 15 )  f~r the case N2(J1) + -1 20( n ) . H,-) (n) + N 2(J ,)

is number density of N2
F( -1 ) is Ma xwe l l— Bol tz ~;ian d i s t r i bu t ion  for r e l a t i ve  ve loc i t ies

P (J2) i~ proba b’ l it y  for  f~ nd ing N~ ‘n ro tat ion state

~ot e  tha t ~he initial States of N2 and r e l a t i v e  motion are averaged

over , whil e the final states are sumed over .

Ji i id ing through by the factor C ‘or (2 - 7)  and hc for (2-18), and

4sing the relit ion

-, -, •i 1
14 a ‘4 ‘

-,.-
0 -

where N~ i~~ Lochscr initt s number (t  2.69 x 1019), we get the results in cm~

a tm~~.

*
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111. Calcula tions and Results

P

LIlA. Dipole Moment Operato r

The dipol e moment opera tor Is assumed to be of the form

I j k
a T~ 1 ,

~~~q
1 

q
2 

q
3 

( 3 — 1 )
I jk

where are the vibrationa l coord inates defined wi th respect to Figure 1:

0

FIG URE 1. )120 molecu lar geometry

31
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When ~i brat ’i ons occur , the l engths r1 and r2 an d the ang le  fluc tua te

about cert ain average values . Denot i ng the change from rest posit ions as

ir 2, ‘3 , the vibrat ional coord i nates used here are as follows :

6r1 + 6r2
2r (3—2a)

6r1 —
q
3 2r~ 

- (3-2b)

q2 (3-2c)

~n a3orox ’mate fDr-1 for (3-1) can be obtained by assum i ng that the dipole

moment ar’ses fr~~~r a charg e imbalance jf -2q on the oxygen atom , and +q on

each hy~rogcn at-3m . Th~,r’i t~ie 3 and a com ponents of the Jip ol-2 moment for the

rest pos it ion can be easil y der Ived :

~L
a

.1
5 

2 2rq cos (9/2 ) (3-3)I,
‘4ow is  ~~4 S t  th~ ~iea s~ired e lec t r i c  dipole moment of the -l .~- ’ oolecule , ~~~~ .

Th-j~ q ca r’ ~te determined s~”ice the mol ecula r geometry is known. Us’ng (3—2)

and the d ef ini t io n of the dipole moment , it is now possible to obta’n the

r~l~ yon ~3— 1) to ‘l r s t  order in the q; ’ s:

P
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M
H O

-z ta n (3-4a)
a M + 2m s in (e/2 )

+ 

~~~ 
q
1 

- ~ tan ~ 
q~ (3—4 b)

~Iote th at ‘i s int ’i synr’i -tric under special invers ion , wh il e is symmetric.

•
~h iS Cjru cl~~s1 On ‘ is true for al l  orders of q. Therefore , the rotatio nal

s~’lec tion r i e s  fo r  and 
~b are d i f ferent .

J~~~nq et~~e i ; ’ - ’ntal  values for and e , (3—4b) becomes

• 
~~~~~~ 

* :. 
~~~~~~ 

- :. (3-5)

‘~-itC ‘ n ’  tri p si -ins f the 1~ -~~ tev~1s .~ ry. f the m ole cu~e was a ru g ’ .1 ro—

to ” , w ’t h no f l l~~ i ” ~ ~f modes I ~ to :‘~n~ r ’ f ug a 1  ~lY~ rt1on , the signs of the

- . w - u 1 1  be i r r e l e v an r  , s~nce e’ico l .~ 
would be ~easjred separatal y. n

i ’ ,- , nere ~s st’~-~r’n i n erferenc e n ~a’~v ca ses , so that the signs are

:~~‘:rta” . ~)r f~ ndaoent~~l modes ~ i ’~~r ’~ t l j r ~, i~ cent r ’i fu~ al distor tion is

pr ~s~” ~nd th~ sig n of is pos it iv e , ‘ne ~ branch is strengthened and the

~ branc h is weakened . ‘ bt ~ reverse IS  true for ~1 rie9at i~ e. In the case of

ho- : bands the d i s t o r t io n  effects are more compli cated.

V
E~ uat~ on 3-5) rperesents a rough appr ox ’i~ia ion to the dip ole opera-

‘
~~~r , ~c stated in Sect ion 1 , we have dete rmined the u l i k either by fitting

to 1n d ’ i v u lua l  l ine s rengths , or ‘o integrated band inten s i~ ’ies.

J 1~~~~~~ ±i
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In part icular , we consider as an example of our model the interaction

P or the modes (000), (010), (020), (lou), (110), (120), and (001). The exper i-

mental band strengths are given below in Table 3:

TABLE 3. BAND STRENG~HS FOR H20 
(16)

Band Transition
(r

1
r
2r3

) (r~r~r ) Dipole Moment

(uuu ) ( uuu ) 1.8546

Cu b ) (u2u) .171

C uuu ) (ulu) .121
- 

(ulu) (lou ) .0167

(uuu ) (uZu) I .uUl

Cub ) (110)

(uuu ) (lou ) .0149

( ulu) (011) .J7u~

( uUO ) Coo l )  .0708

Cu b ) ( 12u ) .004

(Quo ) (h o) .0028

( uuu) (120 ) .00112

The exac t form of the dipole moment operator cons’dered was

P
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P

~OOO ~ ~~JQ q1 + ~010q, + ‘~~01q3 ~110 q 1 q 2 + ~020 q~ + ~~120 q 1 q ~~ 3-~’)

Th is  gave ~ parameters for 12 pieces of data , and the resul ts of the f i t t i n g

procedures ~or tn i s  si~iHe case are given ~n Table 4.

‘.~B L E 3 . E M P I R I C 4 L  ~~P~LE ‘-~C~ E’4T

-,~ ebyes)

- -  1 - - -

.4~~~ ’2
7J 1  14 ’ )

~:io
.O142~~

‘ ‘ ‘- 7
.‘,~~ -

‘4~te n~ t ~~~~~ ~~~~ I i  order ~f rnagrn t~~e ~-rtn (3-5 ?, and the SIgnS

are the s aiie. Th~~ on~ ca n understand the je-.- I  at lon o f t h e  H 23 abscrDt~on

;~ectr-rI from a - - g d  -ct~ r s~~c’rum .~ a lItati.el y in terms of tie sl iole

~ a 3IIC t r C  ~)~~i l ;f 
~~ 

shown ‘n Fi lLI r e

P
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:::a. n tef l s it les

~rIe itenS !ty ‘jr j  ~art~ c~ lar tr ansi tl~ r’i ‘is giie n by t fjll~ w Iny

rel at i ~‘i

hcr —2 • , -1
• 

~~~~r~~~~~
’ ’ ( :  - 

‘!~~~~ 

cm a~

“ e’~~~ 
‘
~ • ic h sc h~’I it  • s 1

a I i “~~ 
- I ’ ’

~~ 
y n c,

I I 1 po~ 
.
~ 

-

— 
— a ‘)-‘3 ~~~~~~

P •~ ,o l t rIu ,1 j I 5 t r i D . 1 u n  ~.nc~ ion fl r i~~wer st~~t~

a ~ ~~~~.:~~~~~~~
- ‘ 

~~

‘ 
:•‘

~e ‘i~ so (F .-c’ t’e i’:ol .’ -Tl e”t r~ • ei~’-’t”’t

2 
~2J~~ ) 3— ~~)

1

~~~~~ ~n .- n ’ts -
~~
‘ ( ~-i~’s)~

; icr S ~re :an ca l cu l ~~~ the I ~ ‘nt.’n c I ty f -jr any t e-1Oerat~ re j5~rq (3 ).

S IS  1~ t eri’ned by i ultl c l y in Q t~~r~~ujh the ma tr~ces C~ , i , C , ~rLl E

- ‘is ‘n ( .
-) _ ; • ) .  C represents ‘i~e YR wave function , D be m at rIx of the ~~s, and
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L is the matrix ot the rotationa l coordinates. We note that since H20 belongs

to the point syuinetry group C2v~ the matrix E factori zes i nto 4 blocks, if

this is taken into account , the multi plication process can be speeded up by a

tactor of (4 )~ a lb.

In Tables 5, b , an d 7 , we li st the matrix elements S in (3—b ) for

various trans itions in the (ulu) band ot water vapor. The results are com-

pared ~i tn experimenta l measurements of ‘individua l line strengths,
U7’l resul ts

due to bened1ct ,~
1
~~ and the ‘rigid rotor ” l ine strengths . The latter are

~a )Lula ted ry neg lecting the rotational mi~ ing of modes due to centrit’4gal

ais tortlofl. The “F fac tor ’ ‘is obtained by aividing the real , centr ifugally di s—

torteo values Dy the r ig id rotor values.  The F tactors , which are related tO

the centrifugal distortion , are small near the band centers , and grow larger

very rap ’ialy as the distance from the band center increases. The orig ina l

F- factor ca lculat ion assisne~ mi xing onl y between the fundamental and ground

state , wtii le in our moae l mi Ei ng occurs between all the modes. For regions of

the spectrij~i gi ven in Table 6, the differences are not signif icant , but in the

ex treme wings of the spectrum there are order of magn itude differences. Line

strengths for the reg i on of 2200 cm ”
~ in the (Olu ) band , are given in Table

7. P4ote that the F factors there are as small as 1u~
3. Onl y a multimode

model can accura tel y predict the ~ntensities in these extreme regions.

P
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~Atl~ t~. ~~~~~~~ w~ ~~ ~~~~~~~~ ~~~~ L:~ E

_______  - -~~ T 5cal c  S b Srigid
- - v -4 -4 -4)ower upper ex~ C i~ ) ( ~ lu ) C x  10 ) Cx  10

- 

b o b  101 9

4 - :4 5t~.21 Sub 441 517 j 411

3 ~4o4 .~ a ‘ ~u1 ?b7 
- 

158

I .s 1 ~~~~~~~ 3b9 
- 

370 443 335

147 .s.52 ~uo - 7J0 846 845

a : l4d1..i~ 352 320 391 ‘ 285

Suo 481 611 320

~~~~~~~ 
4~~ - 1496.20 600 5o7 668 669

1 1 1~u5.bu 319 ~t’i9 35’i 250

Comparison of calculate l dipole matrix elements with experimen tal and rigid

rotor va lues: ( ulu) band, 1470 cm”1 (mostl y P branch).

5exp ex perimental va) ue U7)

• present results

S8 • previous results U
~~

Srlgl d • rigid rotor val ue

* All val ues In (debyes)2

38
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TABLE 5 (conc l uded )

~—2 1954 .99 161 114 133 455

I 4 ,~ 1956.27 .16 .13 .20 1.00

7~ 4 0 2 1901.19 61.0 37.3 56.9 151.

02 7~ 190o.27 140 216 720

4 - - - 1970 .19 .95 .65 , 1.06 5.36

1988.41 ~2U 14u 212 
j_ 

lou

Compari son of calcu lated dipole matr ix elements wi th experimental and rigi d

rotor val ues: (ulu) band , 1900 cm” (mostl y R branch ).

5exp ex Pet~ m~~t~ va ’Iue~
17

~
5calc 

a present calculated value

previous reSultS (1
~~

Srig ld matrix el ement for rigid rotor

A ll val ues In ( debyes) 2

*

P

3)
P 
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TABLE 6. ~‘RENGTH S FOR MEDIUM LINES

r 

Sexp s~~1~ S8 Sr i g i d

‘lower ‘
~upper ‘

~~xp (x  io”~) (x  iu~~) io~~) C x  iu~~)

- 

53 1852.4u 1.30 1.12 1.95 7.79

02 185b.26 4.48 2.96 5.50 21.6

S 

- 

8 4 9 ,4 1858.55 511 555 67i

o looo.37 119 94.2 113 279

4 . 1809.34 198 lbb 
- 

241 564

I 
1a7u.oi 

- 

ouo 426 722 825
- 

7 ,4 7
,,~ bo/ b.b1 2 .14~ 1.43 3 .47 - 11.6

1884.57 21.1 16.3 28.1 53.0

0 1 - 1089.50 224 i i~ i ! 242 547

62 1895.17 154 218 544

4_4 
~u 

1904.35 o.53~ 4. 44 6.94 20.3
I 

1907.90 238 158 
- 

248 529

0
3 7 3 1909.95 03.2 01.9 

- 
61.8 209

‘ —1 
1922.33 226 163 257 522

S ‘1 192i.lb 177 137 184 510

d_~ 
8 2 192b. 7u - .79~ .bb .83 19.0

1933.19 234 178 ..3u7 538

• 9 3 1U_ 3 1941.63 323 207 372 58
- 7~~ 1945.34 12.8 9.23 hj.u 39.5

5 0 1946.35 7.46 5.02 8.20 26.9

P 0 0 1 1951.15 .18 .1u .25 2.02

L
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TABLE 7. STRENGTHS FOR ‘4EAK LINES

P

Li  J~~c&c 
S~~~~~~~~~~ r1gid

“iower
j  

‘rupper ‘
~“exp (x  lu”~ ) C x  io ’~ ) C x  io”~ )

1u~ 
- 

2307.uJ 34.9 219 9u3U

2314.88 1.63 139 6880

9 - 2324.71 4.bu ! lb 187
• —S 5

10 2 I 2333.25 3.90 35 145u

233a.37 .00 5.5 3u7

- b5 2434.54 .u5 .09 9.9

9 4 102 348.64 .~ 2 lu9uu

02 - 7~ 2352.2 0 : 2 .41 0.6 395

2353.23 2.48 6.6 395

0 7 83 2357.u 3 .36 .u7 13.4~

0 4 
/ 4 2302.51 .42 .82 74

7~ 86 2378.52 
- 

9.38 24 1400

2375.u7 13.67 - 24 14-00

2394 .90 18. 4 - 57 3290

$ 0,8 2395.41 I .76 
- 

o.9 388

2396.9 7 1.77 3.3 201

Comparison ot calculated dipole moments wi th calculated and rigid rotor

val ues: CalU ) band , 2350 cm ’ 1  CR branch). (I~o experimenta l resul ts avai lable. )

Sca lc  present calculat ,~8yalue
* previous results ’

S 
~ 

• rigid rotor ~~lueIn ( debyes)

41

_ _ _  - - -- - —-, ~~~~~~~~~~~~~ -- ----



---—~ ----

— - - -

I .

P

:::c. Line B roadening and Shifts
P

i~ assume that broadening ‘s dominated by col l is ion processes. In

particula r , we calcula te the broaden ing and shifts of H20 due to coll isions

w~th ‘4., and 3,, th e major atmospheric components. Anderson theory discussed

above 1S used . All that remains is to choose the form ~f the inter act~on

~~t?t WCCVi the rno l~ cule s which med iates the broade ning process.

:~ the case of ‘
~, 

co ll i s :onal deact iv at ion by 1120, we found that long

ranged electroma gnetic nteractions were very ineffect ’-i e deactivation agents.

The long r ’in gR~~i :nteractions are nigh ly rcsonant , lea ding to l i ttl e energy

trans fer for the case ~E ~ ‘ 76Oan~~. ~i1 y through the mechanism of hard core

repu lsive ‘ rces can s ig n if i c ant ‘IV exchange occur.

~o 1et~ rm~~e the amount of l in e broade ning in Anderson ’ s theory , the

t r an s i t icn ~rcba~~l~ t~~’s to all possible neighbor ing states are sixiried.

Consequentl y ne ‘-~‘‘irest neighbor trans it Ions will dom~nate. To dea l with

.~ure rota tional t ’- j~iSiYOfl S with relat iv el y smal l  energy exchange , l ong ranged

inter act’ ons are s~ff~ c ’ient . n general , hard core col l ’sion s lead to large

energy , -i ’br3tio na l exchanoes , wti’le long range interact ions cause sma ll

energy ‘otat ’i-on a ’ exchanges . The coll i s~onal broade ning and shifts of

~ *~c’ ral l nes are -icxt~nated by the ‘ ong ranged electromagnet ic interact ion.



The l owest order electromagnetic interaction between H20 and P42 or 02
is iipole .-quadrupoie. For this case , it is wel l known that the response func-

ti on r(w) resul ting from the integral

~(w) a 
~ e~~~

t V (t) dtI 2 
~3-9)

is a s~ri j f  products of 1~el-i~ n fun ctions .

Conseq~ ’ntl y, the coil ~sion~ l lin e broadenin g can be readi ly deter—

‘ined us :ng (2-14) and ~2-1~~). For Jipo le-quadrupole interact ion , (2-14) for

t ne level .-~~~ r ’  -
~~~~ ‘-1~,3 , J.~ of N, becomes

.

a E <
~~
j

~~~i~~~~i 1j ~~~~~~~’H <J , I Q I J ,> t 2 C2 (J 123 2 ;OO)

(3-la)

where

3
-
~~~ w~ ) • [~3~~)! (3-a) !J

1 (wt)5 K~~~~W t I )  (3-11)

T b/v

(j
:1 1~ 1j 2~ quadrupole moment for N2 or 02

C(J 12J 1;QO) a Clebsh Gordon coefficient

w a energy defec t a E 1.~
_
~~-# E~2 

- ~~~ E
~1
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For the case of - iibrational deact ivat ion we neglec ted the U2 rota tion

entirely, because the vibrational exchang e was orders of magnitude greater

than the N2 rotational energy change. For line broadening all the possible

transitions are sunined over , and the smallest energy exchanges dominate. The

smallest energy exchanges occur in purely rotational trans itions , and thus the

rotational energ i es can no longer be neglected . Since quadrupo le selection

rules are obeyed , the Sjri in (3-10) over J~ ranges over a maximttn of five

.-~ l~.e5 for each J 2 , so this add itional compl ication ~s not serious. When the

init ial stat~ s J. o’ the broadener are averaged over as i i  (2—16), the sum is

-o
t’~jncated for those J, such that the thermal popu la tion is less than 13 of

the ground state. Th i s occurs f j r  3, ~ 130 fur -~ost ten~eratures .

To calculate the ‘‘~5POflSC ‘~~n c t 4 on (2 - 15) for the c o l i i s ~onal line

sb~fts , the flilb ert transfor~, ~ ~3-~~ ) --
~ st be eva1- ~~t ed. ~nstead of working

i’ rectl y w ith (3—1 ) ‘-or tn~s ~ur~ose , we ised ne least squares fit

(.17~
’ .3519x .3~~7 i x 4 

+ .2~59x
3 + .1764x4 + .1395x~)

(3—12)

Denote the ~~lbert transforn of 1~~i
k - 2 Iw I t

k - 2 1w $-
t .k (w o ,  a 5 ~~L e  3w (3—13)

Then :~ can be expressed in erm s of expone ntial ‘ntegrals:



P

2w r -2w r
* 4~

. [+e ~ E 1 (2w 0t) + e 
~ E 1 (2w 0t)]

w 0t 2w t
a + 

~~~~~ 
[-e ‘D E1 (2w 0t) + e E 1 (2w0r))

w ~ (w ~) 2 2w t —2w ,

* - + ~ ~ E,(2w0r) + e ~ E~ (2w 0t)]

w r (w T)3 2w —2w
1 0 0 r 0
.3 * - a— + —

~~~~ ~-e E, (~w~ r) + e E~~2w0T)]

3 4 -~W
0

i (w 0y) (w v )  2w0t
:4 a - i- -— - 

~~
— ,~ e E ,(2w 0 t) 

+ e

3w (w ~~ (w ~~ 2w ~ -2w0i
— ~~~ - —2 [-e E1 (2w 0~ ) + e E 1 (2W 0T)]

* :n the l~m~t of large w0t ,

______ 
(k  2s) !  (3-15)

- 2~ w ~ L... (2w ~)
0 s~o

S

Thus the line shift response fjnction drops off onl y as 11w , while the lin e

broaden ing response function falls off exponent ially. However , the line shift

response function i~ an odd functi on of w0, lead i ng to a cancellation between

terms of pos itive and negative energy defects , Therefore , even though ,(w)

has a ~uch wide r range than r(w) , the level shifts and widthS resulting from

P
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(2-ló) are roughly the same size s’nce r(w) is an even function and •(w) is an

P odd fjnction of w. The veloc ity averaged ~ and r as funct ions of x * wb/M/2KT

are oictured ~n F igure 2. Note that though r is larger for small w , it de-

creases exponent ially wh ile • is decreasing onl y as 1/w.

F~ n all y, we ~1ust average over .‘ and b. The int egra l ovt r v was done

n ririerica ll y. Since ‘(b) • • for b • 0, the assumpt ion that r is small is

i’ ~v al ~1a~~-1 i n that region. ~e used an averag ing process due to Shama and

3ra. . ~ o e l iminate the necess ity of min eric ally integrat ing -over b using

~~~ ful l expo ”en tial fern, tjr (2—16). ~e ass-J~e that ~(b,v) is give n by the

1
- 

o M ow ’ng :

~(b) 
a 
~(b) I b~ h~d

~~b) ~(o)  ~ ~~
- (

~~~
) - 

~(o)] 
b<J

d * L.~nnard-Jones -~ (3-1 6)

* To o~ta:n the re lat ion for r(o), we recalculate (3--?) for head—on coll isions

nl y. A s~ m il ar resu l t is obtained , with (3—12) replaced by

~~(~ \ a J~ (x) ~ e
_ 1
~
? (.1’L 3() ~‘ .0392 x — ~~)~~~~

5 2 

~ .0064x
3 

- .0006x’)
( 3 — 1 7 )

P
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The Hflbert transform can be evaluated as before. Averaging (3—16) over b , we

S

r ( b ) bdb a 
~ r (o ,v) + ~ ~(d ,v )  (3-17)

The averag ing ntegr al over ~ was ion~’ ium erica ll y, leaving a line

oroaden ig response fun ct ion and a l i ne shift response function depending only

on energy iefect w. Finall y, the averaging over the ~~ initi a l s t a t e  was done

ass~n;ng a Bolt.~ an~~ ist r ’b ut ~on:

- -sJ~~
J
~
.:) BJ ’J+l )a (2J , + I )  e / ~2 J + 1 )  e (3—13)

F~~~r 4.,3, we ~sed the J~oo le :~~1ent opera -o r yile n by 3.~ . 
The quadru—

pole i~r’ents ~nJ r ) tj t i ) n a l  constan s for N , ~~j ~2 are ~~ven below.

*

P
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and 0~ Molecu lar Parameters:

P

Q U

( x  1U 54 esu ) (cm 1 )

N2 1.7 Z.ul

1.u 1.45

In Tables a ana ~i we give the resulting level halt wi d ths ana shifts

aue to ~~~ and at T~3uu 0. Note tha t to obtain the line halt width , the two

level nalt widths are added. Conversel y, to obtain the line shift , we

sub tract the lower level line shift f rom the upper level line shi ft. Conse-

quen tl y, the shu ts are generall y an oroer of magnitude less than the widths.

n fact , tne shi fts are so small for a tmospheric pressure s (— .-ol cm 1 ), that

they are less than the accuracy ot our mode? . ;n Table 1~ we compare the

hal f w i i th S with other theories ana experiments. The results are in general

very good , wi th differences attr ibutaD le main l y to the approximate impac t

parameter averaging process used. To see this , we need only note that the

witj t f lS depend sensit ively on the cutoff i mpact parameter as d
4. A numerica l

$ 
i mpac t parame ter averaging may be used w i t h  the exponential form of the

probability , but this leads to a factor of ten increase in computation time .

:r additional accuracy is needed , this modification can easily be aone , and

the result ing calculation w ill consume approximatel y 1 minute of CX 7buu time .

P
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TABLE ~s. CALCULP~TED ~~~~ ~~D s~:1~ OF ~~ ~~ ~~
- 

~AT:o~~LLEVELS 3~E 
- COLL ISt ’~~ -, T ~ ~ 

2~~ U~~/T
_ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  

2 
_ _ _

~otational wild th Shift Rotational width Shift
Level Level

K MHz/T MHz/T 4 K MHZ/T MHz/I
- 1~~ _ _ _ _  ~ 1 2  

_ _ _ _ _ _ _ _  _ _ _ _

.25 .2u 
~24 1.39 1.35

1U1 - .bI .55 ~.14 1.66

‘ ii .bY .51 H 533 ; 1•1U 1.15

llu .77 .51 5~~ 1.41 1.27
1.~ 7 .~ 1 - .58 .~i7

- - - 4~ -
‘
~i~~ 

l.Leb .bl -

~~ ~41 
— 

.6 1 .6*3
1.2U .bd i S - . lb .61 -

ii - 51
- .~~~~ 

- ~50 .16 .61
.~~1 .7u b 1.43 l.s7

1.16 1.39 1.55

1.4i 1.ub 
- b 15 1.8u 1.70

3 i.5b 1.~ 3 6. 1.~ b 1.4~
- 1.ui .‘~3 2.47 1.89

1.~~.i 1.L~ 634 1.~ 5 - 1.35
3 .  .54 .11 I - 2.uU 1.62

.55 .71 b43 .8b

1.73 1.34 ~~~~~ 1.13
4~ 4 1.64 ~~~~~~~~~ 

b 5~ .36 .61
1.49 j I 651 .07  . 1

1.15 b61 .11 .5*3
I

- 
b6~ - 

.1 1 .5*3

4.~ .t~ .9-i 
~~ 

1.07 1.61

~3I .~-,l ~9b 7 j 7  1.uS 1.bU

~41 .31 .bb 7~~ 1.4c 1.b*3
.31 .bb 

-
~~ ~2b 

- 1.Ob 1.54

1.b~ 1.4*3 
~25 ~.52 2.04

~15 1.bl 1.44 1
j~ 

1.28 1~ 5u

• ~l4 
1.9~ l.b4 j 134 

- 

2.5~ 1.97 
-

53
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TABLE 8. (conc l uded )

P -T

~otational ~iath ~riift Rotationa l width Shift
Level Level

MHz/I Mhz/I 4 K 
Mhz/I Mhz/I

- 1~~ _ _ _ _ _ _ _  
1 2  I I

144 1.06 1.i l 
~7 1 .13 .71

143 1.44 - 1. 4i .u4 .54
.57 1.u~ 8~~ .04 

- 
.54

- .bu 1.uJ 
- ~u9 

.43 1.55

~19 
- .43 1.55

~~ .~~~~ .76 - .6u 1.56

.~.M .56 
-

~~ - 
- .51 1.51

.06 - .56 
- 

~27 
1.76 1.9*3

. 12 1.60 937 .97 1.b2

.71 1.bU 93b 3.~.i3 2.41

.99 1.63 I 
~4b 

1.17 1.63

~27 
./ 7  1.~~ 2.58 2.13

2 .26 ~~~~~~~ 
9 - .66 1.42

55 I

1.17 ¶ i.~~9 :- 954 1.18 1.52

2.24 
~b4 1 

.4i 1.12

1.16 1.50 
~b3 .49 1.13

~44 - 2 .ul 1. ~ 973 .22 .87
1.23 

~72 
.~ 2 I .67

.~i6 ~. 2 -  
~82 .U8 .67

8 .35 .-~4 I 
- 9 ..M •

6 7

81 -

•35 .94 I
- ~91 

.UJ .53
.li .71 

~9U 
.u3 .S3j

P
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TAb LE 9. CALCULATED WIDTHS AND SH1~~S OF ROTAT IONAL LEVELS OF

2 u DUE TO C O LL I~ I ON ~ £TH ~2’ 
IN

I i ~tational f p ~idth f~ hift RotaTiona l Width Shift
Level I Leve l
4 MHz/I I Mhz/I I i Mhz/I MHZ/I

u.19 .13 j ~24 .77
.60 .3*3 , 

~23 
- 1.55 1.lu

.49 .35~ 533 .63 .74

.53 .35 .94 .83

.-
~
J .62 I 

~42 
.31 .55

.76 .54 
~41 

.i3 - .56

.65 .59 
~51 .0*3 .38

221 .4~ .44 5~~ .08 ..s~
.~ 1 .46 H bOb .9 1.01

-i L~i 
i.~~9 .79 b ib .bS 1.iJU

.96 .71 b 15 1.lu 1.11 -

1.13 .o2 625 .66 .95

.61 b 24 - 1.74 1.2s

.b~ .6/ 634 .69 ‘ .88

.29 $ .44 b~~ - 1.36 1.u7

.30 .44 6, .45 .7u

1.11 .~ u 
~4Z 

.56 .73

1.uo .86 b~~ .17 .51

13 
1.32 i .99 b 51 .18 .51

4~~ .79 - .76 I 661 .uS .36

- - 

~22 1.20 .90 b~~ .u5 .36

4 .s2 .4*3 .59 
~u7 ~43 I 1.u1

.57 . 2  -
~~ 

7~7 
- .41 1.00

~41 
.16 .41 H .77 ‘ 

1.u8

- 

.16 .41 - 

~2b ~4’~

~us 
.95 .98 1 

~25 1.69 1.35

~15 
.~~~~ .95- 7~~ .67 .96

~14 
1.33 i.~ f _________ 

734 1.75 1.31
]
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TABLE 9. (concluded)
P P— I — - —  1~~~

•
Rotational jlidth Sh ft 1 Rotationa l w idth Shift J

- 
Level I Level 

I

4 
MHz/ I Mhz/I I 4 K Mhz/I MHz/I

1 2  ~ 1 2___  - _ - ---- -- --t - -

I 144 . 54 .85 .0*3 .44

7 4j  .85 .93 - .U2 .34
.21 .bS 1 - .u2 .34 -

.27 .65 
~u9 

.12 .93

7 b2 
- 

.lu .47 
~19 

.12 - .93

~01 .10 .47 .23 - .~~~~

.03 I H ~28 
.19 .93

.24 .9*3 
~27 1.u3 1.29

• ~16 .2i .97 937 •44 1.u2

.4*3 l.o2 
~3b 1.96 1.60

.9*3 94*3 1.57 1.40

a26 1.42 1.36 955 .3*3 .90

i 836 .58 1.01 !~ 
954 .Sb .97

1.97 1.49 ‘‘ 9b4 .21 - .7u

*345 .57 .9*3 I 9*33 .22 
- 

.71

844 1.21 1.16 973 .11 .54

854 .i4 .7*3 
- 

I ~72 
.11 *

*353 .42 .81 
- , I ~*32 - .04 .42

6bi .1*3 .b~’ ~~- ~81 
.04 .42 -

8*32 .16 .59 ’ 99j .02 .33

P .0*3 .44 
~9u j  .02 .33

P

p
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TAb LE lu. CO L~~T ION BRO AD EN ED LINE ~~DTH S

2° BROADENED 
$~ 0-, AND N ,, COMPARISON W IT H OTHER THEORIES AND EXPERIMENT

02 Bro adened (Mhz/I) Broadened ( MHz/ I)

I Theory (20) I ~‘ resent Experiment ilheory (20 1 Present 
- 

Experimen t
-4--

1
~~~

1
~ $j 

2.87 1.14 4.14 1.58

~u2
_2

1i 2.65 1.7*3 4.09 2.47

2. 6 6  1.47 2 . i  - 4.1u 2.24 3.8

21~~14 
2.b~ 1.82 4.16 2.84 

-

2.69 - i.u9 - 4.14

* - 422 * 5 15 2.73 4.3*3 4.20

4 44*j *•* S j j  2. T4 .79 
- 

0 4.23 1.41

I 4
4~

_
~~ 4 

4.63 1.i ~ L 4.05 1.71 1
. / 4  2.4u 2. 5 4 .Z i  i .52 4.1

2.09 .54 4.14 1.u3 
-

L~~~?

6

~~~~~ ii 2.70 .bb 4.1*3 1.16

Nlu . band Model

The line— by— line band model us based on a list of line freQuencies ,

strengths , ano widths . First , a table of collisional widths and shifts for

the specif ic temperature and composition Is formed . The n, a l l  the possi ol e YR

tran sitions are aete rm in ed , the Inten s i t ies  of each li ne calculated , the
P
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w idths determined by adding the widths of the upper and lower leve l, and the

p sh i f ts  by subtract Ing the two level shi f ts .

In Appendix I we give a l is t  of the water vapor line s and st rengths

p tor the HF and UF reg i ons of the spectrum 2*300 to 480(3 cm 1. The half widths

ano line shifts for each line for a specific concen tration ot N2 and O~ can be

de ter mi ned trom tables 7 ano 9. Since t hese tables are dete rmined for the

p grOund state , the ca lcu la t io n s ho uld be repeated for eac~i band , since the

asyninetry v ar ies wi th  the degree of vibrationa l excitation . However , to a

t i r s t  order of approximation the results for the ground state can be used for

any band.

The calculat ion of the width s and sh ifts for each band can easily be

* adopted into the program wh ich calculates the line s ana strengths to give all

the parameters of a band model for each temperature , pressure , and composi-

tion . The exact f”rm of such a band model ing progr~wi obv iousl y would depend

on its purpose.

Uescript ion 0? Coi~çu ter _Codes
P

I. In troduction

The pre se nt coci es co nsist  of a set of 12 modules w~iose interrelations

are Indicate d in FIgure s .s and 4 for ra te calculatio ns and band modeling. In

P
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Tode structure ‘or band rodeling
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genera l, data ‘ s  transferred from module to module by storing it on disc. A

brief descript ion of each module follows :

Ii. Descri pt ion of Codes

( a )  Model

Th is ~rogri i h~s been doc uriented elsewhere . ( 12) Its purpose is to

calculate th~ non—~i~agonal rotation riatr’ces A , B , and C. It does so by ~ary—

ing the iibr ati on a l p otentiais to fit observed band origons. Output quanti—

Yes are the band orig~ns and the rot ati on mat rices. if needed , the Morse

osc’]Ja:o r ~iat r i x  element s , the iibr at~ona l dav e func tions , and the rotat ion

,atr’ces are stored on disc for ~ater use. The ii br at ion al wave functions are

the coeff~cient s of ~n expan Sion in a set of Morse osc illat or functions.

(~
) 5~AMD

ST4~D consists ~f two ut il ity programs , HD I AG and STEP T. HD IAG

i~ ago nal~ zes syrretr~c -ia t r-ices dnd calculates the necessary transformation ma-

trices . STEP IT i s tne f i t t i n g  rout i ne. The parameters to be varied are

stored in the array Z ( L ) , and the stin of the squares of differences to be

,~1~ri1zed ~s calculated by the ~ai n progran rout i ne SMSQER. ~OOEL , BAND , and

~~NE ~nus t  be l oaded with the o t ili ty programs in STAND.

53
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(c) ROTATE

Thi s program calculat es the roto -vibrat ional energy level s using the

rota t iona l matri ces stored on disc by MODEL. If needed , the energy level as

we l l  as the roto - v~br at :o nj l wave functions in the form of coefficients of an

expans ion n nbriYonal wave funcYori s and symetric top wave funct~ons are

sto r~ i on ~i~sc. ~~~~ coef~ ’c ient s take up large amounts o’ storage space ,

bit storaqe ‘S con- .’efl~ent since tb’s data ~s .sed by three other programs for

~~f f ~ r ent  :~rpose s.

The wave f~ nc tic ~is resul t~ng from MODEL are used i i  WANG where the

ijt r~ .~ el ements of the rotaYonal ;‘ece of tri o ~lanilt on~ ari in trw bas’~s of

sang statos are calci ~ ~~~~ The res.lti ng natr’x Is J~aqonal ~zed to yield the

ro t o—v ’ b ra t ’o na l  ene rg ies and trans ’,~~ at1 on ~iatr~ces. The C~~ syninetry is

take n fifl y in t o account . The roto— v~brat1 on al wave finct i on ~ are then repre-

sented by the col rins of the transfo rmation ~atr’ces U- , and are j-ist the co—

ef f ~c ,en t s  of an p~~a nsio n in a b as ’ s  space con s is t ing  of a product of vibra-

tion al wa.-a funct ions ~no ~ang syurietric top wave functions .

*
(c) FN

T h ’ s  program ca l cu la tes the fourier transform response funct ion of

any ~nu ’i t’po le-mu ltipo le elec rmagnetic interaction ‘n the classical path

approximat~on . As is well kno~ i , the result is given in terms of a sum -jf

products of Kelv i n functions . n addit ion , the response function for a head

a 59
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on coll i sion , with impact parameter b 0, is calcula ted. The results can be
S used for .‘, VR , or RR rates .

(e )  QFN

Thi s rout i ne takes the ordered energy level s placed on disc by ROTATE

and ev al ua tes the st at ’st -i cal ~ function given bel ow as a funct ion of tempera—

ire:

~ g (2J +~~)e J~~~~
T ( 2-1 )

(f)

T h S  _i r oy r a - i  e i a l - u a t e s  the iiatr ~~~~ elemen ts of an arb~trary potential

-d ~~~~~~~ between I~ str~es whose energy jifference l i e s in a particular spec-

tra ’ ‘eqi r and ,‘~ ac es ~ie resu 1ts on d’Sc . The potent~ al is expressed as a

ser~es f s~ ne-’:al han~onics , and the result is found using the known lat r ix

el~ -~ents ~f s~eher~cal har—~ionicS between sjnnetri-: top wave functions. The

ful~ ro to-- ilb rat’o n al wave ‘incYons found by Mr D[ ~ and RiTAT E are used.

5 ( 9 )

RAT E calc ilates tr 3nSi t iOn O r ob aD il iti es induced by an arbitrary

~o enYal I by combin ’ng the ila tr ix element s jf J found by R TDAT w ith an appro—

Or ite response f inct ’on . Th~ result i~ gi ven as a ‘unction of temperature .

p

6~~~P

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



- - ----.--- -- - - - - - - -- - ~~~-~~~~~~~- - -

I

( h ) BAND
p

To determine the dipole m atrix element given by (3.1), this program

var~es the ‘~ijk 
in order to fit experimenta l integrated band intensities . The

v ibrat ional wave functions resulting from MODEL are used , and the fitting

rout~ ne is STEP !T.

( 1 )

L :~ E , ~AB LE , and ~~JT~ al l ~Sè 
t he roto -v ibrationa l wave functions

$
‘jund oy RU TA TE to calc u la t e d~;~ole *1~y~en• matrix elements. The dip ole moment

j ,~~r a t jr  is -~‘ .- e’i by the relation

~ -:~: ~ (2—2 )

where ba.e tn~ ~sual de~efldenca )n ‘-o~ at~ onal :oor dinates and are

i~ br a: *on al 000riinates . L ’4E cal c~ l~ tes the -i ipole tr an sit~on st reng th for

to 500 H,:J absor bt~ -on l~ nes , whi ch are g li en as ‘1~ ut. An Opt i On 15 to use

:ne f~t ting rout ’ ne S TE’T to vary trw oarareters in order to acheive a

fitt in g 0’ ~~~~~~~~~~ li ne strt~ngt~s.

P

(
~

)

Tb’ s p r o g r i l  uses the Anderson theory of collision broaden’ng to

calculate the w ’dths and shifts f 
~
123 l ev els  ca used by co l l~ s~ons w~th homo—

nuclear mol ecules such as N2 and 0,. The dipole quadrupo le rnanent l ong ranged

-~~~~~ ±

-
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interaction is presuiied to dominate the process. The probabilities of virtual

trans it~ons to al l poss ible neighb oring l evel s are calculated and summed up to

y~eld both the l evel width and shift. Each ind i vidual probabil ity is assumed

to be small enough so that the non—ex ponent ial . singl e quantum exchange form

of the tr an sit~on probab~l i t y  can be used. In this case , an approximate aver—

age over tue Ipact parameter b C~n be used , wh .ich eliminates the need far u

n rier~cal ‘ite grat~on. ‘h’s approx~~ate averag ing was also used in our co l li—

Sl2 ndl rat e c~ iCu 1 aYons and ~iIC5 onl y ~u-4O~ acc uracy, but saves quite a bit

f c~~i or t~~e. I f acc~ racy is needed , the exponent ial , mult i— quantum ex-

chang e ~ -o r -i o’ ~he transit ion probab~ l ities together with n~inerical integra—

t~ r a.’er ‘rn~ ic : r b a~~’l iti es should be used . The l~ ne w~Jths and shifts in

-_~n it s 2f ~‘
1/at~~~ are giien ‘or each level. Those for the highest U states

~~~~~~ are ~r)nq, Decause the .‘~ ‘- ual trans iYons to J~ 1 were no t ~nc lu ded .

( p- ) ~F ~S

:~ I i S  soe :’ali:eo arogr an  the velo city and 1 -Iwact paramet er re—

s~on5o ‘,“ctio ~s ‘~~r line sh i fts m d  line w ’itbs are cal cu la t~ i. The fourier

t rm’ 1s ’ar~ ~f tne ~1tèr uct i on ‘oten : al is fit to the form
t

e . ( 2 — 3 )

~ .~D/ .~ (2 — 3 )

1 2
and (x )  

~ 
e~~~ V 1 , (t )dtl (2-5)
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Then the line shi ft response function is given in t erns of exponential inte—

1 ;rals. In addition , the head on response f-unction ~s determined. Both are

averaged o~’er veloci ty , and the approx imat e impact parameter averaging de-

scribed in part B is perform ed. The results are used in W I3TH , where the

~~s~’onse ‘-~ nct~ ons are letera i ned by interpolating between va lues calculated

:~

S
( I )

‘A ~LE .ses th•~ o~~~~y levels fr ~n RO ’A~: to create a spectriiii of all

~O 5 S i D ’ C aDSO r Dt :oi I ~“e s .  The l i po le st’~ nct h s are ca lcu la ted  assuming a

~,~~j l e  ~ o+~~
- .yor ~1 ~en Dy 3. ~ , and ‘io res its are given in the fa rm of a

‘aDie . Or~ o re~ by I ‘ne frequency. E-ot h the ~e-~~er~ ture uependent line

strenqth and tie d~oole  ~atr~ elo’,ent IS ~r~ nted.

I

I

P
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APPENDIX 1

Ta ble of H2U Ab sorption ‘ Ines from 28(X) cm 1 to 4804.) cm~

V

Explanation of Table:

C~ l um n:

Lowe r state vibrat iona l quantum numbers (
~~ .~~~

2. upper state vibrational quantum numbers ( v~~ ~3 )
3. U or lowe r state
4. . of lower state

U ot upper state
of upper state

Fre ouency of line in cn(
~~. Energy of lowe r level in cm~~
‘4 . ...ine strength in cm /~~‘fl Cm” 

2 4lu . Transi t ion d i pole moment In (debyeJ ~1u x (~~~I)

3uu~~Bands include d (JO u) , (ulu), (100), (llu) , (u20), (1~u ), Cool), wi th U ( 10
~.entrifugal distortion include d for all but the (001) band.

~..oriolis ‘nteraction neglected.

3ipole moment operator:

-~ 1.~ 519 * .45BU q 1 - . 7~ 1l q2 - .4974 q 1q2
S

- . 7890 q 1
q~ • .0143 • 1.4572

The line strength at any tem perature can be obta i ned from Col s.ann 10 using the

followi ng relation :

p
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~ ( i-c 
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8~~~~~A~~ ( .
~ xl 0-40 ) ~~~

-
~ 

• line frequency in cm~

h ,c ,k — in c.g.s. units

A Avog ad ro ’ s num ber

M - Molecular weight of H20 in gin

1. • Colum n IL)

g stat istical ta~tor * 2_~~1 ) ,  of lower state

statistica l ~ function

E Energy of l ower state in cm~ (column 8)

I
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i~~v~~ 4 100) 7 7’ 6 -3 2800.47 1400.02 . 122929E-04 . 152T95E—03
(060 04)1) 9 7 9 -6 2801. 13 2022.04 . 520724E-06 . 1272201:-03
000 (GIG) tO -1 10 9 2804.03 1724.02 .372746E-06 .217936E-04
060J (010) 9 -5 9 9 2803.34 1202.07 .566495E-06 .2710371:-OS
000) (001) 9 3 0 -6 2807.71 1820.70 .:097261 :-04 . 194680E—02

( 000) ( 100) 9 4 0 -4 2807 . 94 1820 . 70 .310633E-04 . 142188E-0I
(OIl ) (001) 0 -7 7 6 2808.03 2337 . 94 .141621E-06 . 156971E-03V (000) t 020) 10 I tO -5 2808.76 1883.60 .5596791:-eS .7021411:-el
( 000 ) £ 020 ) 9 4 9 -2 2800.46 1820.70 . 152134E-03 .4233951:-Il
( 04)0 ) ( 020 ) 6 I 5 -g 2809.91 738.34 . 169052E-O I .961937E-02
( 000 ) ( 020) 8 3 8 - I  2810. 16 1598.74 . 49834 1E-03 . 1595121:-lI
( 000 ) ( 020) 7 0 7 -6 2810.42 929.72 . 340436E-03 .209798E-02
4 000) (0 20) 8 1 9 -9 2810.67’ 1259.29 .1457331:-OS .915628E-03
£ 000) (020) 10 3 10 -3 2810.98 2066 . 48 .279482!-03 .8420681:-Il
‘000) (020) 4 4 3 -2 2811.02 488.96 .913913E-12 .429323L-12
(010) ~00l ) 7 -6 8 I 2811.24 2181 .31 .249004E-06 .390271E-03
( 001)) lOG) 10 3 10 -3 2811 .63 2269 .59 .214030E-04 .1707341:-Il
(4110 ) (020) 7 -4 7 6 2811.98 2319.03 .2136141:-06 .6338871:-Ia
(000) .001) 10 3 9 -2 2812.65 2269.59 ~7I609E-04 .2165681:-Il‘III) (001) 8 -8 8 3 2812.70 2337.73 .8834221:-07 .2929701:—03
(000 (020) 7 6 7 0 2813.07 1400.02 .9734521:-04 .361360E-02
eoeo (020) 7 7 7 I 2814.91 1400.82 .2881281:-Ga .356292E-02
(000) (020’ 9 2 9 -4 2815.0? 1638.69 .399292E-03 .463378E-0I
(000) £ 020’ 8 6 8 0 2816.00 1598.74 .162619E—03 .1537631:-O l
( 1)00) ( 100 ) 8 4 7 -6 2016.30 1417.01 .336322E-04 . 1 43334C-02
010) (100) 7’ -7 7 7 2817.33 2180 .84 .3121?3E-07 .162372E-04

(1)00) 1 020’ 8 I 8 -3 2817.90 1239 .29 . 232914E-02 .1439621:-Il
t 010) (010’ 10 -6 10 0 2818.01 1438.35 .6798701:-06 .30I609E-04
4 000) ‘020) 0 :3 8 -3 2819.33 1417.79 . 1049L36E-02 .2477401:-Il
( 1)00’ (020) 7 -3 6 -5 2819.7’) 782.45 .310319C.00 .197649E.00
~O06) £ 0 20) 9 6 0 0 2820.67 2022.04 .172309E— 04 .1254171:-el
~000) 020 7 4 7 -2 2822.53 1221.05 .637326E-03 .995829E—02
(000) (020) 10 3 10 -1 2822.57 2269.39 .380319C-04 .30234 1 1:—Il

~001) 4 100) ‘~ 9 a 3 2823 . 20 2238.33 . 789839E-04 .5403961:-Il
4 001)) ‘ IOU ) 9 8 8 4 2823.31 2238.33 .263299t-04 .5406301:-Il
(011)) ( 100) 6 - 3  7 3 2823.93 2042.91 .613I36F.-06 .1642311:—Ga( 000) (020) 9 7 9 I 2824 . 10 2022.04 .642083C-04 .1555941:-Il
(000) ‘ 0 .~0) 9 5 ‘1 - I 2824. lB 1 820 .70 .426784E-03 .3938351:-Il
(000) (0 20) 6 3 6 - l  2835.33 1048. ,J . 104775t-02 . 2383001:-02
(000) ( 020 ) 8 3 9 -3 2826 . 52 1390 .74 . 708416E-06 .223351E-04
( 000 ) (0 20) 14) 6 -10 0 3827 . 34 2269 .39 . l Li6 l aaE-04 . 4429391:-Il
., 000 ‘020) 3 2 4 - 2  2820.34 6 1 1 . 3 3  . l92744~ -02 .161522E-02p 000 020 ) 8 7 8 I 2829.13 1798.24 .367310E-04 .303830t-02
(000 ) (020) 6 -I  3 -3 2830.07 649 . 73 .2299631:400 .7718221:-lI
( 000) ( 4 )20) 0 0 8 2 2830.47 1790.24 .133 136E-04 .330224t-02
(000) ( 100 ) (3 3 7 -3 2831.00 1 598.74 .931680E-04 .295903E-02
(000’ (G I G) 7’ -5 8 7 2831.13 704.23 .16129 1 E-04 .7027341:-OS
010’ 14)01) 7 -4 LI 3 2831.40 2319.03 . 1702981:-GO .53?OlIE-03

( 000 ) ‘001’ 0 8 11 -5 2831.73 1790.24 .301393E-02 .7472241:.00
S OlO ) ‘ 020 ) 7 2 (3 -8 2832. 91 1063.04 . 593733E-04 .4347591:-03

~000) ‘ 100 ) 7’ 7’ 7 -7 2838. 17 1 400.82 .2729471:-OS .335343E-04
( ose (04 1)  9 7’ 10 10 2834.33 2022.04 . 2030311:-02 . 4902211:400
(000) ‘ 020’ 7 2 7’ -4 2834.86 1063.04 . 109692t-02 .~‘999671:-02( 000 ’ ( 020 ) 6 6 6 0 2834.94 1048.63 .331626C-03 . 225698E-02
4 000) 030) 10 -2 9 -4 2835.63 16 1 8 . 13  . 1887431:-lI .197034E.0l
(III) (0011 7’ -5 7 6 3836 .08 2309 . 89 .248362E-06 . 238260E-O3
(010) ‘ 100) 6 -3 7 7 3836.32 2161.67 .4042141:-GO .2281871:-OS
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( 000) ( 020) 6 3 7 -5 2837.64 1048.63 .114598E-04 . 259T30E-14
(000) 4001) 10 6 9 -I  2(138. 12 2269 . 59 . 199159E-03 . 4721251:~ 00
(000 ) ( 100) II I 9 -7 2038.76 1833.60 .0646201:-IS . 1173241:400
(000) (1)10) 1 -0 9 6 2839.1? 920.16 .0368391:-GO . 3071611:-IS
( 000) ~. IO0) II -l 9 -9 2839 . 9? 1724 . 02 . 7339431:-Ia .4236891:-Il
( 000) ( 101)) 9 6 9 -4 2840 . 37 2022 .04 .5 195641:-OS . 375548E-I2
( 000 ) (001) 9 6 8 - I 2841 .00 2022.04 .6496371:-OS . 4694641:-02
(000) ( 020 ) 10 4 II -2 2842.51 2066.31 . 7866521:-04 .7032091:-Il
(000) ( 100) 9 8 10 -6 2842.71 2238.53 .1643941:-GO .3352431:-GO
(000) (001) 9 3 9 -8 2843 .20 1820.70 .2480311:-lI .2273571:+0l
(000 ) ( 020) 6 1 6 -5 2843 . 90 75& .34 . 1493501:-O2 .8408401:- IS
(000) (020) 7 5 7 - I  2844.63 1221.06 .l68245E-02 .8695l8E-02
( 000 1 ( 020) 8 -2 8 -8  2845.31 1050.64 . I49954E-03 . 1026691:-02
(III) (020) 4 3 3 -I 2846.16 488.94 .‘78863 9E-03 .lZLT48t-03
(060 ~O20) 13 -2 7 -4 2847.26 10541 . 64 .1313071:400 .9003171:.O0
(000 ) 1 020) 6 3 6 -3 2847.43 891.23 .317400 E—02 . 3370301:-02
(000 (020) 6 3 7 -7 2848.44 891.23 .l43 1 541:-03 .15l9621:-03
( 004) ) 1 100 ) 14) 6 9 0 2849 . 56 2269.59 . I69527E-03 . 400265E+OO
(4100) ( 020 ) 7 4 8 - 6  2830.52 1221.03 .119376E-04 .183104E-03
(000 ) 1 100 ’ 7 6 6 -2 2830.91 1400.82 . 9201891:-OS . 337054E-03
(000) (001’ 9 3 8 -Li 2850.99 1b38.03 .2428481:-Ol .9282031:400
(000) £ 100 ’ 10 5 9 I 2852.10 2269 .59 .310925E-03 .4017521:400
(000) 001 )  9 7 8 0 2833.11 2022.04 .I162481:-02 . 2768341:400
(000) 4001) 1 6 7 -5 2853.20 1398.74 .4164371:-OS .393696E-03
( 0410) 10 241) 9 2 IS -B 2853.41 1638.69 . 1368391:-04 .156668E-02
‘ 0041) 100) 13 7 8 -3 2833 .72 1798 . 24 . 4691031:-OS .3846871:-OS
(010)  ( 100 1 8 -8 13 6 2855 .20 2337 . 73 .3139491:-IT .1032191:-03
(000) 020 8 3 9 -7 2853.61 1417.79 .492620E-04 .651380E-03
4 000 ) ( 020) 3 4 3 -2 2856.38 743.93 .341314E-03 .848413E-03
( 000 ) (0 20) 9 4 10 -. 2836 . 50 1020 . 70 . 3260241:-GO . 1442O3E-03
( 0410) (0 20) 3 4 6 -6 2837.06 743.95 .I86156t-04 .291697E-04
( 41410) (0 1 0 ’  ‘1 -9 10 3 2860.31 920.12 . 2222171:-OS . 269795E-03
( 000 ) £ 020 ) 0 4 0 -2 2861.73 14 1 7 . 8 1  .471307E-03 . l865781:-0l
‘0 11))  £ 4 )4 ) 1) 6 0 7 7 2862.37’ 2283.60 .977637E-07 . 2437661:-03
(000) 1091 ) 13 0 9 —9 2863 . 73 1798.24 .1475531:-Ol .361480E+O l
4 0 1 0 )  (UO U 5 -3 6 6 2866 .70 1920.83 .293342E-06 .43l0401: -04
(000) 4 14)0 ) 10 3 10 -7 2869 . 49 2066 . 48 . 17723 lE-04 .523124E-02
(000) (00 11  1) 7 7 0 2869.65 1790.24 .647822~ -O3 .5382961:-OS
l 1)414J) ( 020) 3 (I 4 -4 2971.31 504.50 .1044001:400 .5166251:-SI
(0410) ( 020 ’ 3 2 3 -4 2871.32 611.33 .307243E-03 .2536371:-OS
(000 ) 

~ l00) 10 1 10 -, 2878 . 20 1883.60 . 1930271:-04 . 236730E-02
(III) £ 0 0 1)  6 -l 7 6 3873.23 2272.74 .4664041:-OS . 369651E-02
(050) (010’ 8 0 9 8 2873.37’ 1133 .04 .7360341:-OS .7436151:-GO
(0 10 )  ( 100) 7 -4 0 6 2873 . 90 2319.03 . 4952431:-GO . l469561:-02
(000) ( 020) 10 -2 10 -8 2873.97 1618 .13 . 1283931:-IS .1324531:-Il
(000) (4)01) (1 8 7 I 2874 .25 1798.24 .3514241:-02 .8383801:~004 000) u)20 9 - l  8 -3 2874.93 1362.21 .2702621+00 .27l92I1:eGI
(Ill) £ 0 0 1 1  (3 — 7 9 0 2875 .24 2337 .94 .3466541-06 .3752461-03
( 000 ) ( 100) 7 3 6 -3 2873 . 74 1221.06 . 1203771-03 .6164181:-OS
( 000) (010 )  8 -6 9 6 2876.35 882.98 .2537641-04 .6176881-04
(0501 1 190) 9 7 8 I 2877 . 07 2022 . 04 . 7308331-03 . 1730401.00
(000) ( 100) 9 6 8 2 2877.89 2022.04 . 24393 1 1—03 . 1740 181.00
‘055 ’ £ 0 201 6 -2 3 -4 2979 . 79 602.06 . 3904891:400 .3086191:400
OIl ) ( 11)0) 7’ -6 8 4 2880.53 2 18 1 .3 1  . 2378871-06 . 3638781:-OS

‘ 050 ) (010’  (3 - 1  9 9 2882.43 1124 . 96 . 2300961-04 . 7403551-04
(000) 020) 9 8 9 2 2882.32 2238.53 . 6298821-06 . I 266771-02
(050) (020) 9 9 9 3 2882.64 2238.53 .1897381:-OS .1211891:-52
(06*’ (020) 9 3 9 -3 2883.62 1638.03 .6948881-03 .2624101:-Il
( 000) 1 020’ 3 5 5 -l 2886.32 743 . 96 . 1248261-02 . 6453621:-OS
( 00* 1 (~~ O0) 9 2 0 -6 2889. 19 1638.69 .6373831:-OS .7207041:-SI
(00* ) 4 0 5 1 )  8 6 0 -7 2891.13 1390 . 74 . 2395991:-GO . 2233431:-04

øØØ ) (061)  7 7 6 -4 2891.94 1400.82 . 2794151:-OS . 3343121-04
‘00*) ( 020) 4 3 4 -3 2892.79 488.94 .2992791-03 . 4545611-04
( 004 ) (001)  10 3 9 -4 2892.81 2066.40 . 2469921 02 . 7230741:400
( 500) g G I O )  10-lU 9 8 2092.95 1 1 14 .4 6  . 1738771-07 .1590031:-SO
£ 500 1 (0 l ’ 1 10 -9 II S 2893.65 1114.48 . 4495451:-OS . 1370101-54
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000) (OIl)  9 -l  II 7 2894.15 1362.21 .33 12361-54 .3309471:-OS
(IS~~ ‘020) 7 -I 6 -3 2893.69 842.97 . 1643131+01 . 1361341+5 1
4 500) 1 020) 7 - l  7 -7 2896 .70 642.97 . 7263631-02 .6515861-02
( 0  ( 100 ) 0 0 8 -2 2898.20 1798.24 . 6471371-06 . 1567621-03
4000 (020) ‘1 -I II -9 2899.52 1362.21 .4142301-03 .4132381-02
(509) 4 020) 6 4 6 -2 2899.90 091.26 . 6086701:-53 .19 4I91:-l2
( 54)0 ) (020) 10 0 9 -2 2900.43 1729.71 .3271301:-Il .5705431:451
40001 1 100) 9 4 9 -6 2903.12 1820.70 .6931821:-OS .1866911-52
4 1)00) ( 100 ) 0 8 7 2 2955 . 49 1798.24 . 2072161:-OS .5506971:-SI
( 000 ) (100) 8 7 7 3 2903 .70 1790.24 .6218071:-OS .5007911:-SI
(5004 (020) 4 1 3 -S 2906.60 382.96 .2423771+00 .2254211-lI
(00*) ( 100) 9 7 9-3 3906.72 2022.04 .4969991:-OS .1170131-02
1005 ) ( 020 ) 8 0 7 -2 2909.74 1133.84 . 349 1 201:400 .3483221+11
(000) ( 100 ) 9 0 8 -8 2909 .92 1479 . 73 . 1777961-02 .9315501-Il
( 000 ) ( 020 ’ ‘3 - I  9 -7 2 9 1 1 . 19  1362.21 . 2480231:-02 . 2464391:-SI
( 000 ) £ 100 ) 9 6 tO -8 2912.93 2022 .04 . 1077041-08 .7591101-16
( 004 . (0 10)  9 -2 10 8 2912.96 1 343.40 . I952l7E-04 .5313981:-OS
( 500) (020) 10 2 10 -4 2914.15 1084.06 .3373891-04 .2026401:-Il
(000) ( 100 ) 10 6 10 -4 2914 .42 2269 . 59 . 2388381-03 .3514091:-OS
£ 0 1 0 )  (00 1)  6 -6 7 5 2914.60 2041.91 . 2085371-06 .1615941:—OS
(504 1 4001) t O 3 10 -6 2914 .130 2269 . 59 . 1343831-02 . 1033951+01
( 000 ) 1 020) 7 3 7 -3 2913.75 1063.23 .937407C-03 . 22649 1 1-02
(0004 £ 0 0 1 )  8 4 7 -7 29 16. 11 1417 .131 .3976871-01 .1544981+01
( 0041) ( 100 ) 10 4 9 -2 2917.46 2066.31 . 1037341-02 .9034871:400
( 0 1 0 )  ( 020 ) 6 -2 7 6 29 19 .50 2 2 1 1 . 5 1  .3744731-00 .1002091-02
( 000 1 £ 020) t O - I  ‘3 -l  2920.136 1724.02 .1173 181.00 .6584931+01
( 0 10 )  £ 030 ’ 7 -3 8 3 2922.49 2393.01 . 4767761-05 .6611961-02
( 000 1 ( 11)0’ 8 7 9 -7 2924 .12  1790.24 . 7759131-09 .6209681-07
(000’ 1 100) 9 2 9 -8 2925 .39 1638.69 . 1293971-04 . 1443021-02
( 005 ) lo l l ) ) 9 —6 9 (3 2926 . 76 1080.63 .3130061—07 .3950451-06
(055 ) £ 020 ) 9 I 0 - l  2926.93 148 1.97 .353’)331+0e .6211201+01
( 000 1 ( 0 0 14  ‘3 6 ‘3 -3 2928.00 2022 . 04 . 6363241-06 . 4463191:-03
(000’ 001 3 4 0 -3 2920.02 1 820 .70 .2901301-02 .7959461:+OO
( 000 ) 1010)  9 -7 10 3 2920.90 1 079 . 23 . 1073251:-OS .27291S1:-03
4 000 ) £ 100 ) 6 6 3 -4 2929.36 1048.63 .21732 1 1-04 .1431371:-OS
( 000 ) 4 020 ) 8 2 8 -4 2931.36 1 260.01 .I9l2321:-04 .34.68021-03
(550) ( lOS ) 8 5 B - S  2931.80 1398.74 .1837031-04 .3633831:-OS
(500 ) (001) 7 7 7 -6 2933.23 1 400.62 . 5266281.00 . 6273191.01
(000) ( 100) 8 3 7 -5 2933 . 37 14 17.79 . 2779771-02 . 3570191-0 1
(5041) £ 001 ) 8 7 8 -4 3934.37 1 708.24 .2647121-01 .2111101+11
( 500 ’ £ 020) 9 0 8 0 3933 . 07 1479 . 73 . 1259441:400 . 6542211:+OI
( 000 ’ ( 020 1 5 - I  4 -3 2935 . 09 446.64 . 4039621:.OI . 4961301.00
( 000 ) 1 100) 9 4 *0-10 2936 . 04 1 020 . 70 . 94934 1 1-10 . 2528151:—O7
(501)) (020) 9 -2 8 -2 2936.14 1343.40 . 1799331+00 . 4839291+01
(000) ( 020 8 0 9 -8 2936.17 1133.84 .2834321-03 .2822351-02

• ( 004 ) 020) 3 2 2 -2 2936 .56 283.30 .2711061-01 .4589331-02
( 000) £ 020) 0 0 8 -6 2937 . 73 1133.84 .2839101-02 .2825381-0 !
( 500 1 £ 100) 10 3 9 - l  2938.04 2066 .48 . 3329791-02 .1017451+01
(000’ 4 020) 6 0 3 -2 2938.13 662.20 . 1090431:401 . I946401:.0I
(004) (020) 6 0 6 -6 2938.81 662.20 . 1446001:-Il .1488461:-Ol
5 0*0) ‘001) 10 I 9 -6 3939.36 1883.60 .8179201:-OS .9804671-01
(000) £ 001) 10 -I ‘3 -8 2939 .96 1724.02 .2189161-01 .1220771+01
(500) (4)20) 10 -3 ‘3 -3 2940.41 1 304.04 . 1869631+05 .5327951+01
(000) (020) 8 -I 7 -I 2940.71 1124 .98 .1481771+0 1 .4673241:+OI
(504 ) (020) 7 I 6 -I 2940.01 933.13 .3249841+01 4185341+01
(555 1 (0 204 ‘3 I ‘3 -5 2943.39 1481.97 .1988301-03 .3469901-02
(Ill) ( 100 1 8 -7 9 3 2943.74 2337.94 .3646371-06 .5969861-03
(000) ( 100) 9 3 8 -I 2945.64 1820.75 .3309681-02 .4697961.05
(0001 ( 100 ) 15 -2 9 -8 2945.95 1618.13 .6733891—03 .6786551—01
1111 ) ( 030) II I 10 -6 2947 . 49 1729.71 . 1740031-03 .2983031-0 *(0*0) (III) 7 -6 8 8 2948.90 506.46 .8550881-06 .6100641-16
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( III) £ 020) 7 -7 7 7 2930.18 2180.84 .1023601-00 .5594341:-GO
(500) ‘001)  9 8 II -5 2950 .39 2238.53 .6490851-03 .1276931+01
SOO) ( 020 ) 4 4 4 -2 2950.91 488.96 .1453131-03 . 6491491-04

(1511 ( 020 ) 7 I 7 -S 2953.12 933.15  .1493961-0 1 . 10727 11-Il
(555 ) ‘ 020) 7 0 6 0 2933.85 929.72 . 1234891.01 .4634761+0 1

p

71

_ _ _  ~~~- - -~~ - - - - 



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

(500 ) ( 020) 0 2 7 S 2953.88 *260.01 . 3626001+00 .6325671+01
( 000) ( 100) 9 4 8 0 2935.34 1820.70 . 1834731: 02 .490698 1.00
(000) (100) 7 6 7’ -4 2953.42 1400.82 . 2739601-03 . 9679941-04
(000) ( 020 1 10 -9 9 -9 2953 . 48 1114.48 .4119501+01 . 1229251+02
( 000) 4 020) 10—10 9 —8 2953.55 1 1 1 4 . 4 6  . 1373371+01 .1229291.02

P (0 10)  (100) 6-6 7 6 2956.28 2041.91 .2130951-07 . 1627811-04
( 000) (0 20) 8 I 7 I 2956.44 1259.39 .1119261+01 .6685451+0*
(000) (020) 5 3 5 -3 2956.69 6 1 1 .5 6  .4137271-02 .1106821-02
( 550) ( 9201 6 3 6 -4 2958.33 759 . 38 . 4033881-02 .6572821-02
(000) ( 020 ) II 2 9 0 2938.63 1884.06 .2964841:-Il . 1061671+02
( 000) (001) 8 3 7 -2 2961.79 1598.74 . 1436001-01 . 4359351:+00
(000) (0 10)  *0 -? 10 7 2963.44 1293.92 .4150091:-OS .2930711-04
(050) (020) 10 1 9 I 2962.54 1883.60 .8891121-01 . 1057531+02
(050) * 020) 7 I 8 - 7  2962.96 933.15 . 1286621-02 . 16053 1 1-02
( O I l) (0 0 1)  7 -6 7 7 2964.66 2181.31 .1988911-SO .2955951-03
(000 ) ( 100) 8 5 9 -9 2965 .25 1598.74 . 3403361-09 . 1031981-07
(004 ) ( 020) 10 -7 10 -9 2967.81 1293.92 .4229881+00 .2~ ?I48E.II
(001)) (001) 10 3 ID -0 2968.06 2066 .48 . 1757321:-OS .3014161:-IS
( 000) ( 020) t O -8 10—10 3968.49 1293 . 23 .1413891+00 . 2973451+01
0 04)0 ) (001)  10 4 9 -3 2969.0! 2066.3!  .1788081:-OS .1530311+10
(010)  ( 020 ) 0 -3 7 7 2969 . 35 2 16 1.67  .1530591-05 .6890281—03
( 000 ) 4 0 20) 6 2 3 0 29~ 9 .42 739 . 30 . 274 1 341+01 . 4450371+01
(0 )0 )  (00 1)  7’ -7 8 4 2969 . 63 2180.84 . 6043781-06 .2983371-03
( 000 ) ( 1)20) 5 1 5 -5 2970.40 509 . 40 . 1280171.00 . 2088771:-Il
( 000) ( 100 1 7 4 6 -4 2970.87 1321.03 . 739 1981:-OS . 1097331:-Ol
( 000 ) * 020) 11 -3 7 -3 2971.90 1007 . 08 . 2494821+01 . 4423711+01
(0001 1 100 ) 13 3 (3 -7 2972 . 011 14 17 .79  . 6460321-04 .8207581-03
(090) (001) 10 I 10—10 2972 .77 1883 . 60 .1012901-01 .1200621.01
( 000) £ 100) 33 6 7 (1 2973 . 42 1598.74 .~1I8749E-02 .1904421:400

• ( 001)) 020) 7 -2 6 -2 2973.68 817.36 .1768121+01 .3788561+01
( 000) 020) 6 I 5 I 2973 . 79 758.34 .8650521+01 . 4651031+01
(000) * 020) ‘3 -4 0 -4 2974.10 1217 .27 .3733191+00 .3436451:401
(000) (020) 3 I 4 -I 2974.36 509.40 .1544171+02 .2316161+0 1
( 000 ) (001)  9 9 ‘3 0 2974.65 2238.53 . 428 1221-02 .278*121.01
( 000 ) ( 100) 0 I 7 -7 2974 . 70 1259.29 . 6252261-03 .3711621-02
(000 ) (0011 7’ 3 6 -6 2973.13 1221.06 .1682971+00 .8316291+00
)50  ‘ 020 ) 9 -0 0 -8 2973 .79 920.16 . 3063161+01 . 1072601+02
( 0*0 ) (0 20) 9 -9 8 -7 297’~~.9Q 929 .12  .9194401÷0 1 . 1072981:402
( 000) ( 100) 8 5 7’ 3 2977. 18 1398.74 . 6660631-02 .2011561+00
(110) ( 020 ) 33 -8 8 6 2977.77 2337 . 73 . 0434551-0? .264210E-13
(04)0) (0 20) tO -3 9 -3 2970.01 1447.23 .4730111+00 .6936581:401
( 000) (0 0 1 )  9 0 9 I 2978.08 22313.53 . 6080911:-OS .1183701+01
( 550 l ( 100 ) 10 2 9 - 4  2978.35 1884 .06 .4334091-03 .1541711+00
(050) (020) 10 -7 9 -7 3979.48 1293.92 .1419451+01 .9932501+01
( 004) 1 (00 ! )  9 3 0 -2 2979 . 76 .820.70 .4887341-05 . 4274761-0 1
(000) (020) 6 -l 5 -l 2980.75 649 .73 .1072901+02 .3418911:+0l
( 04)0 ) ( 020 ) 6 2 7 -6 2980.76 739 . 38 .44 1 7701-03 .7144661-03( 000 ) * 030) 7 3 6 I 2981.66 1063.23 . 2894371+0 1 .6695761:40*
( 000) ( 020) 7 2 6 2 2982.35 1063.04 . 9729321+00 . 6744571+01
( 000 ) (1)20) IA -8 9 -6 2982.32 1293.23 .4772191+00 .99747 11:401
(000) £ 020) 4 0 3 -2 2984.07 3 13 . 9 1  .4126211+01 .7950381+00
( 004)) ( 100) ‘3 9 10 -3 2983.78 2238.33 . 1223061-10 .?915521:-08
( 050 ) ( 020 ) 9 3 0 I 2988.54 1638.83 .2961531+00 . 1079841+02
( 950) £ 100) 7 6 8 -8 2988.85 1400 .82 . I 183831-07 .4 136 101:-SO
(III ) 4 0 291 9 -6 9 -8 2989.36 1 081.63 .3862331+00 .2906661+01
(000) ( 0 ( 0 )  II -4 10 10 2989.67 1538 . 38 .7803741-08 .527 1481-06
(050) (024)1 9 2 8 2 2990 . 02 1638.69 . 9779951-01 .1068551+02
1150 ) ( 020 ) 3 3 6 -5 2990 .60 6 1 1 .3 6  .8608971-03 .2276941-03
( 550 ) * 02* ) 9 -7 9 -9 2990 . 73 1079 . 23 .11722 1 1+0 1 .2919101+01
(000) ( 0201 9 -6 (3 -6 2990.92 1080.63 . 1089951+01 .8197921+01
(000) (001 )  9 2 0 -5 2991.30 1638.69 .5212401:-OS . 56926 1 1-01
4004) ’ £ 020) 4 2 4 -4 2991.60 384.29 . 8760101:-Il .1536611-01
(000 ‘ 9 0 ) )  (3 6 7 -I  2991.84 1398.74 .1003881-03 .9030791-02
5500) (001) 7 6 6 -I  2992.54 1400.82 .3216301:— UI .1122401+01
4005) * 020 ) 3 0 4 0 2993.38 504.58 .6806061+01 . 3230 181+0 1
4 050 4 £ 030 1 4 4 3 -4 2993.69 488.96 .9213831:-GO . 4058111-04
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JáS) (100) 10 0 9 -6 2994.11 (729.71 .2441331-02 .4121231+00
(500 ( 020) 5 5 6 -3 2994 . 70 743.96 .3013261-OS . 1900281-03
f 500) ( 020) 6 6 7 -2 2994.95 1048.63 .4633401-04 . 2984931-03
(500) ( 020 ) 8 -T 7 -7 2995.54 744 .13  . 1846 181+02 .9205031+01
t 010) ( 020 ) 8 -8  7 -6 2996 .11 744 .03 .6164531+0 1 .9214731:+ l1

t (0 l0 * 021)) 7 -4 (3 6 2996 . 47 2319.03 . 1248491:-OS . 3553161-02
4 000 ) ( 020 ) 3 3 4 I 2996 . 70 6 1 1 .5 6  . 1732141+02 . 4624701+0 1
(1)00) (020) 5 2 4 2 2997.85 611.33 .3913791+01 .4677521:~01
( 000 ) 1 020 ) 9 -7 0 -5 2997 . 96 1079 . 23 . 3333451:+01 .8206121.01

4 (010) 4 0 0 ) )  6 -4 7 7 2999.66 2146.3!  . 1402721-07 . 1742111-04
(000) ( 020) 8 -5 7 -3 3000.42 883.85 .6670311:+0I . 6550921.01
(010) (00 1)  8 -7 0 6 3001.02 2337 .94 . 5838631-07 . 6176051:-GO
( 000) ( 100) 7 7 6 I 3001.21 1400.82 . 4736811-02 .5493821:-Il
( 000) (001) ‘3 4 9 -? 3001.01 1820 . 70 . 1394791-02 . 3632771+00
( 04)0) ( (00 ) 6 3 3 - 3  3001.84 1048.63 . 7075171-OS .1313831-12
( 900) * 100) 7 6 6 2 3002.36 1400.82 . 1583101—02 .551316 1:— lI
( 0430 ) ( 020) 3 3 3 —3 3003.86 285 . 70 . 8460931-0 1 .4674841-02
4000) ( 020) 4 2 3 0 3005 . 38 384.29 . 1094011:402 . 2905081+01
( 050) ( 020) 6 4 7 -4 3006.64 891.26 . 2873321-03 . 8670771-03
(000) (1)4 ) 1)  7 7 6 0 3007 .43 1400 .82 . 9881471-04 .1143701-02
(0504 ‘ 020) 7 -4 6 -4 3008.07 709.84 .4029341+0 1 .5092031+0!
4 000 ) ( 020 ) 7 7 0 - I  3008.08 1400 .82 .2144741—04 .2481821-03
( 000) (001) 9 0 33 -7 3010 .12 1479 .75 .2963041-01 .1300791+01
( 000) ( 020) 6 4 3 2 3010.14 891.26 .2249081+0) .6778651+01
( 04)0) ( 020 1 8 -5 8 -7 30)0 .26  885 .63 . 2891871+01 .2830821.01
( 04)0) * 0 20) 6 3 5 3 3010.27 891.23 .6758631+01 .6788831+01
(000) ( 020) 9 I 10 -7 3010.90 *481.97 .5198841-03 .8868831—02
(O00 * 021)) 4 1 3 I 3011 .05 302.96 .359378E+02 .31540 1 1+01

~0 l0)  ( 100) 7 - 7  8 5 3912.09 2100.84 . 2308331—06 .1123121—03
(004 ) *00 1~ 9 6 10 -7 3012.76 2022.04 .2191311—0 6 .1493281—03

020) 0 -6 13 -8 3012 .97 082.98 . 9923451+00 . 207 1771+01
(0001 ( 100) 7 4 7 -6 3013.06 1221.05 .2392371-04 .3502021-03
( 000 ) ( 100) ‘I 3 11 -3 3013. *3 1630.83 .38*2151—03 . 1378661-01
(000) 4 020) 7’ 3 8 -5 3013.96 1063.23 .1039421-02 .2355921-02
( 000 ) * 0 20) 7 6 0 0 3014.00 (400 . 83 .7116871-05 . 2465761-03
4 000) (0 20) 7 -6 ~. -6 30 14 .53  586.46 .1106651+02 . 7723481+0 1
(000) * 100) 10 4 10 -6 3014.73 2066.51 .4 1270 1 1—04 . 3478491:—Il
( 090 ) ‘ 020 ’ 0 -6 7 -4 30 14 .92  882.98 .2297911+01 . 6645701.01
(0004 ‘020) 6 -3 3— 3  3033 .12 533 .13 . 1904901+02 .3934901+01
( 000 1 ( 0 1 0 4  0 -7 9 7 3015.20 744 .13  . 1033041—04 . 5230111-05
( 000 ) (0 20’ 10 -6 9 -4 3 0 1 3 . 4)  1438.35 . 1700671+00 .7050681+01
(959) * 020) 0 2 ) -.‘ 3013 .74 1260.01 .2811581:-03 .4936171-02
(004)1 (020) 7 -7 6 -3 30 16.02 386.22 . 3334861+02 .7745461+0 1
( 090) ( 430 k 7 3 6 -3 3016.00 1221.06 .2748631-03 .1339801-02
( 000 4 020 ) 6 5 7 - l  3017.06 1048.63 . 1283091:-OS . 2739371—03
( 0091 ( 020) 0 4 7 2 30* 9 .69  1 4 17 . 0 1  . 2893371+00 . 1085371+02
( 000) ‘ 0201 0 3 7 3 3020 . 25 14 17 .79  .0636731+00 . 1082271+02
( 000 ) 4 IGO b 9 8 10 -2 3022.70 2238.53 . 1 185071-09 .2274261-06
(000) * 020) 5 -2 4 -2 3023.47 4 16 .40  . 1007011+02 .3100491+01
( 000 ) ( 020) 4 4 3 2 3023 . 50 488.96 . 1079031+02 . 4704431+01
( 000) ( 020) 4 3 3 3 3023.71 488.94 . 3242881+02 .4712201+01
e oes ’ ( 1104  8 -4 9 6 3024 . 46 982.95 6912561-06 .3218441:-OS -:
( 000) (00 1 8 7 9 -6 3024 . 92 1798.24 . 2390171-06 .2003831-04
(000) (001)  9 2 ‘3 -9 3025 . 28 1638.69 .6263931:—OS .6764181-06
4 500) (100* ‘3 3 9 -3 3025 . 52 1820 . 70 . 1420721-03 . 1228161:-I I
( 000 ) ( 920 ) 3 I 2 - l  3023.71 212 .26 . 3090811+02 .1191061+01
( 0001 ( 100) 10 I 10—Il 3027 .03 1729.71 . 9068661-04 .1514241-l I
( 000) (100) ~ -I 8 -7 3027 .66 1362.21 . 10532 1 1:—Il . 1006221:+O0
4500) (OO V 6 6 5 -5 3027 . 97 1048.63 .4179771+00 .2663331:40*
1000) 100) 7 7 7 -3 3028 . 92 * 400 .82 .2766801-04 .31796 1 1:-OS
1111)) (1)01) 7 -3 8 6 3029 . 57 2309 09 . 1053971-06 .9466801-04
4000) *001 )  8 5 8 -6 3029 . 6? 1398.74 . 2634451-05 . 7877731:-54
(04)4)) ( 109) 8 6 8 -4 3029.90 1598.74 .3128191-04 .2784891-02
p000 ) ‘ 020) 7 -4 7 -6 3030 . 30 709 .84 .2179531:401 .2734171+0 1
(500 l * 020) 8 6 9 -2 3031.42 1598 . 74 . 1229991-04 . 1094461:-02
40111 (III) 8 -8 9 3 3032.10 2337 . 73 . 1538691-06 .4795081-03
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(550) ( 020) 6 -5 5 -5 3032.55 447 . 25 .5293251+02 .6282001+0*
(000* (020) 3 3 2 I 3032.92 285.70 .5667701+02 .3098581+11( 1)00) ( 100) 7 2 6 -6 3033.27 1063.04 .3495021—03 .2382151-02
* 1)00) 4 020) 3 2 2 2 3034.10 283.30 .1922321+12 .3148521+0 1
( 000) 020 7 -5 6 -3 3034 . 43 704 .23 . 1237321+02 . 5529771+01
( 009 i 0201 4 - I  3 -l 3034.58 300.52 .4300211+02 .25227 11+01

p ( 000) ( 020) 9 -3 8 - 3  3033 . 07 1202 . 07 .1136171+0 1 .5112931+01
( 1)00) ( 020) 7 -5 7 -7 3035 . 44 794 .23 . 69946 11+0 1 .2842391+0 I
* 000) (00)) 9 4 10 -9 3035 .68 1820.70 .7309081-02 .1903161:401
(000) 1 0204 8 4 9 -4 3035.95 1417.01 .9510531-04 .3548911-52
( 1)00) (020) 6 6 3 4 3035 . 90 446.67 . 1781151+02 .63 14461+01
(000) (001) 0 3 7 -4 3037 . 75 1417.79 .2116631-02 .2630971:-01
( III ) ( 020 ) S S - 4 3 3038.88 743.96 . 1390311+02 .6827601+01
( 000) ( 020) 3 4 4 4 3038.90 743.95 . 4635391+01 .6820791+11

p ( 04)0 ) 1 100) 9 8 9 2 3043.0! 2238.53 . 7237141-05 . 1378711-Il
( 009 * ( 100) 9 9 9 3 3043 . IS 2238.53 .217 1531:-GO .1378891-0 1
(04)0) ( 020) 9 -4 10—10 3044.45 1217.27 .2576081-03 .3664721-02
( 000) * 020) 8 0 9 0 3044 . 47 1798.24 .3115821-06 .7185111-04
( 04)0) ( 100) 10 1 9 -3 3043 . 16 1883.60 .7849341-02 .9082871+00
( 090) ( 105) 8 4 7 -2 3045 . 37 1417 .8 1  . 2423531-03 .9015641-02
( 000) ( 020 ) 10 -3 10 -7 3045 .70 1447.23 . 4401271+00 .6284321+0!
(94)0) (001) 10 -2 9 -9 3045.84 1618 .13  .1199 181-01 .1)65461+01
( 04)0) * 0 1 0 )  9 I 10 9 3046 . 00 140 1.97 . 2790 1 71-OS . 4704961—04

v ( 000) (0 20) 8 5 9 - I  3046.14 1598.74 .3619111-04 . 1068251-02
0001 (020) 5 4 6 -2 3047.29 743.95 .9611421-04 .1412041-03
(000) 020 ) 8 7 9 I 3047.90 1798.24 .1193641-05 .9180161-04
(000 1 ( 100) 6 5 6 -3 3048. 17 1048.63 . 3903741-04 . 8236531:-04
( 000 4 t O lO) (3 0 10 10 3048 30 1479 . 75 .9389741-06 .4696361-04
(04)0) ( 100) ‘3 I 0 - 3  3048.37 148 1.97 .2308931-Il . 3890281+09
(050) * 020) 6 -3 6 -5 3049 .11 558.13 .1325771+02 .2598931+01
(000) 1 020 ) 3 0 2 0 3049.12 206.41 .1906001+02 .2126071+01
( 004) ) ‘ 020 ) 5 -4 4 -4 3049 . 26 326.63 . 2468871+02 . 4900851+01
(000 ) 11)0) 10 2 10 -8 3050.91 1084.06 . 1742981-03 . 6052611-01
( 000 ) 100 1)  7 6 7’ -5 3 0 3 1 . 1 2  1400 .02 .2232491-01 .7709211+00
( 000 * 4 l)20 7 5 6 3 305 1.72  1221.06 . 2260771+01 . 1092971+02
4 000) ‘ 020 7’ 4 6 4 3 05 1 . 9 1  1221.03 .7571821.00 . 1094 ) 81+02
500 ) 020 ) 9 3 10 -5 3033.53 1638.83 .20177 11:-OS . 7200471-02
(550 ) ‘ 020) 10 -6 10 -8 3053.73 1438.35 .1577431+00 .645762E~ O 1
(504)) (001)  9 9 10 -4 3054 . 24 2238 . 53 . 1296311-06 .8201481-04
4 000) 4 0 1 0 )  9 -3 10 7 3054.29 1202 .07 .9066611-05 .3984301-04
( 050 ) ‘ 020 ) 10 4 9 2 3034.34 2066.51 .2725821-01 .2267341+02
( 000) (0 0 ) )  10 6 10 -3 3054.67 2269 .59 . 2047901-03 .45 ) 0561+00
‘ 900 ’ 020) 10 3 9 3 3054.69 2066 .40 .8)33201—01 . 2253391+02
( 000 ) ( 020 ) 3 -S 4 -3 3056 . 40 325 .33 .7476471+02 .4904861+01
( 000 * 020) ‘3 3 10 -3 3036 . 76 1820.70 .3298501-04 .2812461:-02
( 000 ’ * 020) 6 -4 5 -2 3037 . 44 542.89 . 620 1441+01 .3462831+01
(090 * ( 100 ) 9 2 0 -2 3037.73 1638.69 .2054641:—02 .3049881.00
( 000 ) (020) 6 -4 6 -6 3038. 12 542.89 .5103321+0! . 2830141+0 1
( 050 4 1 020 ) ‘3 -4 ‘3 -6 3058.40 1217.27 . 4230731+00 . 6002351+01
( 500 ) ( 020 ) 7’ 4 8 -2 3038.49 1221.05 . 7922)51-04 .1342351-02
(501) ( 105) 9 7 II -5 3039.20 2022.04 . 3699431-06 . 1274901-03
( 555 ) ‘ 0204 ‘3 -3 10 -9 3039.66 1 202 .07 . 3839021-03 .1692861-02
( III ) ( 020) 2 2 I 0 3060 . 03 136 . 22 . 1967371+02 . 1561971+01
( 000) (001) 9 7 9 -2 3060.20 2022.04 .5380911-OS .1248061-02
( III ) ( 020 ) 8 -4 7 -2 3060.63 982.95 .7446321+00 . 3425991+0 1
( 000) * 029) 8 -3 9 -9 3062.80 1007 . 00 . 4274321-02 . 7353901-03
( 050 4 1 1 0 51 8 8 9 -4 3044. I 1798.24 .1131631-06 .2592781-04
4 100 * ‘ 034) ) 4 -3 3 -3 3064.71 224.83 . 90247 1 1+02 .3647121+01
( 005 ) (04)1) 8 8 8 - I  3064.88 1798.24 .4904171-02 .1123371+11
(590) (00))  8 3 9 -8 3065.34 1598.74 . 1906731:-U! . 5593031+00
II)0 (Al l )  II 2 9 -3 3063.90 1084 .06 .3420341-02 . 1873171+01
(005 4 ( 020) 3 -2 5 -4 3066 .25 416.40 .7098521+5! . 2397941+01
( 000 ) ( 020 ) 2 I I I 3067 . 13 134 . 96 .7156371+02 . 1877951+11
(III) ( 105) 0 -? 8 7 3067.28 2337.94 . 7437321-09 .7546901-06
‘ 0051 020) 0 -3 8 -5 3070.11  1007 .08 .3264091+01 . 3603971+01
( 000) (020) 9 7 10 - l  3070.12 2022.04 . 1231441-OS . 2744981-03
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(~~~~ ) ( 020) 9 -3 ‘3 -7 3071.33 1202 . 07 . 1483761+01 .6484201+01
( ) ( 100) 0 3 7 -I 307 1 .06 1417.79 .3398911-02 .6636961-01
(000) 1001:, 8 3 8 - 8  3072 . 03 1417.79 . 1721281+00 .2115671+1 1
40 10)  ( III ) 8 -8 9 4 3073.6! 2337 .73 . 1387551-06 .4210941-03
4011) t 0201 8 -8 ‘3 4 3073.61 2337 .73 . 2732I51:-06 . 8291511—03

p (000 1001) 8 I 7 -6 3074 . 76 1239.29 .2137911+00 . 1239351+01
( 000) ( 020) (3 6 10 0 3074.89 2022 . 04 .5590261-06 . 3732331-03
( 04)9 ) ( 100 ) 7 3 6 - I  3075 . 36 1221.06 .3189421-02 . 1524681:-Il
(04344) 001) 8 7’ 0 0 3176.91 1 798.24 .2935331-01 .2232511:401
( 000’ ( 020 ) 4 -4 3 -2 34)77 . 93 222 .03 .2935401+52 . 3495981+01
(000) ( 020) 7 -2 0 -8 3078.39 817.56 . 2497031:-OS .5168401-05
4 e.e ’ (III) 7 4 6 -3 3079 . 19 1221.05 .60499 11-03 .8663121-12
( IOU) (0 20) 4 3 5 -3 3079 .31  488.94 .2210021-04 .3153381-IS
( 000) ( 020) 3 -2 2 -2 3079 .77 142.29 .32176 11:402 .26 12901:411
(000) ( 020 :, 7 -2 7 -4 3080.34 817.36 .2442541+01 . 8052411+11
( 000) * 0 20) 5 -3 5 -5 3080 .37 399 . 43 .3141771+02 .2917521:411
( 000 ) 010) 10 -3 10 9 3080. 80 1447 .23 . 1603381-07 .2263581-06
( 1)00) ( 020 ’ 4 - l  4 -3 3081.21 300.32 .3627701+02 .2095981+01
( 009 4 ( 100 ) 9 I 9 -9 3082.02 1481.97 . 1422371-02 .2370321:- lI
(000) ‘ 100) 9 3 ‘) -7 3083.53 1638 .83 . 1240081-02 .4382351-01
( 000 ) ‘ 0 20) 6 6 5 4 3083.99 1048.63 . 1764831+01 .1104111:402
(000) * 020) 6 5 5 3 3084.03 1048.63 .5300031+01 .1105261+02
000) 10 20) 3 -3 4 - I  3004 . 38 399 . 43 . 2239431+02 . 20769 11+01
900 4 ( 100 ) 6 3 5 -5 3085.59 891.23 . 1926671-02 .1888041-02

( 000) (001 )  ‘1 6 9 - I  3083.67 2022 . 04 . 1279971-OS .8516341-03
( 000 ) ( 020) 8 -4 9 -u 3087 . 06 982.93 .97984 I1:—06 .4469571-05
( 000 ) ‘ 0 10 )  9 -9 ‘3 9 3087 .29 920 .12  .3523391-07 .62 1 3301:—07
(000) ‘020) 6 3 7 -

~~ 3087 .73 091.23 .5306151-03 .5196111:-OS
( 000 4 ( 0 10 )  9 -8 10 6 3087 . 97 920.16 .8109021:-OS .2736331-04
(000) 020 9 4 10 -2 3088.32 1820. 70 . 1039831-04 .2632581-02t ( 000 ) ( 1 . 4 0 )  7 4 6 0 3088.33 122 1.05 . 1773141-03 . 2534951-02
* 000 ) ( 020) 9 3 13 3 3088 .57 1820 . 70 . 2901401:400 . 2448331+02
000) (0 20) 9 4 8 4 3088.59 1 820.70 .9660431—01 .2445611+02
(000’ * 020 ) 13 -4 8 -6 30118.62 982.93 . 1455361+01 .6636221+0)
* 000) (030) 6 -l 6 -3 3088.93 649.73 . 1407731+02 . 4328791+0 1
( 000 ) (0 0 1)  7’ 6 8 -7 3089 .03 1400.82 .1101651+00 . 3724111+01
( lI*~

) * 0 20) 6 -6 7 6 3089 . 1 0  2 0 4 1 . 0 1  .7104901-07 .5194521—04
(000) * 020 ’ 6 -I 7 -7 3089 .94 649 . 73 .2196151-02 .6750971-03
(009) ( 020) 3 2 4 -4 3090 .39 283.50 . 4745031-02 .763O401:-03
000’ ( 020 1 7 -3 6 - 1  309 1.5 1  782.43 .3629631+01 .2107251+01
(0094 (020) IA -4 ‘3 -2 3091.78 1538.38 .5926631-0 1 .3871261.01
(000) (0 0 1)  10 (1 ‘3 -7 3092.80 1729 .71  . 327729 1—02 .5333091+00
( 000 * 020 ’ :) (3 3 -2 3093.57 206.41 . 1303661:402 . 1653171+01
* 000) (0 0 1)  9 3 8 -4 3093.68 1630.83 .3213431-01 .1131071+01
(000) (100 ) 10 3 10 - I  3094.00 2269 . 39 . 2291691-03 . 166 1081+09
4 0 1 0  ( 100) 7’ -3 8 7 3095.33 2309 .00 .7889871-08 .69350 1 1:-OS
(000) * 020 ) 3 0 5 -2 3095.75 504 . 513 . 7499111+01 . 344I64 E~ 0I
(000) 1035) 2 -l I -I 3095.95 79 .50 .9136631+02 .1820461+01
( 000) ( 100 ’ 3 ~ 7 -4 3096 .23 1260 .01 . 1694021-01 . 2908551:+0O
* 000) 1 0201 5 0 6 -6 3096 . 43 504 . 58 . 3584801-02 . 1645771-02
( 000) ‘ 020 ’ 4 I 5 -3 3096.84 382.96 . 20304 1 1—01 . 1733051-02
4 000) ( 100) ‘3 6 9 4) 3097.11 2022.04 .9319531:-GO .6310471-01
( 000 ) ( 100) ‘3 7 9 I 3099.65 2022 .04 . 2865601-03 .6326971:-lI
( 000) 40 01 1  10 5 9 2 3100.03 2269.3(3 . 6293941-02 . 4353261+0 1
(000) (OIl) II 5 10 -2 3100 .14 2269 .59 .7638171-03 .3525531+00
(000 ’ (001)  10 6 9 3 3100.24 2269 .59 .3342241-02 . 7687221+01
( 000 ) ( 100 4 8 0 7 -6 315& 27 1133.04 . 1331381:—Il . 1265621+05
( 000 ) ( 020) 4 -2 4 -4 3115 .40 275 . 49 . 1977 181+02 .3020481:451
4000) (001) 9 9 8 6 3110 . 43 2230 . 53 . 2072571-02 . I29l741:+0I
4 0001 (001) 9 8 8 3 3100 . 43 2238.53 .2043081-02 .3821571:401
(leo ( 100) 0 6 10 0 3300.63 2269.39 .7720161-04 . 1675191+00
1500 ’ ( 020 ) 4 I 4 - l  3100 . 80 382.96 .2841781+02 . 2422301+0 1
(009) ( 100) 8 7 8 I 3150 . 87 1798.24 . 1987401-03 . 1499061-01
4000 ( 020 ’ 3 -3 2 - I  3111.23 136 . 73 . 8171211+02 .2112791:401
(505) * 100) 8 8 8 2 3101 .69  1798 . 24 . 663 1081-04 . 1500921-01
( 05* ) (0 20) 2 I 2 - I  3103.01 134 .96 .19179 11+02 .10I6241~Il
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(Ill) (II I) 6 -5 7 6 3103 . 06 2042.91 . 2723721-06 . 6644001-54
( 000) * 020) 7 -3 7 -3 3103.82 782.45 .1181941:402 .6834731+0)
( IOU) ( 109) 6 6 5 0 3103 . 83 1048.63 . 2534921-02 . 1588191-0 1
( 000 ) 4 020) 3 2 3 0 3104.17 2133.30 .8101341+01 . 1296981:401
(000) (020) 3 2 6 -4 3106 .38 6 11.33 .8150261-04 .6218731-04
( 059 ) ( 020 ) 8 3 9 -3 3106 . 66 1417.79 . 2224221-03 . 2703371-02

W ( 000 ) ( 020 > 10 -3 10 -5 3108.32 1504.04 . 3420171+00 .9220061+01
(000) ( 100 ) 6 3 3 I 3108 . 89 1048.63 . l900461-02 . 3931491-02
(000) * 020) 3 3 3 I 3 10 9 . 1 1  283.70 . 2503961+02 .1383391:401
( ISO ) * 100) 8 4 8 -6 3110.07  1417.81 . 6679881-03 .2433231-0 1
(000) (020) ‘3 -2 9 -4 3110.36 1 343.40 .3202421+00 .8364041+0 1
(III) (020) 8 -I 8 -3 3112. 1 6 1124 .90 .2322741+01 .6921951+0 1
(000) 1001) 7 4 7’ -7 3112.87 1221.05 .2834821-06 . 4044631-03
( 000 ) ( 020 ) 7’ -3 8 -7 3113 .66 782.43 . 3962121-02 .22839 11-02
( 009 ) ( 020 ) 7 0 7 -2 3113.86 929.72 . 1586401+01 . 5538091:401
( 000 ) ( 020) 4 2 4 0 3113 .87  384 .29 .1121201+02 .2873561+01
( 000) 4 020) 4 -2 3 0 3 1 1 4 . 1 8  275 . 49 . 6?07II1+0 I . 1032331+01
(000) ( 020) I 4) 0 0 3 1 14 . 4 9  37.14 .2464391+02 .1195381+01
(000) ‘001) 8 4 7 -3 3115 .05 1417 .81 .2194211-0 1 .7979901:400
4009> (020) 6 -2 6 -4 3115.05 602.06 .9293881+0 1 .6790591+01
4000 ( 100) 9 5 IA -7 3113.27’ 1820.70 .2126751-05 .1779261-03
(090’ (0204 6 I 6 - I  3 1 1 5 . 62  758.34 . 0092331+0 ! .4152851+01
4500) (001’ 6 3 5 -2 311 6 .14 1 040.63 .7597811-03 .1568101-02
( 000 4 ( 020) 3 - 1  3 -3 3 1 1 6 . 1 9  173 .37 .96333 1 1+02 .299018E+O1
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