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cular binary ooll;.s:.on. The case whe.re the collision keeps the

' ,‘velcc1ty of the mlecule constant while reorienting i and mai.nta— .
xming the rotational energy 13 cons:.dered. Smce the velcmty :.s T | N '

. mamtamed constant, the mlecules undergoing both the op&cal M

: _be sata.sf:ed by tun:mg the molecular level structure by a vary:.ng ) :
L f‘Stark f1e1d In ahort:, we are cons:.dermg couplmg of two Optlcal"_":.‘ ".‘ :

e ltrans:.tlons due to the veloclty-namtainmg collisinns. '

o . ‘ = A ‘ - ’ , . )
- Two pa:.rs of emergy levels of a nolecule are consuiered. Opt1ca1 o

trans:.tions among each of t.hese two pairs are ooupléd by t.he mole- . - IR

I R T

trans:.‘l":z.ms belong to the same Ve10c1ty group. Th_ls cond.l.tion may S

An expression for: the ene:gy absorbed"in t}‘e molecular syst;en '

when the colllsion - mduc:ed double resonan\‘:e occurs is found 'I‘hls
leads to the expressmn for tbe axcmal absornblon in B ’ S ‘,
any trolecular systen 35 gene.ral The t.reatment begms thh the
phemxrernloglcal equatlon of motion for the veloc:n.ty dependent: -

dénsxty matnx of the two 1eve1 nolecula.r system.. T}us J.s obtained

Waddmg tlEJ__grganQgical_tenns—tg—em—usnai—equati‘ﬁot SRS

ments are obta:.ned frcm the equatlon of mt.lcn for the gemeral

: be represented by a- 2X2 density matr:.x S.mce the system under h
consxderatmn cons1sts of two pan:s of 1evels, two -2x2 densxty i

el R et
- e N ‘

motmn m the Heisenberg plct:u.re. A two level mlecula‘f"-TEn can

rratnces are dealt w:.t.h The effect of coll.lsmns lS taken care A

of by J.ntmduc.mg the coll:.sion ker:nel in the equatiqn of mot:.on._ \ ~ 3 AR

Thq eq7!\t1on of mot:Lon for the dmgonal anﬂ the\off—dzagmal ele-—-'

\
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den51ty matrnc 'l‘he expressmn for the dlfference in the chagonal N

. elenents is obtamed ;Ln terms cf t:.he dlffer’ence in the_off - dia- )
T ' gonal elerents and vice Versa. From t.hese two cquatxons, an expre-— ‘, d‘
,; ssmn for the dJ.fferenee in the off ~ dlagonal elenents is obtamed
in tenns of’ measu.rable quant1t1es. Thls difference along w:Lth the -
) | expectatl.on value of the ocmponent of . the dipole moment between e

| the mlecu]ar energy states of - :.nterest is J.ntmduced in an expré

7swnfortheenergyabsorbedmthemolecularsysten T}ﬂ.sexpre-_ /'

Frhyes

7

near tgms in the cbllision mnsbants ls 1 15 x lo =¥ e,rqe/sec cm2

BEY

L e Ht e LY

ss;on .mvolves the t.une der:.vatlve of:' the polar:.sation mduced : : “
" the molecules by the fleld Smce the mlecular systen e’d‘ﬂ#nts p‘ - %
e t dynamlc behav:.our,the enenqv e:mression As t:mn averaqed Aiso sincg ,- ER I
dlfferent molecular velocxty groups of the 'Mame'l veloc1ty flst" ‘;‘ q f"'? : |
- ribut:.on afrve are J.nvolvec'l in the COlllSlOn, energy expressmn '
) 1s veloen?'r a.\‘reraged over the Maxwelllag. \;elocn:y range. t\ [ ’ %
- 'I’wo cases are oonsidered Pu:st energy expressmn 1s found . S ! .
:m the general case, J. e. ,when the veloclty changes durmg the h , , / E
. ooll:.smn Secondly, energy is calculated when the Veloclty is | ‘ . ‘ -
main@med constant duri.ng the 0011151011. Th:Ls expr:essmn shows : |
_:i that.th : eperids ] _' .lyand quadratlcally upon the colll-—"‘ .;’3;
S e sJ.on constants. Th;s is s}nwn to be a general expressmn for ’Lhé ’
| partlcular energy expressmn obl:amed by SPnemker et- alu ‘l '; ' o i'
Nmiencal evaluatlon for the signal a.bsorption in: - ; | A
the nolecule methyl ﬂuonde ‘is done -me value is fomd to be ’ / al
m: 1 313 10 ergs/sec cm2 'T‘he cmtributwn aixe to the 11-
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uﬁoh isﬁ-‘L% of,the—totél _c;ﬁqtrﬂntion, which is a consigerable -

roportion. Thls contributn.on wxll be 1arger for a mlecule with

1arger: coll:.s.mn oonstant:s, "This fact. argues in. ,favour of th; @
g&xerala:pressionobtamed. - AE
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f; ‘ - The _st:.ﬂy of colllsmn induced double resonance is n\lts early . . . ; -
. | ) stages of developnent JIn the past féw yea.rs, scme expermen\tal L e

) S L nethodé Have been. devmsed wn.th wh:.ch to ccmpare . the nrobabmues " <

L 6f coIlls:.on :mduced trans;Lt:Lcns However, a unlversal method to

4 Tt

. N .
Bt e K Lt e &

R S R <
- o e measu.r}a the mdlv:.dual trans:mon probab:.l:.t:.es 1s st:Lll 1ack:Lng,
' R R " even though Pressure Broademng neasurenents pm\ade useful data m

S NERNEAPNIIT Ty Ty
s A LA .

SRR :
& ' 7 _ In-the double resonance ‘case there are two J-tﬂeperﬁent radlatims-i :
1 g R me is t.he gmtpmg rad.latlon wh:.ch,,perturbs the - mlecula.r 1eVel systan‘, ]
} . L and the other one J.S the s:.gnal radlatmn w!'unh mmtors tha!systen
) ‘Z'ff'.‘ AR L Cons:ufer the colllsmn :Lnduced tranSLtJ.ons, say between rotat:.onal
AN - .i: : \:-levelL. 'I'he typical f ur level enexgy dlagram for OCS (carbonyl '{'f

'f~"",_~.f N e eﬁl,. ) J.s shown sche%at:.cally in, F:Lg l 1 . : ) ; ,
" T ':' ' , dc elect_ric fleld\azs applned so that t.he degeneracy of the ,: s '_; 4,\:"
. PP N =rotat1qnal 1evel 19 llfted\and the rotatmnal levels are Spllt 1n|:o : t’:’..': b

' ol w M ccmrj-onents/ 'mo nu.crwave radlat_'l.ons (v and v ) a.re appl:.ed smul—- BEURE R
L ) AT \ o ,("3, ,'
B AR 'taneously to ﬂxe mlemﬂe. The rad:.atmns have the1r electric f:.e.lds S

. .lpar_"al l to. the dc fleld so that only AM = 0 rad.lat:we tra.ns1t1ons :. . L A

. . . + - i |
SRV IR L o occur. ’l‘he pumpinq rad.l.atlon vp J.s stronQEr than the sz.gnal rad‘la : k a P
f L A ., ‘ § N -‘ J' /-‘
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vs‘. The pmpu;g radiakbion punps the molectle f%an theJdJ=0, H=0 ‘m‘ ~
.‘.- ,| 5, ‘ .ﬁ ’ :4 .
I level th the § = 1, M =0 level. The signal radiation nopitors the B

) - . | . 3
' resul‘&aht 'chahge' in other rotational levels. Tm\lransitionl ) which ,‘

- ) isd:rectlyoormectedtbthepmpmgtranutlonshowsanmease :Lnthe
/“\ ' mtensity This is Because the population of the le'vel J=1, "= 0 ' : '

' © .. is. mcreased bec,-ause of the pumpmg In the typxcal expenment on }

X (I:S, the transxt:.on'{rvz and \: ) vere mnitored Since v 52 ismot
. chrectly'connect:ed1:0vp anyeff' on v duetothe;xmping N
) . e radiatzmbshmld a.r:.se framthe :‘, 11s1onal transfer of nolecules frun ,‘Q' /
-‘ lfj “ the state J= 1 M =2 l Th:Ls exper:ment md:.cated the poss:.bﬂlty of 'f'/ ’
o ‘i-_he transfer of molectﬂar : 'atlon frcm one level to another due to 'f ‘
collismn for a properly chosen : tatm"'_' systen In othez: wor-i,-. | ﬁ
ds, it J.ndicated the’ pos iggy‘of '._‘s'tiid'yrix the rotationalenetgy - ﬂ J
. : transfer die to the double resonance Gox et al. trled to f1nd thJ.s sort. | R ;
- : ’. of resonance in O.‘,S, but wevcmt mceessful Hwever thls experment - ':';‘-'Z,,-. g '. tr
. ' e:m:raged th.'LS sort of mvest:.gatlort»m other molecules i - ; “r—' '
: _ 'I‘he rotational level system |/n CH CHZO provided the fJ.rst: suocess- ; '
= v 1 ;

ful observatmn of this kmd s achieved by 'I‘ Oka. The pa.rt:.

5

. % . cu]ar energy level structure of t}ﬂs molemle is sghemtlcally shown in ) :

Here the pmnping trans:. ion \’p is 2211;- 212 at frecjﬁeni:y '34-15'7' r@/‘s’: N :

v .

The signal trans:Ltions 3304- 321 and . 3 R 312 are at frequencies et

23135 5 Mc/s ana 23611 5 Mc/s respect:.vely. As; 1s ev:.dgnt frc:n the R

i

! dmgram, v 1 and- v are not directly associated Wiﬂ'l v . 'L'hus, the only

’

T waybywhlchthe 1ntensu:ies of vslandv arechangedls through _
the co]71:|.sional t.ransfer as sl'mm by mvy arrows in F.mg. 1.2, When L 1
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A E - ' ' . Vp was amli?d the s'lgnal v : decrefsed (I;y a.bout: l;.%) an:1>the sa.gnal D . ‘ :
E , o, Va2 mcreased‘ by about 7). : 'I'tus is becau‘se the pOpuj;e:tlon of 321 L h .
3} : ‘decreased and that of 3 was 1_ncreased. '.I*he :u‘:crease in thé m.)lecula,r L -
‘ ) S . POPJlathn of the. 2 levei dué to inmpmg 1s selectlvely‘ ,t.ra,nsfez_’red SR ) \
: ’ L 4 to the 31 and 3, levels and the deplethn m the populc;itlon of 2 ;‘ ' ' .-

S reflected :m the decrease in the popﬂatmm of 32 1:-"

T‘hls 1s .why the _' . ‘ "
! p'ppxlatlon\dlfference, and hence, .the mtens:.ty Df absorptmn for the ‘

v

D transa.tmns \’ ' and.v decrease a.nd mcrease, respectlvely.

ll‘

-7 trans:.t.wn v 3 r(2 dr— 202) was monltored szmultane@usly q—,md 1t was
: fonnd there i no change m the mten;tnty. of thls tran51tlon. ;Ever

rules accordmg to Ande.v:so‘n_2 A N ' e - 'u- . j‘l -
;. Nexi: '1<;t hs oons:.de.r thé s:.mplest 4 level system shown :.n F.Lg.' T ; 5
B ' "il 3 'I‘he pm;pmg levels are (1, 2) and the s:Lgnal levels are (3, 4) ,, :
2 The effic1ency of saturatlon «b (due to p\mpmg) has been gmven by i ;

Ka.rplus and Schv.f.!.nger as L . _
‘“2 1"2’ § ‘“1 “1’ 6‘"1’2%’"
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f ﬂmrelaxatmntmeforﬂmet.ransn.tmnl(—% 2 T 3 o *
‘ From E'qn. (L.1) 1t is ¢lear that when resonant radlatlon is i A
used for pumpmg (w="w ) eff1c1ent saturatmn is achz_eved if :
S . T
"12 p/“rl >>_.---- sereeserererrecetiiiiaiiiiiiiinas 1.2
. _ |
S:ane the rela.xat:.on t1.me, T, can be obta:.ned frcm the pressure
bgbadmmg experments, ‘one can choose Ep to satisfy Eqn (. 2). Py f

Dependmg upOn the value of "12' one can choose the proper pumpmg

foann e

<. uratmn condltmn (l 2). :.s satlsfled, the devmtmns of thejmle-

i

oy = ey (“2 a0z s R
LT That is,. under umt efflclency, populatlon transfeyred Ay half st T
SRR the dlfference m populat:.ons of A;l. ‘&2 'I’he 51gna1 rad:.at.tm "_jf xS S

, cplar pogﬂa)tlons fmm the normal Boltzman dletrlbutmn ng are q;wen R
h T ‘ _ RaT T T e o | N B
3

mmtars the coil:.s:.onally transfen:ed populatim dev:.atmns int o RPN
levels 3 and 4 The relatlve change m the intensnty of the sugnal .

Ny
\ PRl

ﬁbeorptionmybeexpu:essed as . ‘_l S L ) o ,\
N . ; ) » /:., -_i' - . ‘ -, B . ) .
R - tony g 26D i
.’. .4. 3 3 _".,.‘..l..:L-.‘..'-."..'.:-- .4’.,

~..‘=‘n

.:
A I

5 T,
3

' where we have assxm\e'% that the populat.mn dev:.atlons Gn due to

: the pumpmg are small ocmpared to n because hvp <<’ kT (refer: to - B T

. the.eq 1. 3). "l'he denamnator of eq (. 4) is' also snall. Hence e

. - ‘1 can be relatlvely large. For example, for HZCO’ n = 0 307
S | L S o The :mtens:.ty of the s:tqlnal rad.tat:.on should be small because ;

/'I.‘\_' L T T - EERI A . >
N - P S .o R - Lt e e - ‘
. v P E— - T P .




3 »:“:5;“‘
. . s
‘ -8 - ] ; .
! M < . ‘.f
. ;'
k . 4
5 we vant the signal radiation to monitor the population difference 5
E without affecting it. lormally a signal radiation power of the ' \", E
> order of 1uW is used so that the signal power is about o;-ne
million times smaller than the pumping power. In other words, )
¢ should be as small as poss:.ble Thus in analogy with eq\(l.Z) ;
.“ wecanwr:.teu34Es/h<<l/T \ : ‘ .
g In the present work, an expressxon haéxbeen derived for the
energy absorbed in the molecular systen ‘when collision induced
) . | . double resonance Occurs. Thls follows ffrom the eguation of motmn
g for the veloc:.ty dependent dens:.ty matr1x¢ Expressmns for the
J LY
d.iagonal and off diagOnal ele'nents of. the densu:y matrlx are . ' B

e
obtamed, frcm vmlchkdmble xesonance term 15 extracted Polarlv

“.

C zation nﬂuced dn’ the molecules by the/fleld is found and :.ncor— o

’ - porated m’the e:q:ress:.on for the énergy absorbed . ; .
I ' o
' The followmg chapter g:.ves the theore’élcal descnptlon of i
S
N theenergylevelsystemconside:edmthemrk. ", A




Co e The J.ntensx.ty of t]us double resonance sche'ne :;.s oomparai:le to A .
i ‘ ‘that of the trad:.tlonal double resonance effect where the two L

relevant vibration rotatjon levels are denoted by a,b,c and d. The

coupled by the oolllslons a-— c and b —~d: It is found that these cou-

pling colllsmns have cerl;a:.n characterlstlcé as mentmnedsbe]m:- ' h B

::velmlty change for a bmary COlllSlon J.n methyl fluorlde is abo‘ut S .
1 . i ]t i i . s |
. is. ve.r,y snall ccrr@ared o, the mlecular Veloclty WhiCh is ab““t : | C

' 10 cm/sec for met.hyl fhxor:.de Thus oollls:.ons sluft the Veloc;LtY_. ::'z‘ 3 ‘

gmxp w:.thm the Doppler pu:of1le. Conseq;ently the velocn.ty can be:v ' - ’

.‘:'quantlzedMstatetoanotherMstate.Insmmarybwecansaytlutthe ; /. B

4‘double resonance we are ;Lnterested J.n is that wluch J.nvolves a group

that do not share a ccmnon 1evel and mvolv.mg c.hanges in M value. -

\lf
,
Al N P eV ﬁ.-&“ukl_‘i.'-‘_» Tt

. / CHAPTER 2

T / ;‘:-«-.‘-4 ‘ -, :

Experin\ents on collisi_on - induced douhle resonance 'in"13'CH3F -(9‘
were done by R. G. Brewer, R.L. Shoemaker and S. Stenholmd. The level

structure. for this nbléoule,is schanaticallj shown in Fig: 2.1. The
transitions ‘a & b and c 4 d are caused by the nmocl‘;mnatlc laser r%—
iations of angular"frequencies Qand Q, . These -two transitions are L

BEY - :
43} oo

A oeRet

(J.) They preserve the molecular veloc1ty For exa.mple, the average

*

oons.tdered to be the same before and’ aft:er the oolllslon. o ,
(:..1.) 'I:he molecular angular momentlm vector for the rnolecule changes

,dJ.rect:.on, i. e., tl'xe collls:.on makes the mlecule g'o from one space - S 3

of molecules havmg the same veloclty and undergomg two' trans:.tlons R S ?f‘_;.{,-:. ‘,
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B ncy correﬁponding to the doppler effect is: denoted by R ( E ; | 3

v ..‘;whare 2 k1 is the a:rplltude of the pxbpagatlon vector for the field 1.
Sim:.larly

- uhe.re k 1s the anplltude of the propagatlon vector for the f1e1d 2.'

" We saw that t'.he \zeloc:Lty 1s mamta:.ned constant durmg;the ooll’:.s:.on. § '

~11- -' | -

transitions are connected by an mtermediate 1evel as shown in l‘lg. 2.2. &

5
Referrmg to Flg 2 1, the two ]aser fields select the resonant :
veloclty groups (groups of molecules havmg the same velocxty )

~a (l-l-vz/c)wherenl

acoordlngtoﬂl=m (1+v Jc ) andﬂ
4

and Q arethe angular frequenc:.es of the fields 1l and 2 respect-

Avely, ab and "’cd are the trans:.t:.on angular freque.ncies for the o

t:rans:.tmns a—band c-4d respectlvely and vzl -and v22 are the

t:anponents of the molecular velocities along the field axis for ‘ R I

the trans:.tlons a=b and c.— d respectJ.vely. The mgular“fré?;ue—- ' o

’.', s k V e r‘._' Q e T e L T £
- & 2l & .zl - : SR -
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T

g "z od z2~fZ 22’
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. AT S,
RSN

T T 4L e mis

SJnceQ andn arenearlythesame, . ‘ ,‘ T

kl==k2 \

hencewaget. \k__ T R - ' B

".f‘-~,,,‘-"1v-'-7‘“ ai:““‘oa*k(" 2’,.
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This iﬁs the colljsion - induced double resonance oond:.t:.on

The levels a and ¢ az:e the nvagr:xetic'S\;bleVeis of. the rotationall
level J,. Similarly b and d are the magnetic sublevels of the |
rotational level J,. -Hence the levels a ard ¢ are' very near to oy
. each other compared to the se;a:ahion a —bjor ¢ —d. Therefore - | .
E the "separationsta — bland © —d are not y h diﬁferent. -So there
. © is no reason why we' ‘should' distinquish between a - b and c -4 ,

\. .ThlS means that there is no dlst:mctlm )be ; the pumping

rad:,at:.on and the signal radiation. In o, ,wor;@s, the laser a

~
R T

flel.ds o,f angular fl?eguencles Qllend ﬂﬁ _are 'of the same power
S : . : ’ o, e

.

When a dc Stark fxeld 15 appl:.ed to the mlecular gas, it S

o mte_rracts w:.th the molecular e]:ectrm dlpole mcment, 'caus:.ng din K \ ‘‘‘‘‘‘
oo a sph.tting oﬁ the rotat:.onal energy levels and resultjnq :Ln f::‘"'f ; | 1 .
J s the appearance of f:.ne structure in the rotatmnal spect.rmn . k \ ; "-;'-'-‘
- In considermg the molecular Stark effect, the relat:we d:.rectio— : R | :" '
. ‘ns of the dlpole moment and the angular npnenttm vector for L . .
,";"a molecule must be taken :Lnto accomt. I L _‘ B - '
For lmear molecules, the chpole r:unent is perperd:.cular to J

provided that’ the mlecule .15 not :m an exzcited v:.brat::.onal bendmg
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mode, and that it is in a 17 electronic state. The great maj‘ority-

y ’ of stable molecules are normally in such an électronic st-}n:e‘ since
théi.r electons are fdn'y“paired In. symetric top mlecuie; /
(eg. CH3F) wluch is the case we are interested in, the dlpole
xmment dis necessarily directed along the fiqure axis and hence it

- hasaocmponent alcngJexcaﬁtwhenK O%Inthecaseﬁmenthe Lo
3 - . dipole moment ¥ is perpendicular to:J Aﬂ% splitting of the rota- 'W- . -, '
tional levels by'’an electric field depends on t.he square of the

+r field.intensity E. This is the 50 called second order stark effect.
On=the o@ hand ifu has a: ocmponent aiong the dkrectmn of J,

the spl:.tt;.ng is: pmport::,onal to E.’ ThJ.s is, referred to as f:_rs{: ERETR

order stark effect " T KR
- Fu:st order stark effect is most Jmportant for symnetnc ,4 g

top , In such a molecule, t.he total angulax nm'ent\m J ‘1’1 JJ(J+1)

B o has a cmpOmm;_K = %K along the figure ax:Ls. - ‘
Refe.r bo Flg. 2. 3 ThlS shmvs that the d:Lpole nm\ent M w}uch ' ;}
1s dlrected along the flgure axis, ThlS has a ccmponent uJ along \
' f - ' the dz.rectlon of J, of magmtude : b - /
' ' : UJ.‘: ——'»‘1“""1'<—7'—’.r'...,...~.......;;.. f.".’:._...’--,...’.....‘.-.' 2.2 - R % -
<1 T L RO
I . . The direcuon of J is fixed 4n. space and consequently the d:l.rectlon : ;
R ‘of uJ is also fzxed. If now an electnc fleld E J.S apphed as ’3
' shmm M. 3 w:Lll mterract w:l.th 1t and the ene_rgy of. mterrgcum ) ‘,,': -
. N . N . w i " .

is givm by
B I

?-uJE COS 9 I'.'C.I.;b.l‘..l.‘v'.'.l-..0".!.'..!.1.'! 2 3
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and the precessmn of J about the eIectric f1e1d E. 3

3

N
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o
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model for the fu‘st—order Stark effect of a

symmetr:l.c top molécule, showzng the cdr/p&xmt of the

- electric dlpole along the 'total angular nment\m J,
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The angular mamentum J and with it 4 3 will process about the direc-

tion of B a% shown in the figure. This:motion will be quantized,

since 8 is determined by the penm.@ed projections, M of ,;J aleng

the direction of the field. ~

M=J3J, 31, J3-2, .. ........ . =J
=Mh. Y

M

/3 ;Jm

Cos § =

* N\

ASubstltute thls in eq. (2. 3). " Using eq. (2.2) we get

LR D o . PR

J (J+l)

- . . .

This each level typlfied by JK is split by the f:Leld into 2341

cayponents, provided K#0. -If y'is measured in deb_yes

R ’ - . / .
(1 Debye = 1078 e.s.u.cm) and E in volts/cm, then

' ,...,’,wl /‘NC/S) = "'0;50348&&5‘1 /{J(J+1)} ) ‘( ”,;\\T —

- A o
? : / &

‘EersK=M;2ard‘p=1‘depyeandf‘ie'ld‘s-ttenc.';thof5‘0. o

volts/cm, W l~— 17Mc/sec_ o o L

Thus the level JK Wthh is (2J+1) - fold degenerate from the

spat.lal po:mt of view (M) J.n the absence of a fleld has thls Lo

'degener:acy ccmplebely removed by a fxeld 5p11ttmg into 23+1
- L

ievels for M rangmg “fram J t.o -J
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& The'optical selection rules governing transitions between i
L different rotational levels are AT = ¢ 1, &K = 0 together with
2*‘ ' MM = 0 if the electric field vector of the radiation is parallel
. tothest'arkfield,arﬂAM=;iifit'ispexpe:diculartomé
'stark field. _
. In the double resonance experiment on 13CH3F (see reference 3), | .
the radiations had their electric, fields barallel to the stark |

Ei ' < field so that the optlcal selection rules =21 K=0, M=0

1

splltt;ng in: the lower rotat10na1 energy level and if w2 is the ,

',<;energy correspondlng.to the lé}el spllttlng in the upper notatlonal R S f "‘ j~;

were observed If W, is the energy comrespondlng to the levgl . ‘ S

O S R

‘leVEl, thgn: ’i~ . "f'ﬁ‘f L
L T A e )
* mab—wd%T‘---.-ifin--to---'.--.n--‘boo.»-cuntl_--- 2.5

Al

_pmlx § S . , : , ) !.', .
= g M o= .

o £rom (2.4), W e etanenaneriareneaaa. cereees 2.6
¥ , N 16 7% , :
7 - . N ’ !

/ .. : . . - S
Similarly Wé = -———Efz-——— . 2 : S r
(J+1) (J+2) - P
Eq (2 7) follaws froni the.selectlon rule AJ =41

1
H

Subsutut;mg (2. 6)and(27):.n'(25)weget S 3 B
o Xt

-

‘-u%x L .
e wm e |t

L ._l
: -“ab ¥g —‘E

*

T

. - T N -
D R A I g A s e o I SR T B
. ) )

,i-ev' wab j' wcﬁ—T' (MlAQ.\T MiAu)E ---'--'----.-.--.-.-»ao‘.nt'n-- 2.8
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: the furdamental N,

/ b
~17-
U
R K
where A UK and A =
L ke 0 R @)
Here A is the angular frequency mrresporﬂmg to the energy shift
chanae’ .
per unit stark. field per unit magnetic moment quantum nm\bezz,: for
3 7
‘the lwer rotational enerqgy l_evel and Au is the géme quantity for
_ the upper . rotational energy level. ’ ' ST .

Subst:.tute eq. (2. 8) in q. (2. 1),we get

(MlA M2A )E 2 9

"'mvestigatedin CHFis
Thespect—-

'I'he v:.brat:.on rotatlon tran’ i

bandllne (J, K)—- 3)-(5 3)

3

"nmassl'mmmr-‘lg 24wasobbamedbysrbemaker, Sten}nlmand

Brewer Thisspechncanbeexplainedmtermsoftheeq. (2.9).
The quantlty @ - ‘0 ,) is kept at a constant value 30.008 Mc/sec.

to satisfy the dpuble resonance cordition. Since this is kept con-
stant, ‘MIAR. M2A ) decreases as E inc::eases, awoxd;mg to eq.

'(2.9). From eq. (2. 4) it follows that A >A and hence (A - A )
is ppeltlve. Resonances occur in such a way that (Q - D)/‘E is less

by (4, = 4) for-a particular rescriance than_for the previods

Coe - - : :
‘resonance. It is found that the lines a, b, ¢, 4, e, £ satisfy

-the resonance condition eq, (2.9) if they have Ml' and M, values as

.sl'ngmbelow:"'_' N ' A
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(Q - Q ) and their light enters the Stark cell fmh the same

~

:,velocn.ty group and 1f veloc:Lty prese:vmg oolllsxons cause the

-19- - -

’

These can bé. pictorially/_ represented as shown ‘in Fig., 2.5 (schema-

- tical representation). Here the 1ines.'c and e correspond to the

ordinary dobhle resonance where the two transitions are connected

byan mtennediate]evel Asmaybeseenfrqnmg. 2.6, cand e
‘are more mtense than other 1:Lnes.‘ 'me 1J.nemdth of each of them
.15 ‘half- that of the l;mes correspondmg 40 the COlllSlO'n J.nduced

- double/ resonance me F:Lg 2 5 we ‘can also see that the oi’dmary

. 1-:'_ double resonance is a part:.cular case of t.he colhsmn :.nduced B e

A
‘,_‘.,. - i el /

. ‘double resonance ; - :; el L R ,9
o ‘ '1‘heexperm\ental setupusedls'stxxmmng. 2 6. '1’wooont1- '
;L .', nuous wave lasers are locked to a flxed £requency differmce .

'f d:.rectn.on. The coherent electr:Lc f:.eld exp[_:L(ﬂ t - lz)3

(where z 15 the dJ.rectJ.on of the opt1ca1 beam) J.S in resonance
w:.th the trans:Ltlon a - b ThJ.s 1s for the narrow veloclty group-

: v wh:.ch is the long;tud.mal veloc:.ty. The seoond trans:.tlon

ll c - d J.nvolvmg the resonant,fleld F2 epr_:L(ﬂ t: -‘ z)] oanmm:,-’

cates w:Lth the fJ.rst tran51t.mn only 1f .1t is turned to the Same .

/,\

".‘trans:LtJ.onsc-aandb d Theeffectivefxeldint‘heoell is'

Main

g
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_Fig. 2.6, Simplified experimentsl set up. for the collision

induced double. fesonance,
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f
Ex(z, t) = EICos(nlt - kz) + Eébs(ﬂ-.f: - kz) s.aeeanl 2.10
o 2 % -
This is because kl = kz, i.e., C—-:LE-—- . This is again because
Ql - ﬂz €< ni or 92.. The levels are, optically coupled by '
HI = -uxEx(z, t)
A i

The selection'n}les are such that
\' -
<ajp,\b > = u;b'# 9;. ciuld> =u,#0

'<5lu:"lc_l> = éb\ux\c) =0

The last two relatlons a.re because there is no cross ooup],mg, i. e.,

ﬁ:mduces transxtmnma—bmlyandnzinc—slonly. N /,

'l‘he :mtens:Lty change of both t.he ].ase.r beams is a. measm‘e of

‘ ;the energy absnrbed m thg system 'I‘h:.s is the subject of mte.rest t -

in this work..

“The follow.mg chapta: g:.ves the exper:.mental pxocedw:e of the ,
colllsion induded double resonance phemﬁﬁmn
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" ) . CHAPTER 3
T . - ‘ 'THE CONVENTIONAL mmn{mrrm PROCEDURE < .

The conventional experimental anangémnt t used in the

collision induced double resonance is described in this chapter:

 tans

Block dxagram of the experm‘ental set up. 1s given in Fig. 3.1.
- . ‘Two collinear laser beams propagate in the same direction
) . througha sba‘i’k cell. The stark cell is a _rectangular wavequide ' : .
‘ " R of stantard des:Lgn. The -stark electrode is fitted in the cell, (I
S :: h . along 1tp length, a#!d para.llel to and eqtnﬂlstant frcm ‘the wide ~ - o J L :‘
R Afac/:es of ‘the guJ.de. e electrode is well insulated fmm the walls N (S

of the gu:.de. Tlus 15 ach.leved by means of polystyrene strlps.- ‘ ',‘ R L ;

o . '2 I' The stark cells are. li.mited to between three and f;we meters din - ) '-.
i y - “ J Llength because of the attenuatlon effects. ,The stark cell contanns " - J
‘ i A sample inder study. Tvo co, lasers;aprcw.de the radlatlon. | L ‘
The frequency of both the Aaser;begms may be chosen to- tally with * ! ’
.; the txanslingm frequency in question. :? -,

1" /".k | — : . .-
BN S ‘ '.[‘hed:.fferencemﬁrequenﬁyofthetmlasershavetobekept . |

‘'constant in order to satisfy the double. retonance cpndltmn.
. : ‘ - pm‘_- t_h:.s the frecruenc\- m-' orn. 1 a{sgr is loc]:ed' t,o that of another.
I .t &ince this thes:.s J.s a theoretlcal cons:.derat:.on of t.be oo]l1smn :

1nduced double resonance, actual experment has not been done in .

ourlab Referencefort'hischapterlsNo.SandNo 6.
. /.,v
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‘the frequency of the laser, This causes the frequency difference ;

‘.ocmponents and feeds the signal to the lock-m-arrpllfler The o
o cck-in-amplif:.er :lncreases the s:.gnal to mlse rat:.o of the signal
" fed to it... 'I'he fn.rst step in a lock—:.n-an'pllfler is the mdulat:l.on. .

“ An Jmportant aspect of the mdu].atlon step is the generatmn of " '

a refe.rence signal that ?,s of the same frequency as the carrier

) lted reference s:.gnal that is used to drive the exten'xal modulator.

DK ~25-

g

4
4 ,
This is Qone by the frequency difference (9 - 92) being monitored

by a phdtodetector and compared to a reference frequency. The

c.n:cm.t containing the high frequency amplifier and the frequency

controller is the stabilization circuit. Thns,produces an error
signal, (the amplltwie of which depends upon the ampln.ttﬁe of the
lp.gh frecruency component) , wvhich acts upon a piewmelectric, the .
vibratig)n of .which causes an oscillating -eiectric field. This - ‘
drives the cavity len Jﬂi'of one of the la‘se.rs and hence oon&ols

L

s

-4

to/ remain oonst:ant ‘The low pass fllter remves the lugh frequency L

o R SN n&:sn-'i{:a:,i:u FRL Ryt

wave and phase locking them. It need not be exactly in phase
w.lﬂvthe carrier, bat only phase—locked to it, as their relat:.ve
phases can’ be adjusted Iock—m—-amphfle_r has an mtemally gen~—

result:.ng mdulated ca.rrs.er wave is dewdulated by usmg this A
mternal reference ) | '

-

“t 'l‘he stark fleld is swept in steps and .the double resonance
C : change -
spectrun recorded. ) The mtensity/(of the signal :LS a measure of

t‘heenergyabsorbedmthesystem
e T
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GAPTER 4 ~

\

o

THE ENERGY ABSORBED IN THE MOLECULAR SYSTEM

This chapter gives the expression for the energy absorbed in the mol-
ecular system. We are considering two cases, First, the general case when
the velodity changes during the collision; second, the particular- case
when the velocity is maintained constant durmg the colllslon.

{i) General case

We start our d:.scussion with the -equation of motion for the velocity
deperdent density matrix. .
- Consider the molecular level systen shown in Fig. (2.1). The

equatlon of 'ﬂ‘Othﬂ for £he velocity dependent density matrnt is
‘as g:.ven below. (See Appmdix A) .

. v

G 3 ] (S A A, P(v) - -‘—— CV) :
E R L +Y‘ 1 T T
U&tw ') scv- 'J] fcv')

cesrinne L..-\ -

Here the dlagonal matnx A is the pumping te.rm "It is the steady

e e =Y AL LI

e g e ls Al

state rates-at vhich molecules enter the optically active levels.
N S - The tem[H, p(v)] accounts for the dyﬁamical evolution of p.

\ The' radiative decay constant is g:.ven by T. It is the duration

BRI

of interraction assumed to be domirated by the molecular transit

; time across the laser jpeam. . Also it'is taken to be equal for

RIS ML T I T
.

all Adénsity matrix elements, ' The last term in eq (4.1) represents

G o

the effects of collision on the density matrix. The average time

TR

 between the collisions is T(v). The velocityafter the collision
sws'._ (fote: there is a slight change in the velocity after the

o2 Xond

collision). - The collision kernel is given by (v, v') (see Appendix . 2

B). It is a matrix operatorin the indices of the densit$ matrix.

s T P
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The phases of the complex off-diagonal elemerts N, cause phase
shifts of the molecular oscillators. Also the integration in the
collision operator is because 6f the velocitﬁr changes induced by

L o

the mleqé]a.r scattering process.
. .
Since we are considering two level systems, P has got four

tlements, i.e., Pan’ Pan’ Pra and Pii*

'From Eq {4.1) we get ) _ .
) . > .

B - 1)\54-[5.9]“- ~ie B, L
-; } Lt TIcv,v) P(v) -

.‘~..," 6 \; P(VJ ........“‘24'v-~
\ 'rcv‘J ¢ vi o

Cwel, = (rf- P’“%a . \

7 n - E
' = Ha By~ Fa Raoy Hup oy~ foe Hey

L ey [H'P]bb 'i‘\“\ba Pab“" bfﬁ" ’\-J.a(b- e e m ...... L3

Wea = “Mu & - T

. . i iy
We are taking the radiation to be along the z-axis, with the

,elec_tric/‘f'vi‘e_ld '’ taken along x-axis.” = - o,

L . . /

%

BTt s, S i S e
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Substitute for F‘x from eq. (2.10). But at the same time we
discard the off resonake driving. i.e., we assume that El' has

ait on a - b alone and E,onc - d alone. T hew,

Hpa = =Mya E, eos (A b — k)

Loy \"\ba_ = -—‘SLOQ ces (}'ﬁb - \u.) e A
vmere A, = HbBE I?.‘K : : P
$o ﬂ—‘at K P]bb = ‘20, (Pb‘a- Pab) Cos (J\ ‘c_ —-k':.) S

'I‘he fift.h te.rmof eq (4 2) = -(1/'1‘) pbb(v)

Tlusoanbmesmtl‘xthethirdtennof (4. 2)tog:we _ :
o Ry () = =Y By e o 6
wherey—l/‘r-bl/'r J.SthecdlllSlOn broadmed l:mem.dth SR ’
S.lbstltutmg\\4 5) and 4.6) in (4.2) we get o
(-'gb-; . ().b-JY Pbb) +a.a, (Ppa- Pab)t.es (uk —ka).
« & _d_",'_.“("e\')'Pda(V) e e e T
) T .
Collisional transfer to the level b is from the level d and that

/ J.sv\hymhavepdd(v) mthemtegrand

Similarly

L by = tAap + Lo P]a" ;"‘ré?-" Fap + )35 ‘JKQN‘) Pe)
-0 S%‘S (;v-v‘):“ e év‘) '. e . q_g

§ab=0sirméA;/i.;aiagona1.,' . - s

St Bl Tl s Y P 5 R g

JNCHy S '
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’

L, Play = Raa Pab = Pag Haw + Hap B By Hub

'
[

c.a-.‘H, P]Ab = (Hag= Hu) Pab,“‘j Hae (G (Jéa) |

i.e, [\—\) P]ab = wab Pab - a a‘ ( Pbb“ Paa) Cos (Jht-“'l.)

4th term in eq. (4. 8) = ( since there is no oollJ.slonal transition
between a and b, Substltutmgthesem (4.8) mget

LY Pab s .. .‘ - - 1,9
Co " I ) '\’. .
By analogy with eq, (4 7) we' get o
¢ Paa = L ()‘a ‘=1 bb) + au| ( Pa‘b‘ Pbé) Cos (J'L.‘t)—k7->

- L S T Cvivy Pcc (V') e e ’.':.l‘.‘o.
-r(v') .
Now, to simpllfy the calculatmns we remove the rapidly osc:.llat:mg

canpment of the off-dlagona element by setting

= (S =)
Pab pab :
where expone.nta.al tenn is the rapldly osc:.llatmg carmponent. Differa nt -

\ating , we | qet :
¢ We

RS ~ -L(J\-b k"-)
Pav = "“’\l P @

P

D
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similarly - S ' L
(3\3\3 '-é(\_:_& ’ :{0( ( e:a b)l Ces f-ﬂ..b-—- kz)
] > +..j{.. av' “Cv v') - Pddlv) ..rl,-|6

.. X

-

on- B+ Rada s RN %s(ﬂ‘t-.—*ﬂ

"(,_“’S—Y-Cw)-“-(v:’ ')s e (—V')—- Pcw)}

& .

. -+
"y

+el

e Q.A\Y L

o TR T

Npa. = >\b Aa '“Q" (Pab Pba)
~ .-
Y a
| . ""‘S
X T(\')
Now substitute (4.14) in (£.17) w get

Mg = Mpm a4 2 {«‘ Mo 20X\
ba _\(_... + < : (‘a,-\-\w) .\.‘(" ’
—\-__,...4 av' ‘“(\h '> hd CJ) .:_Sci’\'!ah )

.‘_X ST ) o

gy = R {M..t%.a&jd“‘* 'ﬂcw Inde )

. RYEED]

T (e k)t ‘“2’;“

5
T
¢

T (v,v) n (v)h” o

e

. : . . ) , ' : .
Y = |b k"-)- ‘t k e
&'&; Pbb @3 >\b A& - 20 OL. ((:.\;a Pab)g c.(Jl (A : r.)f T
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F;ab = 0 since it is the slowly varying camponent. T Ke’.nl _ )
Y . ~ -‘: (Jl‘t —kz) i ,/;E e
LPab‘%? (%‘—kv)%b e . IR TR 1|
since 3_2_-. = .
s . \ .
Substitute eqg. (4.11) ineq.. (4.9). Ve get @ —
—mk —-CO Y L * '-k i
(dL ‘V ab ¥ ¢ ) Pab e = _am‘nbaﬁos (J‘-\b 7') %.,
so ¥hat __ . 2.,(.11%: k) i
Pab _g—-———-———'—"_‘ n-* \} ba !
: (Aﬁkv)—d ", L 3
. M}ére ) ‘ . S c :i RS
| a = @ae-Mon VL S B
. Here the exponentw.al te.rm 1s the rap:.dly osculahng ccmponent and S j N
so this can be neglected under Rot-a g mve Apprmumtmn (see g At
, ! YoN
Mopendix ). \ence i i)
» . Lngd .~ ’ ) N " "i . f‘
OPab~. ._:: m‘ Y \ﬁ‘ba . - e o s w " o~ = » » H-\a ‘:
{a Y -
‘/J( \-i'k\’) l' H
~/‘ _ L) K. ' . . ;
/@ba = Pa\, = S Vpa + v o =« o =« - L4213 B
(a-\-k\!)-nY . ) S '
So \-ha*. ‘ S
o ‘:).LT/ a+kv -\-Y} e L S
. Pa\o Pba / Cariewd b My A
aa = O, because of the smll variation of the diagonal elements compar- '
ed to the of £=- dla%’ndl elements. .
rcmeq. (4.10) wehave.
. Paa : _i ~ al °‘l (Pab ba) CoS(n t - kz)
o S ~ .
4‘ dv’ = .
+ L S (vv) P CV) ....u.-\s,
X TCV‘) -ﬂ ( ) (33 ‘
1 . //
_ - /
‘./"
! a ’: f\
4
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N -
v '

Smu.larly

T\C:\c. (A:_-}k\l) -\'\f {}\q )‘c ..\.-:(-jdv _“ (v, V')
‘ kv)? .- T
S eyt L X hba(‘”}""*'?f’

o L ST T 2 L ,
where. . o =YX 4L ' § .

Now substitute (4.17) in (4.14).Me get :

Foa = 2 XY .1{%5 )a
L \—\r\“)*r' © X

g

o T v') \‘\ “)} zo
. "’r < J —rcv') ae '+

Py -

raw

0
)

.

4.' ’ c“
- .y .

‘\"(v‘)

B A U Racke 2 uS » TU ' m}
MR T

e ted e @,,-»w).\.\; <L,

i an eq. (4 15) and eq. (4 16) we get

BNtk

<Agd L ] cmow el

. 0-'. 'l

"o -1,'
A ".

‘T{‘) _ .‘.4.-\.,23

y' Ncw solve the s:multaneous a;{uatlms (4 18) and (4 22) we get

Z‘.E*_"_\e _+ T cv.v') Nd(_cv )

,g'\'cv)

e .
S Mt L

SR . -iaih-’l,_'l;'

Trvenar 2 L e

R TS«

et ahvmst ot 2 A s w2

I TN
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Substitute (4.32) in (4.14). Ve get :

Lo d

P B = 2O [ B~ WacBe + 2o=hoyss
si 'aI:.rl w2 m& bdfagq = Maclee T \
m. y

'é ‘ = 'E'S' . ‘1‘:“1 { . K P * 'Ad_)‘ﬁl':_k.z+
c,d ac” (_A,_a,.ku) ¥ Kbd ac a3 - .

L

Now substitute (4.14) in (4.32) land as a first approximation
neglect the collisional terms, which are small compared to
other terms We get :

Nyoa (v) = ;\b")*a (\-— Lot ) ' ) I X 1~
o~ B /(4|+ ket s N .

 Similarly : : . B

oo (n,.-&kv)"'-& r* -

Mac (= 2k (0 e )

The\n

(A-\kv) V

/..

&1bst1tute (4 37) J.n (4 28), We get
P;jb - :; -y 1““]

 aay e

Marde {1~ b ﬂ
az c{, @,_-ykv‘)"*ﬁ.
Hencethedoubleresonancepartm.llbe . f",r.ﬂ,

~Q) . C‘) ‘
Q&b Qa :" Q.Ld T[CVIV

(Al'\'k\').‘-* r:- )

PSRN ,\d S L.,ou a
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L) Slh- l] 1y

chedd ¥ e S
L 2 e = Ac: S S T RCwV Mg i

.'.-' . | L - '(4,_-\-kv)z+‘( {)\,\ - +_?_de! “(v,v] \'\ba(u‘)}
’ ¢ / - @14k T T e 26

..‘.Ij .

\

-
-
¢

a’;_pdd : N -ﬂa .\.J_.Scw TKVV')Nba"") Lt

L —

v
G2t XT f& L c\v 2 '
*mi ¥ 3 m"" ’“63”)} v
'I‘ha double resma;x:e part of eq. {4. 20] is ) ’ _ ';_:,
| = 2T — ncvv)ndiv) Lf-:.e_
‘ o @Ky ™oy r.’-- Tcs')

SRE RO RTINS W R

Y4

Substltutmg for ndc(v ) by analogy with eq. (4. 19) we qet H

P ;- “a) _ CX d\ - ,. l So\\) , "“ (_a,v’,v_) L ' . . - : :;',t!' |

-
P

'- _ bfa . (Pﬁw)‘--»v?- JTen S
;: :!'- a u ’ Gl
IR ot ca,a.w y b nba9°‘?3 e
; S I S b e o2

RS

4

1 A
'l'o slmp ', the calculatum, he may introduce the colhslonle_s? SR F FERE
E 'tresult fOI-' ndé 'I'hi.s is obta:med as’ follows ’I‘ake the eq. (4 15) R

L o If we cons:.de.r that the veloclty ranams the same afte_r éhe dolli— B " .
f i smn, 1ast ‘term of eq. (4 15) beocmes equal to uc where Ko - o S " L

'
o : -,
. . a e Lo

o oo s, Therefore L0 |2
. -Paa -'.-.:. >\a - ‘7-4.«\ C.os CJ'L\ '-.kz) ( Pab"" Pba)tK:ﬁc,Pdc ) S

o T T S S -\.«‘..._:-... Lkz.o

L NG




‘ uab as their expectation value of the dipole moment. Similarly, N P and

-of the gas under the effect of the lasér beam.'In other- words, . it is. the
vo’lume occup:.ed by the laser beam in the Stark cell " L

‘erage since. there are different g'roups of velocities, We are finding
‘so H-iat‘ .' ‘l iy Glbekw o

i"Su.bS"—\ \.\-\'{\“ﬂ . -
? C"-u“-) N [-_ pa.b ab(kv ..R()(g

=35~

“(q‘v‘) Adt\!‘)—. >L(J)

o ) %i_ th:_ d\l‘
ber Tae T Tea TV AT ) X TG ear kW) Ny i E
- e A -1 oy
Similarly - _
BY_ By . . ethat j“ ) AW =0T
ed e B k)™ B NT D B P
-~ . bee = et \*739

The polarization induced in the molecules by the field Ex (z, t)

N ‘., ]

P Gy N[}:léb (B* Ba) * Mg (S QJ_} ‘L Lo

Here Np b and pra are the pumbers of molecules per unit volume having

-

5 e WAL et e

N ?Fu.have M as the expectation value of their dipole moment. The number
N 1s the total mumber of nolecules per unit volume of the molecular sample.

v

'I‘he enexqgy absorbed pexr unit volume J.n the sample = Power. absorbed. - ¥

. ; F
e, ‘W =V <E(7' ) PLZ t)>\:\:¢\3

where’ ¢ >qde.notes the tire and veloc:.ty average and V- is the volume .

"
\ . S . 'Vle are fmd:mq thé velocity av- L

T e i e BN ™ T

the tune average because the excxtatlon of the molecules to the upperh

v:.bratlonal - rotational energy level has t:une depem:lence

From (ye ‘-r°) P(-z.,h) -.::NY_MabC ab“' Q,a).‘.pgd (_P + edr.)]
From G, @ = L, gilmekd Cras )

N
7

) '“.(J\.-\: -k

i (.n.t- \*-‘-) : c.mt.- kz)

--L(J\; -\“) ‘ b—k ",
'\' Lﬁcd Pd (k\l"-‘\z) (e - LJ“ Q)}
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' Henece .
\& E(z, t) Plz, t) = [E\ cos (NE ~k2) + By cos (Nae — ‘\‘1)]'

-t - k) Sl E-k? ‘ i
N [_huab ABL\“’ _[L\ (g LN - 1'-. e.(Jll: \ﬂ.)

=Nk~ “1-) L(J\ t-¥%e) ]
e By Ceen ) (8

| :~ e b B2
N where we have made the following substitutions: I" b
‘ (k= k) Lo(ne- kﬂ} :
cos (n.b- \e.-z.) = —-%‘ x e :
’ t(-’\h ‘“—7 Lk ~k) *
- ' - -,'i,
S Substitute this in eq. (4.42) and discard the terms miltiplied i
. . : | n |

. . ] o
A by exponential terms, since they vanish urder time averaging, -

2

We get the followmg expressmn for the po»er a.bsorbed -

W VN &Habg «’L 4 @b\ R’ Vv

SN AT S N
e o it -
1{

v

~ 0 "'H_fﬁ_g_'!_\_':. < P Pdc 7\;;‘.} S e oen [‘;(’_3 A

~

e s
o e BT 0 2 e

AR The nblecu]ar system under conmde.tat:.on obey thé Gauss:an R
A - h - ~d15tr..but10n In Gaussian dJ.str.LthJ.on, average value of say, - } BUREE BT
‘ / L x s x = ’ j _B% - ‘x‘ e . -‘. e Ll o W
:: - R . * N . - > . - e )
; ’ v . . g . LI ' . . ~
: 'I‘his follows from statistical mechanics where thé average IS
R value of any function g(x) is gwen by T
- x,. - )
: glx) = Jg(X) f(X) ax S ,. P
‘ ) 'where f(x) Is the d:.strnhxt:.on functmn . R j
For oontmuous dlstnbutlm 11ke Gaussmn dlstrlhxtxm, S T RO B / )
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—Rx*
. _ l B -
£ (x) A e.
Substituting this we get eq. (4.4“ .y ]

Usi 4.44) and (4.38 we get . ’
sing ( ) ( ), g ‘Zlkz 7-{

Q Lime
NG m

veloci\fl

. k3
- B o(\uz -
(01‘”‘) i

v,V 2 v') - N
“'( V|) >\d( ) z>\c_ (\1) ;\v‘} dyx
T Qg +kv')ty N
y - - 1,/“1“ PO PR N e
m"- is the velocity distribution function, ’
.
x = kv and u is the mean velocity of .all the veloclty groups infrolved

in the tran51t.10n. In other words, u is the average of all the.

.
.
N
* )
!
!
4
"y
4
a
kS

P o, T R
AN P R T RIT R g ey A L e
Bl

velc%cities in t_he Maxwellian ‘distfibuti.én curve. . : Loy

'
R P TR
: 0 -
. e

W opadD
.

it . PR

By analogy' with'eq (u~45), yge get :

R "B = A S“"- 'i o

Aol St PR pabia RS,

(Bax "-) 2% \""‘

T (o k) iy TP |
axbstltute (4.45) and (4.46) in (4.43). We get the expression ) ’

- ~r i

B | St . ' )’T[ cvlv‘) N,Cv _r&i_\'_’__dv}dx "“

for thePower 4absorbed as fol.lcms:

B Y
'W—N\IX_ I -Se‘ i { Bk,
o Maw Raved o ) @ (A‘_ﬂ)z*r;

oot SI{M N = Ao d;}

x“ru') @arl )t T
. , . " ll.n"/k"“ {_3;0&0&
___...__S @,,ng)r Rt




o -
re., W N N “QCO(\O(:- DX
— ku‘ﬁ"‘ T
“(-—- )V)

-x/
Y_& - {(4\“‘") —H‘. S ERT)

) . Mg Lo A Lv‘) av } dx
(Az* kv )2‘\' \".. .
' S —rtute S‘“ (% ) N,“" Cv‘)
T @AW INT ) Bak): +Y."
‘ < ? ----- L‘.' l*-l
PN .
Case (ii) = P-articular. case - - . _ . /

Nowwetzytohavemrepractwqblefomforthepower absorbed <L

R

. by using approxi.mate values of . oollision kernels all thmugtnut

'- the calculatim 'I'hJ.s is the ca where t.he veloc1ty lS mamtamed . ‘ ;

.- . constant during the ¢ollision. '.
'Inthatcaseeq. (4 7) beccmes

CRu = LR 4 (-8 esliehe)

'\‘L\{Kbd%d -f'“""\-ilrg

Eq.‘ (4 9) rena.ms ‘the sane :
7-0(\ (ijb Paa)C-OS (J\.t \&z.)

« Pab ‘-CJab Pab
—LX Pab I—' -

. By analogy w1th eq. (4 48), we get .
B "b‘a‘“‘ Paa)*fr’-"‘ (g0 Pba) cas (m: kz)
o '\' LY ‘Cac Pcc

BENY

e

:- ' -'.I.‘..h LI'S
R
. ;o

.
R it N s S T e e ookt * o, L

®
/',.' o
'- ? :.._
B B
}_: . .
i
./v-
.‘\f‘,
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Q

/ = ‘
@\ v ko) 5 X

Paa © 0 as we saw before. Hence, fram eq.{4.49),we have:

Ry = _%a_ ~ 2O (@ - By)Cos (Mt k) Ky R k30

w

Similarly

Rop = f}(l'- ""'__--!-‘.3‘  Ra- B Cos (Jx.’c-\tz) + Koy SRR

"'ﬂnen |
“ba 9&. Faa = f\b:("a 29 ( Pa\," Pbaﬂ
. . X

¢

<. Kbd edd K‘ac ?cc

Now substa.tute (4 14) in' (4. 32). e have :"

@\j‘r k") oy G

Similarly.

. L '
Mg = (“f"“")"”"‘c Sl"d he, '\'Kbdpbb

Now substitite- (4. 32) in (4.14). 'We qet: v

Pab - Pba, ‘ 9-\.0{’{ —‘ { Kbdedd"' Wagpcc + ,\._‘E'_..'.\_i}

@whwuru

fes .i‘

Ra- ik

@n.-'r kv51;+ Gr &}f’d E‘“ - K‘?’c‘

K

."f"" \'\'32!//’

- Ly g\,7\b~>-a +Kbd Pda' —-Kac\’c.g + WBo -

Ka%§"ua

~

o L. 33

Paa "\‘ Ad a&} -"/,

\

..‘.Ij.:, L‘ 3“_
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. }mcedmxbleresmamepartof (433) is

e,

P‘-‘) | —é'ns .-_-"' ?.k.Of‘( S K_i(,\(bq'\' KAC)Q’L ~ - " ' 5 - K ,. R

é\

Adding (4.30) and (5.31), we get \

. - A cee LW S3 .
Pc.c, “* Pdd = R-\-E——\'(—i X \Cac. Paa - K\‘bd ebb . b ®
Solving (4.51) and (4.53), we get

xew) iy Y
9 @ (Cark )+ YT 2a |y @ N
ad (- (C\,_-\- \t")l-’r o _} N X [‘ (Q‘-\-kv)_i’\‘ “.J

. . . *‘I.
@t kDX o Kbc\?bb V4 ﬁiﬂrl
@a* .\‘0)3:\- T':' @2‘\' k\l) [ f;

2 et

"f‘Kca e&i\‘
i.e,'~ '_ ' .- .. : ' o ' . ) .q:

R T R @’?’-fk"-)z*‘; (De. ¥ K Paa - B B

":.s iLH (Aa.»«‘m) 4 ¥F g C %_g_ = ﬁ\ff‘p,;' Pbg)"f. ey B
' (‘-"=-+‘“) ) Yo \ ‘ =

Q -' v A @,_-\-\N) 4 & 1 ( 7\r. -~ \‘Qac_ a&)
< _ 1‘ kb,_-—\\(\’)m'\' Lphe

e KR s
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~at i
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cr

aw
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Main for simplicity we discard the collisional tenns (For

correct expressions of pyyr Bee Appendix D). This is because

paping is far more than that due to the

So from (4.53) we get : -
pcc -+ %d = ActAd P PR Y- 8 ‘
36)'.' Solving eq. (4.36) and (4.53a), we get : &

A — Aa-X 2.0 S R -4 .
~

N earkd T 4 GF

PRPSRe e

o A

A x Ag=De 200" _"’ L B8

| X X (@ar) Ty QP . A

) itute (4. 57) and (4. 58) in (4.33). We get +./ L j-f;
R . e - : B

L 88, = —acy (Kbd e (i-;s ,_;;). |
T aa ks -H"\ ; 2L |
- Ve, Pab" Pba == L""'O{o( ('K‘a‘*\(bd) C)‘d

%_@\..,.\w) g \- }{@m\w) * T.. } 1 ,

S .;,-z_cof\‘f Dbm +\<f 2a12e.
- o - KAC. N-\-AC} : ‘

—

g S Dre
~
B
. - L -

ek (e Q'K‘bd_% Kae) ..o leS9
| C@rkoty o N
- ' (\\So ‘ L L '
G Ba- Bos et Cwm%» ‘Qac%a* A
A | @a.:\"‘-") -',T-.. : A L f{
e ) ’..-,.uBSB'
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—4 2~
- 3 . 1..
‘L~e_.'\ pcd - Pdc — - 14.(.0?,_0‘“ CHaC'qubd)()‘b‘}’a)
_ IR SR thl S Y7V IR o
I
a2, .
v P {_Lq"’ A Wyq 2arp *Kae. Aatdy
/ (@arkv)y T ~ T 2Y %
4 € O (2 22) CWegeitad) ..:la-.........\,.c,o'
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From (L 892) and (L:6e) we have:
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_ If we refer to eq. 4.56, we can see that ( ab' u)is' in terms ofgaand
* 'el\, Lét'\‘zs replace this by means of measurable quantities. The
secord term in 4,56 is replaced by R.H.S. of 4.61. Also, empressmns
for P and beas in 4.57a and 4.58a are substituted in 4.56. We have.
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Substitute these in (4.62). We gef H
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Substitute (4.63a) and (4.64a) in (4.43) and sibstitute (4.65),
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'(4.66) and (4.67) in the result and equation, ; get for tlﬁ'powe_r .
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absorbed the following expxje;s‘;ion'.
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g ooll:n,s:.on :mduced dcmble resonance.

We can see that the power absorbed has got the linear as well

asnthe quadratm dependence ‘on the ‘collisio nal constants 2E ve

. neglect the quadratlc dependance .assummg thdt the coll:.slonal

v e .--. 2

constants are ve.ry sma]l we get. the same express:Lon as obtained by

s %l h WL

Shoemake.r et.al. (’see xeference 57 In case the colllslonal const-~

!

':- ,

next chapter usi.ng the exanple of the molecule methyi'ﬂuor:.de.‘

= - 'vm,.,
. 3
by
SRS '

I:‘.xperimental observat.lon shows
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d The Bg. (4. 68) gives the e:q:rasion fer the power absorbed :
m the molecular system due to the collis:.on—i.rﬂmed double reson-
. ance, W. This expression leads- to the intensity change of the F @ '

kf . . laser beam as foilows. Powerabsorbed per wnit area of cross ,

V., T ' .
is - ' section of the laser"beam gives the intensity change of the laser '
«' . e, This is given by . ' . L B f’-_).

subsumung Eq.,~(4 §8) An; Eq-.(5 1) weget

\1 F-;,




“ whereL=z,thesamplepathlength.-
Ietusmélahorateonallthetennsappeérjnginﬂ\ng.
. (5.2). The nunber of molecules/cm> is denoted by N. Pathlength

~

: of the gas sample is denoted by L. The term©Y, is: '

oA, = U.a_b Ey. WSS een LN WO W

. . ‘ L 1D

. dadtow value o} the
. where “ab :.s ae“ﬂ“lé !.;‘nent for the transltmn aeb. 'rhat is,

ch.rect;.ong, say x—axm'

a(—bisEl.. Th:.smaybedet.enmned franthepowerofthe

-
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density, i.e:, the power per unit area of cross section of the ~
laser beam. The frequency of the laser field 1 is denoted by 2, :
andthatonbynz. The term u ig the mean of the velocities of -

' 1",'-" the velocity group before and after the collision. The frequency
? corresponding to the doppler shift of the levels a and b is ‘.

represented by B, -

AT

e A, = C&Dab'— X 1 O - Y - / ‘

E \
]

ok SO,
e

T
AR SR
et it s

where w_ is the transition frequency between a and b, 2

Smi]arly A d - nz .ulI...-0!.;-ll-.--"."..l-lonuil'o 5 6a

s b

‘ 'mehroademngofﬂxelmxebothdmtoﬂ\ecollisionandtheﬂeld ' :
‘.,f‘,vls gwmby 1" jer- Wehave the foumving equatlm. :,‘{. o ' . L

' Betey:.sthecollis:.mbroadmedlinemi.dﬂ: ‘I'heradiative decay (O
e cmstantlademtedbylfra:ﬂa&saidbefore,Tlsduninatedby ( N ’
) ‘ ‘ themlecular transittmea::rossthelaser beam ) o o “;‘
- T 'r:_-;-g-... .L59 L : ': o
o  js where n is ‘the' di.ameter of the l.aser beam and u the néa.n velocity R : . )
S0 SRS ‘ 3 the mlectﬂ.ar velocity group in questign an the Mame.l.l ] Vel et g

A Boltzma.rm distributym law for mlecular veloc:.ties, the mean :,

R . square and mean veloclt.tes of the mlectﬂ.a.r group a:e givm by
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.% ' constant; T is also ca.lled the relaxation time. (see reference 16).
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[

L ‘mis volume oontai.ns 6 022)(3(.02 mlemﬂes (Avogadro nmber), .. ' ‘ A :
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i —
molecules punped wer unit time into the specific level,’ divided "

by the total numbex of molecules. No‘ef the system. In other words,
it is the px:obability for N. molecules to be injected to the epecific
leyei. It is also called the pumping rate. ' .

Now let 2\5 calculate the value of AT usmg the Eq. (5,2)

in relevance to the acpermérit“dssenbed in reference No. 5.
After that, the‘comtrimuons due to the linear teltsns and

the quadratic’ tormes are seperately caicul.a..ed and i‘elat:we

ccmtr:.but:.ons detexrmined. - Various terms appcarmg m En. (5 2) -

.are calculated as follo.vs C . o T
anber: de:ns:l.ty of the molecule, ‘ '. g :._.' R : / '

D

where P, N, T are pressure, volume ard absolute tenperature of . T S
themolecular gasrespecfively,l - S TN <P

Iet us. take one mle of the gas. Normal n'ole volume 22 4x10 cm .

By = 76c:m of Hg, AR 22 4x103 o’ To = 273 A, rrl =3m 'Dorr ARERURNER T
.“__4 - -

N - L i ’ ‘:'-_,‘ - ~" _ ‘
Subsumung these in the By (5 14) . we get vl. o '.‘.-:':. co i';‘ T e
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The Sample Pathlength,

L=lom 200 4 BREICP S P BPICID S P IIPIOS S oV EEE PSP 5-16

T
B

vl h
;_ Calculation of ay and oy ' .-

'rlu.s is done using the equatuons (5.3), (5. 4) anc:l (5. 5). .

£
1]

F .
1]
T

The states |J, K, M) involved in the transl.t:l.on a(-b are ! ‘ Cod
L6 =\B,3M3> and Ibd <l 3, My / SN

For simiplicity let us éonsider the levels lay =15, 3,1)

and (b = 14,3, 05. : ""\"\\cve--h\'e-, RPRR "
. ..,<5 3,1\usineCos¢\4, 3,0) S U T

,‘Uai.ngt.m:'eferenceNo.z thiaturnsout tobe B ]
%_@ 9.)(_3-.\.,4.\)(1*")}

.' § ,\'_Lz:r—\)('z-'s-ﬂ)]"'

A T:-esampleusedismummuoride F) for which w = 185x10 ®esaan, - f,
: . AL lbwweca.lculatethelaser £idd 1nt-.ensj.ty using mq,‘(s 5), el e

Power dens:.ty in eachbeam = 1-9. Wntt | C-m'z" = \-'Jpxt‘o"“ysec c.-m
‘H"x\ixio" Va.. = e S
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Calculation' of Q; and R,

The laser 1 corresponds to 1035. 474 cm -1

4G4 x \ol"rqd}cac...................... 5.19

- )
Eafnt,

Hence Ql'-—-

R I
him e

Since 0, - 0, = 30 Mo/sec, f, = L G L1 X 10 pod|SeL..... 5.20 ._;.

Calcualtion of the mean velocity of the molecular velodity group

/ : . Using Bg. (5.10), weget o |
‘ — - =G o ‘ |
u? 3Ix\ 3BIKI\O X 300

35 x\ee %o~ 2

) oy . . ' v ..
— . .

e ‘\-'ev b\" -_:. bX \BGX\O C.'m /5¢‘=

L) .
‘ 4 N s 1 )

et vt P

! LY . B

z E
o~ . . .
I B .
i

Hewce a4 = Q.76%wsee .-~ - --eB22 vl
L o Collisi.ons cause’ a velocity change Of 35 Cﬂ‘fsec Hence for the o LT s
i R : tr:anmtmn ce—d, velocj.ty irwolved (u+85) cn/sec LU cn/sec L .
.,.' . ' ‘-h_'“:‘h.;m?"f‘:'.".’f_' 'f‘-\\a*t-*‘\s,,_______“.' o s , A
Pl T 'st 1o s..""
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Calculation of- I‘l and I‘z

Iy

'Dianeterofthe laser beam, D =1 cm.

is calculated using the Egs. (5.7), (5.8), and (5.3).

Using (5.9), T = 1 cm/u = 2.348X10>
Molecular diameter of CLF, O = 3.8%10°% em
Using Egq. (5.13) and substituting for m and o,

M .___,\%9‘,({56 grn {em Sec -~
/ .

2
3m'1brr 39689m/cmsec_\/. ’

s:bsutumgforpaxﬂnmaq (512)._
T-38X10 sec .'

axbsumtngforrandcrmnq css), e
y-sasxlo“secl S e
.'/‘

S\xbstltutmg foryanda mEq (5 7),

I‘ =7'38x‘° 1».;..;"..........;... casiiecsisinies 5‘.2‘4"

Slmilarlyr =-1 ea*‘g .‘ll.lll‘lll.lCI"-I.-.D"ID.IO; 5125

.

Calculation o_f/"(kb - ) and (= Ag)

The structure of the Methjl Elgdriée"i‘s as follows: -
N PR oL - S '
: \

SOt

R R S
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The transition observed'is between two vihrational IEQels of

the V3 stretching. This is'the C-f 'st.retching mode. The level

b stands for the state |4, 3) (where 4 = Jand K = 3) of the

=
iy

F
oy
ES

vitrational level v = 0. The level a stagds for the state |5, 3 )

ST

of the vibrational level v = 1.

LA

St

Energy corresponding to the vibrational level (v = 0) = 517.737 an

Energy corresponding to (v = 1) = 1553,211 an *

No. of mlecules :Ln the level (v = 0),

e

o ﬁhﬂrnnoexp{ﬂ(v) hc/k'r}
‘.. »‘ . whereNo

of the v1hrationa1 level v

,, ’;&53*@?@2??’%\7;¢

' ‘_1= o 8337 NO GERURE |

\Si.milarlyN = ﬁooszsz NO RN R

A whe.re u2 s the mrnbe.rof olecules in the vihrational state v=1,

§ - o . Yowwe try to fmihowmany mlecules ‘of N, are in the rotational
level. H 3) and howmanymlecules of N ‘are in therotatxonal
1eve1l5,3> L |

. 'I'he rotatmnal“energy of the synme\-_r:.c toP, E =$th/81r IBCRJ(:HI)}

4 (h/B-rr I C h/81r IBcj '.-4_

P

. where IB is theMcment of Inertia of thernolecule perpendlcular

SRE ».“"7to the symnetry axis: (hare it is theiCoF axis) and I, the e ala-;g '. \

, the Syrmneyry a:us. |
e lengths and bdﬁ angle as follous: (refer to F.'l.g. 5.1)

These a.re given in t:erms of the atmd.c msses,..

R

J.sthetotalnunbea:ofmlecules andG(v) themergy (incm )

Ilte"vE‘ BJ(J‘H.) + ‘A B’Kz ...-.--n.’-o-’-h----o'-i---- 5 26 ‘ .? “

R

st TG PN
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1 e e ey N B,

B

(V- cos 9 )

-
i
-
3
=
»

. e - .. 57

: ‘ 2
Tg = ™ B (1= cos®) + m\(“‘z"f,"“z) L 14 2008 8)

‘3W\\ *Mz*W\B

Cos § :\
-+ g p-u K_(BM\-\'W\'L) L.y + e Ly, (‘+2 )
'3M\-\'mg"t.m3 . . 5'-7-9

For Methyl Fluoride,

. = 8
2;=111A = 111x10
9,2- #‘1;39'1\, = 139 10 i

110° S

: Substxt\rtmg these Values i Bos. (5.27) and (5.28) ; ;
2

S~ IA_549x10 gman ! ‘ 7

.

IB = 45.62 X 10740 . o
Aiﬁpﬂmese,'wegef".i . e
A’-="\’5.lvcn\.l‘ ' o - ' . . ,‘ \.

" No..of mlecules in the rotatmml level (J K = 3) of the
grmuﬂnbrationalstateisgivenhy . ) |

',Niw,,‘ Nb (o 9.331 No)th (ﬂ-:ﬂ\)

| éxp [-(LB'JC:H-\) & CA B) K } h°| k"']

D e ras e Al A A R i e e
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Frawlegly

AT - B e w}jg"_ti"é:‘-‘-

.

Substitating for Band J,° B

0

I .

Here t:he superscript 0 denotes the equilibrivm value.

0.017 No 5.29

)

Similar].y,cNo. of molecules in the' rotational level (J =5, K= 3)

of the vibrational level v= 1' is

Ng = 1.52 %10 5,30

0].--.c-llt‘.QOOUiUDOOODCIOQQUnIOAC

Efficiency of purping, . . . )
. P " .—N :

. ) ¢ _ 1 - ...1--'.t'.c-u-o.ul.;'-q.---‘-:--uoo--o\oov’o 5.31 *
R 5 ¢ | T

whereramlN arethemlecu]arpowlatmnsmde: pmping (ie.,

nnlecularpapulatmpmapedpersecorﬂtothelevels band a)and,‘
NbandN are theequlllbriun mlecularpopu]atims :.nthe.levels k

band a. respectively. Letus assume a putp:.ng eff:.cemcy of 90%,-

which may be attained by adjustmg the pressure and the p\mpx.ng
power. Substimtugth:.sinEq(SBI),. ,
N’b - Na = 0.1' (Nb

i.e., Nb <'N ’z ‘0.

E:zoﬂo

Substimting for Ng usmg Bqg. (5.29), . - L '
pS

N N = 1 7x: 10 ..
. . - N o 4-"' ,_'." ,
hb‘)& ‘= Nb . a .=_ 1;7x loaw‘l QOQQQ.'COOO
- . N -, S = _,,. ——e . : o

K 0,‘ - e . :

Levelscandd bemgve:ynear tothe levelsaarﬂbrespectively,

(A-l)w:.llbea]mstthesan'eas (A-A)

He nce

532 oy,
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o d
;J 1 -3 -\ . - j
N - s \0 - [ A
R S L S T
Substituting all the above values ineq. 5.2, we get:
. "2 ]
= -3 2,5%10 ergs/sec cn’
bl e —————a—— T
*
i;'-. . . , B Y
;: Quadratic contribution is separately calculated and it is found -
i : -2 SRR - - Y
b 67—) de 0 \7 3 x\0. m‘ﬁg'gec o R RO
K‘. - S0 Henoe, thb percentage quadrat:l.c oom:rn.butmn is s n
R I . : 3
Ty - 0, . P
B \..5 1 /° . ’
=) (AI)G wad / (A'I')e.-taw | L O
F ThJ.S means that the quadratlc contr:.bution is not neg‘.l.lglble. . ' o
’ ; It 19, notemrthv t-hat the signal ab;orptlon depends upon the - E
. s . _‘ .
“ value of J, since the. pOpulatlon and hence the pumplng rate depend % -
. :s v
upon J. 3* -
t T Note that we got only appfoxlmate value of mgnal absorption, ’ . f ‘
,: _ . . I
_ since we assumed the efficie.ncy of pumping, . I
It 1s to be remembered. that ve used the colllslon constants o o
: ‘, . ) H and th ; wh:.ch ai:e only approigimations ‘for. the collision
kemel. X

LS

N B. <:cme of t_he values used m thr: chapbar have’ becn calculabedk ‘

VE . _ ‘ mth the help of the refcrgpces 12 and 13.
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EQOATION OF MOTION OF VELOCITY. DEPENDENT - DENSITY MATRTX

- .

s,  The model of the active medium in a lastr is taken tobe an
énsenble of tm—ievel atams which move like cLias“sical point -
particles.-mej:mlevel atancanberepresmtedbya 2x2 de'nsity

' matr:ix p(v, z, t). When theatcm undergoes a collision at time

t andpos:.twn z, “its denslty matr:.x is changed to p'(v',. 2z, t)

lettheanglebetheénﬂmevelocltyarﬂ 'thefxeld axisbeq;arﬂthe

afte.r a g:n.ven colllsion evnnt character:.zed by (¢, b) ;Ls p (v e z,

) ’1‘h.1.s mn be e:q:ressed as a lmear transfomation of p(v, z, t).-
'l‘he vveloo:.ty after the col_l.'lsion depmds upcn the veloc:n.ty he_fore
thecolh.s:lm, the angle ‘¢ and theirrpa.ctparametarb

Helmcev"= v'(v,' ¢, b) ..'..'.,..é...'......,..‘................. (Al)

. . .
. - o

'I‘he coll:.slon. changes the density matrix of the 1wo 1evels. After
the colhsion, the density natrix rmst be a linear ombmtim of
the elenent.s of the matrix before collj.sim. S S

. “ H K .
. A Y o s
¢ . P » .
¥

J'V.'.e.,‘ip' =n(v, ¢' b)p 00...!.\..uuo'.".lllo;cdtc.‘ol.:...... m)

l.

nodelwﬂ.lleadtotheintegratimoﬁSchmdingers@ntimarﬂ
gg.velinearcmnectim&xbetm vavefwnctimsheforeu)daftecthe

'mis arises fzun the fact t.hat any nﬂ.croscq:ic collisim
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Frm wj and (A:) weget ;4 e L :'.
. P c¢) b V 2,"'—)/ S (V - V CVJ a b)) “ CV) Q)b) ":, '. |
v _n—' .}._:; T P (v,z,\-,) 2 ',7‘. A3 -

Velocity distribution in the ensenble after the conision con-

*
o
B b T

2
. .
Py

‘J‘.: tnbuted by a11 veloc:.t:.es: .’m t.he ensenble before the oolhs:.on

‘“ (¢. b) occurs. & ’/ :

':.j:'-’ ',.‘ Intre\iucmg (M) thlS beoanes -_,,-
N b v-f

P CV; 7-3*.‘.) a)
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Cmsxder an at;an mdergomg,./a cbll:.sion at Zqr to. Aftex

thls the t:.me developnent of its density matrix- is givm by
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Insteadofusmgtheoperat:ornw,b v) we can use the
h.neartransfomat:mofpasstwnbelm \
Consider the ;rdlecmr system mt_er;ing the &111;1@; regién.
" he initial state of the molecule is ; - .
| 1Py = ciad4gied oo Al
Imediately after the collision characterized by (¢, b), the state
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The :elative phase change is ‘

: o W‘ o, \310 d\a C¢:b'“) = «]de’,b,V) : . X
7
- The pure. state dénsity matrix before the ‘colligion ig B

) e - [cx"d. BY . .
' ) “patpp ,tjug .

— After the coll:.s:.m it becmes " .
. k ] . _ &9 . |
' ' D(a( e a{*p @U oU

-

aiisfm:matim of p'_r;efmed by (A17) is idmtical
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APPENDIX B

| THE PROPERITES OF THE KERNEL

The functmn called Lkm'nel cappears in the integral equation
of the second kmd

Pl

‘T}e functional .relation )

P = 3 (b\( (_x,\:) &) dt J}cx)
where K(x, t) and £(x) are glen fvmctlons, is1:mnm as the mtegral
equatmnofthesecordkmdforthemﬂqmmﬂx)/ The function
K(x, t) is called the kemel Qr t.he nucleus of t.he integral equat:.m

V ’a.nd \ 1sa parameter 'l‘he mterval {2, b) maybe fm:l.te or :Lnfmite.

Themtegral equatlon "b“'.
K d;u)—.ﬂ X Lx,\-.) qct)d\:
"-'A-‘: J.s calledthe}mngenewsequatim corresporﬂ.l.ngto (Bl) L

-
v
.

If we' assnme that (1) f(x) is ccntimms, (2) K(x, y) is

‘

: plecewise ccntimms or’ has at most a denunerably infmite mmbér

,(

) of finlte d.iscontimitles for eit'.her x or y constant, that is ¥

cr

oo

Bl

PR P TP R L Lo N




o pysen vy

e T o 5 hra s e e s « s F b -

[,

P,

1. . The number of linearly mdependent solut.lons 4»(1) {x}, ¢(2) (x) .

C 2. va,=0and iff(x) :I.sconr_imms, (Bl) and {B3) raveme

o resolvent kernel such that the soluticn is; given by ! . I

S we

/3, ':_:If v>0 and 1_t'

. '-I'_.ii,is obba:ined by add.mg the general\,soluti.on of (BZ) to a pa.rti- .'.- SRTAREE

' “"--'. cnly when A has any one of a discrehe nurm of values, A ~~,:_h_"m‘ ‘ L .

T SO L U

-‘65_

/__,.. . _ ]

0(“) (x) of (BZ) is equal to the number of linearly. inde-
pendent; solutims of (B3). The mumber v is called the defect
ofthekemelx(x, t) correSpa-dmgtothevalueofA The

X .gmeraleolutmnof (BZ) 132 C,_C\’Lx)wheretheciare C

arbi.tz’ary constants.

solution. There then exists a kerhel L(x, t) known as the ' 10

LIS =-Goc>+f L(.x;‘-‘-)-(-‘(t)dt'

,1 " - », " . b
;.cx)—+ S \_ct,o uﬂdt
-ar e

then (Bl) has a um.que solut:xon..-:.l'he gene:al solutim of (Bl). :

If K(x, y) = K(y, x) ﬂ:enthekmmel is symnetric. mﬁer the
g

smpt.i.on madaprevimsly, the hmogmews integral equation

(BZ‘) w.l.ﬂ1 a synmetric kemel w:l.ll have lmtriv:lal solutions

H ,,n,
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whachlaveequal"-‘-ge“"al"e

.:.'.l.”v} e‘rplqm

;:.7;:*5::* T 1:}{1 7
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" which converges mifom;y in x and y if X(x, v) ‘has only a finite
mmber of cl‘érachéﬁstic values and sa‘tisfies a Lipschitz émméim:
K, \ t) - K(y, t)\l. Mlx-yl where M is :independm‘xt of x and Y.
Nonsymnetr:.c kemels

If the kernel of (B2) is not symnetnc, the solutions do not
form an orthogonal system and ‘the equation ‘may not have. solutims~ ‘
thus there may exlst kernels which do not tave elgawalues. Every :
kernelx(x, y) maybenadetocorrespaﬂt:otwoortlngmalsets
offumtionswhicharedefinedmththeaidofh.osyxmtzic
kernels that are positive def:i.nite. ms is’ srmm below ' § e

K Cmv) e ) f K (x,l-.) |< (1,t ) d t : -'f;

) :

e

Kzf ("H)

_‘ K(’H:*)
B .2'

..p,,_.‘ A ..‘x,,:_.‘ .

jNanmnnser;esorapprm:matimsbyseparablekemelsmybe

If we replace the integral by a. finite sum, _the problen ."
redweshothesolutimofasystanoflimarequatimm,lnan -

effect:.ve procedure enploymg—a quadfature fomuﬁ of Gaussia.n ISP
type, meam:mﬂdmatestheintegralbyaminwlﬁchthemwgram
is evaluated at the zeros of 'an ‘appr.:oﬁdnate-.set of ortlngmal U
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to the variable x tha values of zeros of Legendre polynamial, we 3
obtain a system of equations for the unknown function ¢(t). Then 1

. - i§
returning to (Bl) and using Gaussian quadratire formula we may. .k

evaluate ¢ (x) for any desired value of x. .

etz g,




st FOA

e

L

cee e s e

-68~

APPENDIX C

. / ROTATING WAVE APPROXIMATION

This term comes fram the repmesentati;m of sine function by
two counter rotatmg vectors of frequency w. Whan we are ‘con-

sidering the tine developtmt of tzhe two level molecular systan,

“we get two ascil]ating frequencies (wab ~w) and (w b + w) vhere

* 1 .
©ab is the transition frequency and w thg frequency of the applied

fleld tt'hefirsttemmﬂwelmfremmyresmametenu_.’ .
H , L. . “ . "’LI? - N ' . — e —‘—he m

. m—TN

: tem is the h:.gh frequency anti.resonance tenn Over any phys:l.cally

L“ ,.

s:.gnificant t.i.me, the anti.resonance tenn averages.to zero and so

ccnslder a spin 1/2 partlcle lnterracting w:th a classzcal
rad:l.atiqafa.eld 'miscanbedcnebyquantizmgtheradiatim
fieldandtakmgintoaccamtthereactmofﬂmespinmthe

field Let us cms:.de.r a snall sanple of the naterlal cmtami.ng
spin 1/2 partlcles located at a pos:.tion :Ln a cavi.ty in which
the nagnetic f:Leld has a. cmponent only :i.n the x—directim for a

patimﬂar made Tle enargy of this xmde of the fi.eld :Ls
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: - vhere ‘Hy is the value of the @ - ¢ field in ‘the z direction and - : . {i’“
A Y istherffie]datﬂesanple.(@)mnbewrittmas' B o

.: m
which follm fmn " equations " e
a A (r ,t)

: S
‘/’ .

Herewalsouseﬂueéésmptimttnto oocupesasmllvolum | 5
of the cavity. Alsa all the quant:ities mltj.plyﬁlg q in (03) and . o *

s
1V a

o not appearing etplwiuy m ((:4) m grwped into a cm_ ..;‘:.'_: ,: RNELEy
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s0 that near :‘esdnance (w= mo) H\e'inte;ractim terms au_._arﬂ a'*&_
in (C5) a.repracticallydctemswhereasthetemsaa andao
vary rapidly at frequermes t(w + mo) To a good degree of approxi-
xratwn for times of interest, the high frequency terms average to

zeroandso(CS)canbewnttenas:' ) o _:

- H = -\:.c.s a _\."%wo +-m<(ao- -}aa-*)
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Py R N
mI@B FOR,pah, Py’ ‘péé}ND p&.m
COLLISIONAL TERMS ARE TAKEN INTO ACCOUNT

.'.r
. .

_ By analogywith eq(4 54y we get .

\/’. \ Y (Aﬁk!)’,'-'fYt 1+ Q.-\-kv)
@+ W) . Q-t.-t\ﬂ') +\‘-

B g
y - e \‘")t-'\’S'.' (@i kv) rr-,Y.
okt o Tl @ k)Rt
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