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L1,man bands of Ho zrre
effects. unexpecridlv .repo.ted which include the previ_

large carrcellation eflects are found

" It is generally assumed that vibration_rotationinteraction can be neglected in comp,rting i.a.rck_Condon overiap integrais appropriate to electron_lc transitions in molecules Il]. This assumpcronis based on the simple ptrysicat idea that ilte prhz_
r:ipaL efff.ect of the centrifugal potential can be un_derstood in terms of the rijid iot^to" *pp"o",lnu_tron. That is, in Iowest order, the effeci ol rota_tron is merely to shift the potential .uu"g.y-i, uconstant energy displacement [2] 

--. Howl.r".,
recent calculations of Franck_Condon factors ex_plicitly including the centrifugal energv haveshown, in the case of {)H [3] inO nUH"[l], an ap_prec.iabie dependence on rotationai quiiniunt ,,u,r,_
f"r (:u.i^tions of roughly a factor of Z to n'fo._tor of 5 were found). .I'hese 

effect.s are 
".xJtected ^1j:J.illt.ltarly large for transitio,," inr,'oiu,ns

nroiecules of Iow reduced l.ilass between at.)Drecl_ably different potential functions 111. ir i""tiepurpose of the present communication to reDOrr
sorne extraordinarily Iarge vibration_rotation
interaction effects in computed Franck_Condon
factors for the Lyman bands of tfre H2 rn-Jncrl".
Since the Lyman bands arise from a E_E transi_tron, oniy P and R branches or:cur ancl the rot.a_tional angular momentum necessarily cliangesin all transitions of thr
t i o n - r o ta rio n i ntu. u" ti o.,uliiui::'r:1,il,"i : If-"" 

-

pected to be especially large. prevlouslv re-

" \forli supported in part b1,a grant from the Nattonal)crence Foundation and in part by. the Advancect Re^search Pr-ojer:ts Agenc1,.
" W'hile rhe authors of ref. [2] recogniz_e thirt inclusion

:,r .tle exlcl cenrr.ifusal 
",io.gy 

ruiJ" t""'"rigii ai",toltion of the poterltial curve, thev argrrc thaT thiseffecr is negligibie.

porred computations for this s,gslem have not rn_cluded the effects of rotation fii].The radial equarion fo. nu.lJu, motion ol. arotating diatornic molecule in a 1, state may bewritten in the form
o

ftln'r??.1 tt | ,,,..91
,- --; " WRt -',:' ,tr:1,, -. Datt dRz L 2stpil). r,I - ct..,F,t.,J

(1)
where rhe explicit dependence of the wave func_tion on both vibrational and rotational fua'ntu,,.,. numbers l.ias been devcloped. ,i.fre nranct_Condonfactor appropriate to the electronic t.a,isit,on' f ,. ,,f I -,(2.', J") is given by thrr quantiif lusingsingle and doubre primes t. refer to .re diff.re.telectronic states)

a(u', 7 ;?"', J,,) -- .l cs',,,y( R)c,, 1,,,J,,(tildL)2) . e)

I]fl,:111":tl:ns,or eq' (1) have been obtainerl rorr)otrl tne H':[ {upper)srate anrl :he Xl:;; (lowerl
state of the hydrogen nrr-rlec.ule ;rnd eq. fZi *o.then used to cornpute the approprriate'factors We
,have lsed Cooley's rnethoJ iOl in .opf"""'"0. f rlby a.difference eqrration which rnay be solved nu-
:::,.]:11ly 'tihe potentiat funcrions ,^(4) anOr'(.t) for the B and X states .",rp""hr..iyl'*,,r"
those obtained rheoreticallv by Iiolos 

"nd 
Wol_niewicz [?] and explicitly include ai"go,,nf 
'.u"_

rections for the nuclear motion. That is, the so_calle.d abiabaric potential 0urvesi we.e useri a,_rdnot the tsorn-Oppenhelnrer (claniped nucleus) ap_proxlrnatton curves. In all of th(_. computations anintegration.step length of 0.005 atorlic ur.,ilo uro"
use d and an ourer integrati<_rn limit of 15,000 a.u.could be userl when required. ,lhus, up to 3000lntegration points could be inclu,led.

Franck-Condon factors were computed for

t1
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6-0 Band
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T able l
Computed Fr.ancli-Clondon facror.s l.ot.Li,rnan ltancls of Ii2
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6_6 Band
P(,, RVI

6- 4 Bancl
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P(4

?.998 -2'
d.UDD -Z

8.101 -?
B.l3(j -2
8.159 -2
8.I1 0 -2
8.169 -2
8.t54 -2
8.)25 -2

n(.4

?.850 -2
1 .760 _2

7 .659 -2
7 .546 ^2

7 .422 -2

7 .287 -2
7 .147 -2
6.984 -2

PQ)

2.8i0 -3
3.293 -3
3.646 -3
3.893 -3
4.024 -3
4.038 -3

3.941 r3

3.747 -3

3.475 -3

R(4

1.803 _3

r.267 -3
7 .753 -4
3.?20 -4
1.000 -4
8.1ri3 - 9

1.007 -4
1.459 -4

1 .975 *4

1.?08.._5

4.319 -8

9.429.-6

6 .40 3 -,5

9.790 -.5

1 .351 -.4

7.115 -4
1.148 -3
1.72:r -3
2.46t .-3

3.36E -3
4,424 -:l
5.619 -3

6.922 -3

* Figures in tltis column indicate po\\,er of ten ir\

450 bands of the Lyman sysrem and, except jn avery few cases, include factors appropri;te to
nine P branch iines and eight R U.incfr lines for
each band. A few of these results are shown rn
table 1. The calculations for the 6_0 band show
only a small effect riue to vibration_rotation in_
teractron. In contrast, the R branch of the 6_4
band and the P branch of the 6_6 band exhibir ex_tremely large variations with increasins rota_
tional quantum numbers: changes of up to Jottrot'deys of ntagzitude are obtained. Mcireoverr, tnevariation with increasing rotational quantrrm
number is snrooth and systematic as is the casefor other bands clf the Lyman systenr where this
effect is found. The accuracy of ilrese results
nas been tested in a variety oI ways. One tesr tsillustrated in table 2 where the effect on tht_. caI_

rvhich figrLre in preceding colrLmn is to lte multirliect.

culated Franck_Condon factor f or some R(5)
branch Irnes of doubling thLe integration srep
length A,t is shown (this also haives the, number
of integration points for fixeci integraticrn limits).
Only the smallest factor shows a significant ef_fect due to this change and in this cise it amountsto 1%. Further tests of thr: accur".y *iii Lre re_ported ln a Iater publi.cation.

In this discussion it is Lrlportant to rrote thatour results lead to the conclusion that |re struc_ture of some of the Lyman bands wili ber rather
unusual as observed, say, in enrission rjpectros_
copy. Comparlson of our c:ajculated results with
the analysis of the Lyman bands reporte,d t)y
Herzberg and Ilowe [B j shriws 

" 
goo,i cor:reiation

with identified Iines in specific bands. ,llhus, 
tneyreport only rhe p(2), p(3) and R(t), R(3) Ilnes of

Test calculario.s; integrarl"" r,"Jlj,j;; a{iialratic Versus RKR potential

/? (5) Blancir Iines
Bancl AR = 0.005 a.u AR = u.010 a.u

6-10 tsand, p Brarrclr liner;
Ariial:atrc RKR

(0, 1)

(2, 4)

\4,4J

(6, 0)

(6,4)

(6,8)

(6, r3)

(11,8)

(i 1, 13)

4,.J)b -l

1,.476 -2
6.279 -2
7 .287 .-2

8.163 -9
9.239 -3
2.960 - I
1.1?0 -;
1.44? -r

2.356 - I
r.416 -2
6.279 -2
7 .281 -'2

6.08? _9

2.960 - I
l.r r j -J

1.449 -J

r,008 ,-3

1.279 -4
6.2r0 --5

.1 .)ta -J

5.360 _4

r.716 _3

3.??3 -3
6.857 -3
I 09E -2

3.568 -3
2.374 -:t
L271 -3

4.28tj -1,

L27Z -a,
'2.463 _1

r.369 -3
3.606 -3

7.073 -3
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the 6-6 band rvhile for the 6_? band, calculated
oy us to show oniy a very smail vibration_rora_
tion interaction effect in intensities, tfrev identi_fied seven p br.anch Iines and seven'R tiun.r.lines. In addition, these author.s report wave_
Iength rneasurements ior several hundred Lineswhich they were unable to assign. W" ur-,ggor,that these di.fficultles are related to the uuusual
band intensity patterns predicted by taking intoaccor.lnt rotation_vibration interactions.

T]r. sensitlvity of this cancellatitrn effec:r tothe detailed features ol the potentiat t(p,) is atsoillustrated in table 2 where Franck_Condon fac_tors for p branch lines of the 6_ 10 nand areshown. These results were calculated using thepreviously discussed theoretical adiabatic poten_tial curve for the B1{ state 
"uO, 

*p".^i"ly,
using the ,'experirnentil" potential ,:r.i.u. io. tt.,l,state conslructed by the Rydberg_Kleirr_Rees
method [9]. fhe two curves are sornewhat rlifler_ent, espec!ally in the region of srnall iltterrmclearseparation ". As is evicient, the calculate,J
Franck-Condon factors for the A_tO UatJ areclujte different and, in addition, show a *r*trudiff er ent variation wlth inc leasing 

"ot"tio" Jf"-'quan[um number. .Ihus, the ratio of these f:rc_tors for the p(1) and p(3) lines is about 16 wnenlhe theoreticaj adiabatic crrrve is useA, nut onty3 for the RKR curve. .lhe great uon.iliuity'of
these cancellation effects to the exact forrn of rhemolecular potential function _lg.l.,t p.ouu- i; b"useful in distinguishing between diti:""orr, u"tr"._natives as in the case of the B1:1,1 ur*r"--oin"rhese effects have a rather .ii"ur,ii".*"?cinterpretation. In the frarnework ,rf if.,"-io"rr,,,,,_ic oscillator appr.oximation it has Uu",, ,iio*nthat a principal effect of vibration_.oiurion"i"r".-
acttion is to shiff the minirnum ui tn" poiu,rtiuf
function to targer R values *" , run.t'iJ-n;il,,_
creasing rotational quantum nurnber [111. Veryapproxinrately, this is giverr bv L r

, 48?R./--Re(t,j.lt",-rr; {3)

lor.low rotational quanturn nurtrbers. This shiftwill result in displacement of the radial coordi-

* See especialiv the clisciLsston tr,\.i<olos a:tci \!,olnic_nrcz [10]. Possi)tle limitations of tf,e aOlanati"."p_proach fo. the Rlt; srate *ilt )r,.f;;i;;r:;;,,r*"u
rn a future publlcatlon b1, Kolos ,,,,a fi;.1.,.r,,").'
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fj::.:ll rT: n:d€s of a siven vibrationat €isen_

i ; j 
l.' 

";'1., 

i:: i'X:' ;' l,: T-ill i-' "'# ii;, i;i : ".l;,relative phase) of the two eig;enfunctions,-an3p_
preciabie effect is expe.cted:;henevei +!! r12.1,
Iarge as itz tlze case o7 tt2. r.rris su,,sitiui?y or tnevalue of the integral ro tne r,_.lative position of thenodes and loops of lhe two eigenfunciion. i"".
fi.rst rcc,ogrrized by Condon 

"iru "uf 
o.."J ,o ,, .""internal cliff raction,, aithough he Aij nnt i,ousiOu.the effect of rotation rn detail.

F'inally. it is important to note that cornpari_son oi these computed F.ranck_Condon fl."ou.uwith experimental deterrninations of line s,trengthswjll not necessarily constitr.rte a quantitative testof deviations from the lranck_ConJ"" lr"i.-l"rpf ..That is, some levels of the El 1l;1 
"t"fu.".., nnu*nto be perturbed by Ievels. of the Lppropriafe syrn_

11:trV 
of ihe C1n,, state l12l arrd the influence oftfris perturbati.on on intensities *ltt 

"i"..o..ti,r.u" 
robe taken into account.
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