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.Nleasurements of electrons produced in the photoionizltion of H: and D: are reported. 'fl.re experimental
technique employs a difiercntial electron-energv analyzcr to (letect photoeler:trons p,roduced with ne:rl1'
zero initipl kinetic encrgy (-<0.1 e\'). By varying the photon energy a spectrum ci "thresholl" ph,:to-
electrorrs is recorded exhibiting the vibrational stnrcture of the H1; and D"- ions. lironr these slrc,:tra
values of 1(IIr),1(Dr), o'(1Iz*), r.(Dr''-), o.r"(IIin), and o.r.(D2-) are derivecl. In favorablecasesthe
relative vibrational transition probabilities arr: also reporteci and compared with theo:rctical precliction: a-<

well as with other ex1;eriments. Solne disagreements ar€i noted in comparing the rcsults obiainecl by this
method rvith theoretical liranck-Condon factors basecl on 1;otential curves appropl.iate to nonroiating
molecules. It is suggested that the vibration-rotation interaction should be taken intc, account in calc.Lrla,
tions pert.aining to electronic transitions in light molecules.
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erperinental observations of the probabilitl' of photo-
i,rnization rvhen the l)hot()n energ)' is r.aried. As a
consequence, thcse e.rperirncnts ]raYe virlded little
i:rforn:r"Lion concerning ttrc detailed behavior of the
c.irect ionization pror:ess and no informa:ion concernirrg
the structure of H21-.

Recent stuclies of photc,electron energv spectra ha\:c
altereti the situation.T'8 [,'sing a fixer] photon energ,v
v;ell in cxcess of the rnininunr ionization cnerg-\-,
r:reasurenrents o{ the kinetir;-energv rlistribution of
Irhotoelectrons producecl in IIz havc revealed t.he
vibrational structure of ll2+. l'hese experiments also
i::rdicate clualitative ilgrcenrerrt beiri'ee,n Iheorv and
e-r1rerimc,ni. Dist:rep:rnCies, ltetu'een theor,r. an,1 cspcri-
rrent ha\-e been founcl in the case ol the apparent
relative probabilities of transitions to dis;tinct r.iblation
states of the ion. One possible e\planat.ion of this resrilt
ir; that Franck-(-'ondon factors based or.r potential
curves appropriate to a tior)rotating moLcLrle do not
desc:ribe the erperirnental situation. .{n alternati\-e
explanation rvould take into ar:count the variation of
cross seclion abor-e the threstrolds for fr.,rrtration oI the
dilTerent vibrational stateli of the ion.7

:\ dilTerent er1>erime nt al al)proach is possiblc. ht
particular. onc (:an var)'the photon energli and observe
clectrons o{ fixed ini:ial .<inetici errerg}. 7' onlr'. Such
electrons are prodrrcrrl at. pholon encrgi,3s ?f 1; ri'here
1; is the 0rrerg)- of ttre 7th ionization iinrit. This pape;:
r3ports results obtained li'ith I:0 in .rhich case the
nurnber of electrons proclu,:ed at the photon energ-\' 1,
isi proportional to the cross section for that threshold.
'l'o a first approximation thc results arc erpected to be
indepenclent of variationri of the cross section \vith
e\(:ess energ\'. Data are presented for H2, para-H2 and
D:. Itesults obtained using this technique f<-lr the rar-e
gases Ar, Kr, and Xe r.,'err: reported in a previous
publication.e
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I. INTRODUCTION

Photoionization experiments in I{2 have revealed a
complcx spectmm in the energy region above ionization
threshold.r,2 1'his structure has been interoreted.
following Beutler,s in terms of preionization of excite,l
hydrogen nroler;ules. That is, in addition to the direct
ionization J)rocess

Hz(X t)r'r ,z/'=.0)*lw---+IIza (X r2on,,i)t,)-fe-, (1)

one must consider also the autoionization process

H:(X t:r'r, t":{))*;:hy->Hz**+I{2r (X 220-..1t'1 le-,
(,2 

)

rvhere H2* rnav refer lo an)'of sevr:ral knorvn st;rtes oI
the nroleculea which are energeticalh' degenerate ri.ith
the ionization cor]"!inuum.5 While the process reprc-
sented in Eq. (1) is expected to vary snroothl-u- with
excess photon energv, the second process is knorvn to
have a resonance character. That. is, ionization occurs
onll' at those discrete photon errergies ra'hich corrt:spond
to formation of the intermediate ercited state. I{ecently
there has been direr:t experimental confirmation of this
interpretation.6 ThLe exl.ensive occurrence of auto-
ionization in I{2 bas been the dominant feature of
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2 (i. R. Cook and I'. H. Xletzgcr, J. Opt. Soc. .\m. 54, 968
( 196,{) .

3 H. Ilcutltr arrQ $,-t). Junger, Z. Ph1.'sik 100, 80 (1936).a.\. trIunnls, J. IIoi. Splctrj.. 15,2b5-r1965).'
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appropriate selection rulcs. 'I'lrese pertain to the complete set of
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Frc. 1. Schemat:Lc diagram o{ the
apparatus. l'he planes of the ultra-
violel monochromalor ancl the energl,-
anall'zr:r intersect at right anglcs along
the line AA. In order to rcprescnt the
apparatus in this drari'ing these planes
have been sholn as if the1. coincide. ELECTRoN
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II. DXPERII{ENTAL

Expelir-nents .n'ere pelfornlucl lrsing a \.acuunt mono-
chronator anrl an electrostatic errerJl anllr'zer..\
schcnlatic diagram of thc auangement is shol'n in
I'-ig. 1. Radiation produced in the lichl soruce is dis-
persed br. a nronochromator and borr-rbards the target
gas. Photoelectrons produced in the ionization zone are
acceierat0d and then analvzed. 'l'he analr-sis cnersl is
t ltrrscn to cqrrirl tlrc f otal atet.leleti,,n cn{ rg-\'.

A. Light Source and Monochromator

IJopfield r:onf.inuunt ladiatior.r rvas prochrced in ir
pulsecl high voltage ciischalge in He as pleviouslr'
described.l0'I'he Iight sor-rlcc is ctlLripl,ed n'ith a fast
t\\ o-stage dii{erential putrrl-,ing assentbl,r' lind is ntorrnterl
on a 1-m Seva-.i\anrioka vacuurtr-ultlaviolet nrrino-
chrornator. 'I']re monochronratol' ,lesign is equivakrnt to
that desclibed b1'Hurzcler et al.tL ercepl. that no
n-indorvs are usled. A 1100-line/lltlt plerinrrm-coated
grating, blazed for 960 A as used in this nourrting,
pror,ides a irrst-ortler lecipr:ocal disprrsion of .-8

r0 l). \'illarejo, R.. R. Ilenn, and ]1. G.
Am.56, 157.1 (19615).

lrIl. Ilurzeler. \i. G. JnHhram, and J.
l'hys,2E, 76 (1q58).

J."trr. \v\.

I). ]lorrison, J. Chem

GRATING
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q,
-{,/luu. Obselvutiort oi tfrc ploflle of an isolatcd emlsslolr
line shol'ed a tliangr-r:u' peak shiII)o s'ith bandt'idth
({ull l'irlrh at haii-lnarin.rLrnr) apploriimatell' 2.5 i.

Upon cmelginq ironr the nrottocLLt'omator e\it slit.
the photon beanr pass;es through the iortizatiort z[)ne

ancl is intcrceptcd b1- the photon rtonitor. Ihis clevice.
u'hicl.r has been previor-tsl1' clescribecl.lr cctn-sists of a

clean inconel surface ri'hich f ielcls phrotoelectf ons \\'hen
bonrtrarderl b1' slrfficientl\' elie rgutic qrlrr.Irta. 'lhc cttrt'ettt
rif ,'lcctrons lear-irrr'this suliace is rneasurcrl tvith a

Cari' lIodel 31 vibratin.g-r'eed elecLrotlteter l'hose
oulpul. is clisplai'ed iln a slrip-chr,Lrt rccot'der. The
photocurlcnts rncrLsrLrec[ are in t]re rangc of 1X10-13 to
2X 10't1 '\. Figure 2 shous a recorcler tracing of the
eurission continLrunt rrsecl in these sllrclie-.. Of special
interest is the absence of aton"ric enlission lines in tht:

.,.^^ ?lrgion 0()0 l{lOn .\. Tlre ,,Jlerr pli'\r nt irrrltttrit-r' \c I

lines at 71.1.7 a:t,l ;.1.i.9 .\ \r'rlr r'l:rnirLat.d bv usinq
comnrerciel tank helir-ur l)reselectcd for specialll' lorv

\e conterrt.
I'hc spectlunt shou'n in liig. 2 cioes not inclucit: a

neccssar\. correction luI the vat'iation of photor-ield
u'ith nlrotorr pnplo\'. 'lhis c<lrrection rvas obtained bv
cr-,mparing spectl'a Iil:e that shog'n in Fig.2 rvrth
spectra recorded r.rsing a sodiur.n sah'cilate coated
rrhotrirrrrrltinlier as r1,." '^'^- r)'- ^^-"'-:-'' that theHll ^vrr,urrryr
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Iric. 2. T ime evcrage,l l,holuclirr. nt
n.rca:iurement of the Hopfield emission
cor)tinuum. 'Ihis spe,']trunt has n0t been
.orrrrr't( ,1 for t he s lrr , lerrgtlt scr,sit ivii r. uf
I h- i-tr cLuil s!c tc] t . 'l he 1,rc.ks lirer
(r00 lnd (r70 -i are br:lieved to be dtie to
the -FIe: molecule. 'Itre: FIe r .581.3-i. line
and irryrLrritl' H 1025.7-i. Iine are -.hor.n.

WAVELENGTH (;)

relative response of the Iattcr detector is indepenclcnt of
rvaveleng|h in thi:; regionl2 onc can obtain a rneasLlre of
the ri'avelengtir sensitivitv of the photon nroniLor
used in these e,rperinlerlts. Over the rcgion 685 810 i,
rvhich encon'rpasses the entire ranse of piroton eriergies
used in the exlterinretrts reported irr this paper, the
relalivc response ,,rf the inconel surface was deterrniued
in this ni:r-nner to varv br. less than .5!,i.

Ilr.' admitting sclt:ctec1 rare gascs lo thc florving He
strearn, atotnicr entission lines of kuos-n charactcr coulcl
be gencrated to ,::alibrate the rvavelength scale. lt is
believerl that the abscilute \\'irvelength scale is accurate
to better tharr 0,5 A and that the rr:liLtive scrle is
accurate to 0.3 ri.

B. Ionization Chamber, Energy Analyzer, and Detector

As indicated in Fig. 1, a series of parallel 3.0- lt_r.
,1.8-cm plates, spacing 5 mrn, provide unifor.nt ijcld
regions to draw out and accelerate electrons produced
bv photoionization of thr target gas. .{ 0.7- bv 1.0-cm
aperturc in each plate permits electrons to pass through.
Bv using 0.00()5-in.-diarn \\i grirl rvires spar;ed 100/in.,
the uniforn.r fields could be maintained in the aperture
region. Upon emer:ging frorn the drarv-out and accelera-
tion zorre, elect.rons are focusecl br.nreans of an electro-
static quaclrupole clor,rblet lensr3 unto the entrance slit
of thc energl anall'zer.
j\_121' c1'lin,:lrical energ)- analr.zcrla has a mearr

ilJ, A. l! Sarn.s()n, J. Opt. Soc..\rn.54. 6,19611.
'i ll. .\. llnge, I{ev. Sci.'Jnstr.30, 2.lR (195q .

" A. L. Ilughes and \r. Rojangkl,, ph:'=. Ilev. J4, 284 (19,29).

ancl 0.5-mn.r br' 1.5-crn slits.
lhe resolving porvcr of this

lI'7'AT['^'86,

radius of ,1.3 crrr
oi zero lengrh
ap;rrorimate1r'

(3)

s'here lll' is the trans,rnitted encrgl banclu'irlth for
electrorls rr-iih ener-gv IIr. For slits oi finite lengrh a
sonerr'liaf sn-raller rcsohring porvcr is e,\pected.

t.pon emrrrtence from the anallzer er:it slit. electron,s
lLre further ar:celerirled arid foclLscrl onto lhe first
rh-nocle oi a 1fi-stage Clu.-Be electron nrultiplier. OutpLrt
pulses froln the niultiplii:r are electronicallr' ;,',.1ifio.1
ln,i thr. (uur)r(cl ,, i,t 

" 
tn-i ,..,l;;.

Since comp;rrativelv srnall electron acceleration and
an:rl-rsis energies are use,f (-5 eV), it ri as necessar\- to
attenuate strav nlagneti,: fielcls. I3-r' using tlrree peiis of

-0.5-n rudius J{e:hlholtz coils and arrnealed munrcral
shieldingr5 the resirlual lieid along the nrcan electrorr
trajectory' rvas reduced to less than 0.010 G.

C. Method

Observation of thresleold elect.rons (initiai kinetic
energv approritnateh- equal to zero) is acconrplishlrl
b1' adjusting the analr-sis encrgv to corresponrl to the
total electron accelcration energ\'. C)rr,:e this conditi,.>n
is achieved, the ratio of elect.ron count r.ate to phot,rn
flu.t is determinec-l as a function oi photon energ-r.. The
e.\pected dependence oi this ratio R(ri) <tn photrrn
energv ?l Can be obtainecl br- consider.ing instmmental

16 Allegheny'Ludlun Ste:el (lorp., Pittsburgh 22, pa,



+017 PHOTO]ONIZATION OF i{2 AND I)T

Itrc. 3. Cot.ivolution of instrrlrnetit rcso-
lution function rvith the photoionization
cro-cs section. {a) lrlonochrornator resoltl-
lion function lith birnclrridth ecpral to
-\/r. (b) Ertcrgl anah zer re-qollttion
function with bandrviclth equal to j.l1".
As used in this instrurnent onlr-half
of the resolr.rtion. function is elTcctive
since the peak ofy'(-0, All') is set at zero.
(c) Step-function cross section multiplied
b1' rcscilution function oi (b). Solid iine
corresponds to -\lI'-=ll and dasherl Iine
to .\11",=31t. (d) Convolution of nrono-
chronrator resollttion function s'ith procl
uct shon'n in (c), Solid linc: corresllclnds
to ,\ll---,,\rr ancl dashecl lirre to .\lI'- 3-\r.

aw --l

featr.rres in conjunction \rith kuorvtr propel'ties oi the

energY clepcndence of photoionization cross sectiolls.

Simpie consiclerations inclicate that

rIl(ti':.1 | o(,I",tf(E, JTI'lg(1r, tL, )u.dE, r,+)
J

\yhcr() .4 is an instrulttental collstilllt, rr i E I is the

photoionization cross s(iclion at the piroton encfgl' lr,

i1 E. fll') is the energr--altrtlvzer transr.ni-.s.iotr frinction
oi bandu'irlth AII', and g( E, tt.lrir is the tlonochro-
mator transn:,ission funr:titin rtf bancln'idth 'lli. 'fhis

integral nrlr- be evalttated f<;r the idealizeci conclitions
illustrated in Iig. 3. Rolh tnonochrornltor and energ\'-

analyzer transt.nission fttnctiotts are regar(led as tri-
angrilar [sec I'igs. 3 (al , 3 (b )]. 1'o a first approrimrLion
the cross section fol pl.rotoionizatiorl to a single ionic
st:rt.e nrzl-\' be rcprescntecl l-,1' a l-Ieaviside futtctionr6 as

shus n in l- ig. .3 c . Tlrei is. the cl,,is-:ccliott ii z, ro

bclorv t.he ionizat.ion linrit, c1i,*continuotts at the lirlrit,
and indepenclcnt of energ)' above ihe limit. Since the
energl analYzer is set to corresponci to ionizatir)n onset,
the produt;t of o (.Ii't antl/(lr, AII',1 is the right triangle
sho*'n in I'ig. 3(c). Convolution of g(li, a. Arl *'ith
this proclLrct lesults in the peak shorvn in I"ig.3(dt.

" CX tfri. p"it,t sec, for erample, the rliscussion in J l). llor-
ri_*on, J. Appl. F,h1's.28, 1i109 (1957).

vllJ$
PHC)TON ENERGY (UNITS OF AU)

The soli<l lilre corresponcls to lhe casc ATi::trr1. rvl.rile

the broken line is thc case AII':3-tll' Qualitativel\', $'e

ma)' regard Lhe resr-rlt of this t1'pr: of electron-energ\'

anily'sis to be clifferentiation of the curve oblaiilcd
wirhorrl encrgv Jnah sis.

As is cleal from Fig.3, the enelgl'coordinate oi t'he

peak maxin.runr is slightlv larger than thc r-alue of thc

ionization linrit. f iris shif t, rvltich $'e cleililc as J/-",

depends on the fatio ITI'/A?r. In the case AII':0 s'e

,,ri,-r.p.ar.nt-/' E, i,ll'r a-s a 6 fun':tioll centered at the

io,riration thresholci att<1 the colrvolution integral
be c<itnes

R(u') ..=.1o(.Inrg(10, 11, Lu') ' i5.'

rvhcrc 1o is the energv of the ir-rnization limit' '['hat. is,

in this limiting r:zrse the peah is centcred at the ioniza-

tion linrit ancl has the shape rlf the nlonochrollriLtc)r

transn.iission Ittnctic,n. Hence All is boundctl accorci-

ing to
O(-\E(Arr, i6l

q'here the uppei- bor.nd applir:s stt'rctlv u-hen o(I) nal'
be represented b1' a Ileavisicle fnnclion or rvhen o(1"'r

decreascs rvith inr:r'easing photon energ)'. The above

fcatures, incluciing thc Inagnitudc of 1he peak shift,
rvere t:onllrmed and reportcd in a previous putrlicaLion.e

AU

3AU
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I), Procedure

Conrnrercial-res0arch-grade gasesri \rere admitterl
through a bakeablc, glass me lal, high.r'acLrunr, gas-
hanriling svsterrr (volume -7 liters) . Using a ilori rate
of roughlr. 1 ,r:liter/sec, a sample presslrre of 1X10-i
torr at roont tcntperature could be ntaintained in the
sour(:e legion. l'he observcd elcctron collrrt. rate $'as
propoltional tr; saurple l-)re,csure up to 1X 1(} { torr and
r-as also proportir,rnal to photori intensitr. al coltstatrt
samplt: pre-\sule. .[:or lhe erpetinrcnts reporied in tliis
paper a santple pre-ssure of about 1 X 1rl ; rorr \ras
used.

A ltackgrourrcl count rat.e l.i0 counts,/m.iu n.as
observed. 'lhis count rate $'as found to be a linear
fLurc:1ion of pho',,rrr intensilr' althor-rgh rrearl-r' irrde-
pcnclent of navclcngth and l_rackgrouncl gas pressure for
sotlrce Prc,ssurcs up to 1X 10-5 tolr (i61-gaugc readins r .

Of this raie, about 2 coLrnls,r'rlin \ycre forLnd to be
attributable lo cosrtric Lavs anri the re rr-raincltr arc
belier.ed to alise flour phot,rclectr.c.,ns prurlrrceci frortr
surfaces in the ionizatir.rn zone.

I'hc scattererd-light bzrckgrouncl s-as estin-ratecl br.
nreusrrrenlerrt of the ar-cr.age 

"apparent 
intcnsitr in tlre

x-ar-elength region near .100 i. 'Ihe observed intensitv
atlributecl to scat.tercd li_shL rvas fountl to be aboLit
0.2()i of the greak cr>ntirilir-urr intensin- near E25 j. and
$-as svstenlaticalll, subtlacled {rorn all inlensitr. rncus-

11:n*ltr I the re;qion of intercsr.

_,,I? 
I{ea1{ent-!lrarlc }I: furnished b1, The }Iatheson Co., Joliet,lll. \rx: jlxlcd lu litvI a malinrurn irilpurit;-lcr.el ,,f J p1,rr.; (..1,.

grade D1 furnished b,v .\ir Products anil (lhcnrical i),, ,'.\1y.n1n,r.n,I'a. \\'a-s specitied to have a n.iinirnuni purit-y of 99..5fi.

rJ: -r, ,_-I

l_---11:-- t- - r,-r---r----r--,----r.. -- ---iT:i:+:?=,o0 790 7BO 77Q 760 750 740 730 720 ?to 7c).j Rqo740 720 7r0 700 690

-" ['tc. 4. 'I hresholJ nhoroe]cctrun
irr H_. l lte arral_r.is lni act.elcrrtiun
energv uscd^l'as 6 eV.

\\'ith the analr.sis eners_\. adjustt:r1 to corrcspond to
the toLal acceleration encrg\:, the electron counr rare
and photon intensit.,' v;ere sintultaneousl\. nreasLlreci
on a point -lrr'. poi n t lresis. .\vrrlqt. rtar.elen gth in terr.als
ol 0.5 -{ \\'r.rr llsed. Per:.k count rates up to 10rJ/min
rvere obtained u'hen usini;3-r:\i acceleration ancl analr.sis
energ\-. ln the lirnit of zr:ro-energ-r. anal-r.zer. bandl,idrh
(i function) the atrguliLr clistribution of ejectecl photo-
electrons cannot irLlluenc:e lreasuren:euts usini this
techniqtre. 'fhis follori.s frour the fatt that. in this
irlcalizcd lirriit, onl,,' r:le<:t.r.ons t.irh zero initial kinetic
elterg_\' u'oultl be detecter,l. The actual atigr.ilar clislribu,
tion is unkn,ru-n nncl its ctlects cannot be accrtrat.elr..
talien irito account. It is believed that t]rt: e.\perinrent.il
test of t-he c,bscrval-ions (such as var.iiLtioit of rlral-otit
field strcngthl suggest that possibie elTccts of thi,s
distributicin are not signihcant.. The cncrgr._iinal-\,zcr
bandq'idt-h ri'as r,ariecl b_r' chrurging the accelei:rtion and
anall'sis encrgv as erpressed in I-c1. (.j ). Horvever, it is
inrportlnt to note that for a 1i.recl choice of thr:se
parametet's all electrical potentials in the instruurent
are frred. Onlr' lhe photon energv is varied. The elec,
tron-co11c<:tion effic:iencr. is bclievei.l t,o be h.recl ancl
indcpenclent of phoion e..terg_v unclcr thesc couditions.

III. RDSULTS AND INTERPRI'TATION

A. IJydrogen

f igure .1 shorvs resr.rits ob.rained in IT2 llhen using
6-eV accelera"tion and anal,\,sis energ\,. l.]re obsen.ecl
structure is interpreted as arising frorn procluction of
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Kr'

Fic. 5. Dependcnce of peak position
antl arnplitucle on ercess anall'si5 g11g1o1'

for firecl acceleration cnergl'.'Ihe be
har,ior of the Kr- 2P172 peak and of the
indicated peaks in II2, rrhere'a is the

..:r - _: _..1 ^..^. ..Ilrt ilfilfrLrer uf(f 'PJrLrrr ! r,rrdLrtritd, !lud,iLr

thc ion.

o o.l 0.2

tlrreshold-enersv clect r()ns in forrnirts H.' in e,1ch of
several vibrational levels. Nine such levels are cleal'lv
indicaterl b1- [hi: r,1ata. 'i']re observed I)eaiis nlav t)e

labclcd accorLlinil to the inlrr1)reteLl vilr:'xf iorral rluart-
tum number of the residual H:f beginning s'ith r:0
for tJle peak rreal tl03.5 A. Additional peaks at 78-l and
797 A are intcrpr:eted ns arising ftom tltr production of
1o*'-energr. electlons in the antoionization of electloni-
callt, ercited IIr forn.red br the absorpric,n of ladiation
at those \l'avclenglhs. SrLch arrtoionizirrq statcs rvill be
riof r,ctod if thc en*rov of ltre released electrorl is sufi-
(rientlv srnall so as to fall t ithin thc energ_r'-analvzer
banclrvidth. 'l'he perli 'aI 797 A coulcl bt: producetl b1'

autoionization of thc B" r2.,1 , ?' :5 lcve^l or tht:
D IIl,,",l:7 lcvel of I1: ri'hiie the pcek at 7S+.\ could be

pioducfrd b1' the .D' III,,, r'':5 ler-el.r
I,'ossible iuribiSlLlities of interpletation t:an be al least

partialh' resolr-t ci erperinrentaliv in the iull,r'.r'ing
nlauncl'. Insteacl of tr-tning tirc ar-iali'-ris enerqv to
cor:rcsponcl to th,l accelcrxtion ellcrg\'. 'Lirt' anrrl\.zeL catt
bi: adjustecl for tht: acceleration ellerg,\- plus sonrt: srralL
incrt:nrenf e . \\'ith these settir-rgs a s\\'ecl) of the photori
encrgv should ShLo\r-a shift in thc pcak position if rhe
pea-k correspoucls to a dircct ionizati,rn transilit;n.
I'igure .i illtLstratcs this behavior for thc isolatcd !P1ro

state of Kr-. J'hc peak shift as a function of analvzer'
e\cess cnel'gv bchaves qualitittivcl-\' as c\pected, i.e.,
the n.iagnitude of the pexli shiit as_\'nrptoticalll- ap-
pfoachcs tht' nrirllnitucle oi the c\cess analvsis energv as

the latter inclcir,ses Also shou'n is the clecrease oi the
peali arnplitrrr:le as a frrur:tior-r of anal-r'zcr L'\cess er)erg-\'
leilecting the dt:cleased instrunretrt collectiorr efJrr:icnr:r'
f,rr rrlectrous,,f appleciable initial kinetir: cnergr'.'l'he

-g
a
x

cLv

o
lrl F'q=

t>
=r=<-E

F
Y;<p
H3

ililn
L_lLlLf

o o.r 0.2 0 0.r o.2 0 0.1 0.2 0 0.1 o.2
ANALYZER EXCESS ENERGY (eV)

applicarion of rhis tcchn.quc to thc intensc peaks in the
hvrh'ogcn sJ)(.ctrrirn is also shori'n in Fie. 5. The be-
halior of the pealis identitrc:cl iiith r-0 and r, :2 is
clearlv qLrite different than lht: behalior of the 1;ealis
labeled i':3, .1, 5. lfhe absence of a l'ar-elcngth shiftlE
f or t he peak correspor:Lriing to z, : 0 is interpreted as

shot'ing that the plcdorninant contt'ibution to this peak
is fr,rm lori"energl elcctrons produced bv atrl.oiorrization
of electronicall_r' e:icite,l ]rvclrooen molecules. Ii'or the
nr-lk cnrresn,'ndinc l, r'-l llrc slri{t -\[ is nruch ]alyerr'_*.' " 't "'^ " ': '.- -

than erpecied and the lariatit.ru of pcak position rvith
crt:ess electron encl'gl is again consistent rvith auto-
: ,.:-..,:^- ..- .... :......,.tr.rt r.onll.ibrtti,rn. ]lorc,x.er tlrerUlllZ,tLl'rll (r: fljr lrrlPUl l.llll !UlltllUllllrrll. -!rUlCwrLI, (trL

arrplitude of this peak increases with increasing
analr si-. rnrrrv rrach.inq a rrrasir.rum tt roughh
0.080-e\. err:ess eLoclron cnerg\'. The amount of the
peak shift is ven' nearli' 0.076 e\-, con'oborat"ing the
foln.iel r.alue. T'he rvavelength p,,sition of the peak
coulcl corrr,sJrorrd to au.,oionization of the as let un-
reprrltcd L)' 11Iu, t,' :6 level o{ }I:.a L-r rather shalp
conlrast, the ireaks labelcd u.:3, 4, .5 clearll' follot' the
D;ltfer'ri slrrs'n irr':he isrtlaterl ionic s'tate of Kr+ and is
irtt-r-r'r'' t,,l ri irrr!r,'rtir u lhe vicu'thrt ,lirr.cr i,--.. .r.. ..r r ...-..b .,,. ...,.. , ,.)nlzXllon
is tltr ttrrdrtttinrnl c,rrrlr'ihrrti,rn lo those I)r3 lis.""' r'

f'he behar.ior of tlrr: peak anrpliturles ri'ith analr-zer
- ' -.' ^l- '-'^ inrlrrr, n,lprrt l' p.'irlote\('(SS enr'l'j\- Sllo\\-S, .-..-r,...*........ . ...-.lCe S'tp-

I)nrlinq tht srnrp rUnclrtsiunS.'['he rclative :rrrrn].trrrles1 """t

13 \\'avelength r,alues for the expected tlrrrsholds u'ere calcu-
l.r:cr.l rr.inq a J,reiiminarr':xperimental valLre of the ionization
I)()terltial reportcd br' \\'. .\. Chupka; nanreh', litij).-=12-t+00
cn 1,'I'hi,. r'aiue s'as rluoted in hi.-q iuvited paper: \\'. A. Chu|ka,
Ilull. -\nr. Pirl's. Soc. 12,'2i.t (.1967 ).IlecentLr', the inter;;retetiun
leaciing to that value has t,cen modificrl on the ba-cis of further
elipcrimenlal evic.lencc [\\r.,]t, Chupka (private cor.nrnunicaiii:n) ].
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I'rc. 6. Ihreshold pl.otoelectron spc(:trurn in II:. The analr.sis and
a<:celi:ration energl used rvas 3 eV.

of the pcaks c,llr{:sl)onding to r, :.i, -1.5 change br. less
than 15fi \\-hen € chanses fron 0 to 0.1(i eV. In con-
trast, tire rclatir-e al.llplitude of the peak corresporr(ling
to ?:0li'ith resp,:ct to the peak labelerl r,:3 decreasei
from 1.8 to 0.5 ior the sarle ran!'e of c anci continues to
zero as e increars;es iurther. Lalge var iiLtions in thc
relative amplituci,: of the 2,.=2 peak with respe0t to the
l:3 peak arc also cibscrvecl n-hr,n e is variecl, Fronr
these ancl otherr sin-rilar results it is concluclecl rhat the
pealis corresponding to i,=..1, 4. 5, 6 arise froni clirect
transitiorrs rvhile the pealis labeled t,:0, 2 arc intluenced
b1- contributions from autoiollizing states. Jlcasure-
tnents for Lhe pcak crtrresponcling to | ,: i lr'ere not
possible since the specuunl in this recion becomes
dorninaterl by'th,: pcak at 781 i as e iircrreases frorrr
zcro. lnasnurch as this latter 1.ieak c]oe-q no.; shorv a sl-rift
ri'ith increasing €. a substantial contribr-rtion of aulo-
ionizatiun to the r :1 pcak is inclicaterl.

',lo frrrther test thesc conclusions the relevanL porti()n
of the lI: spectrunt \\'as measLtrcrl using 3-e\- accelera.
tion and anal_r'sis cnerg\. u,hich, lrv E,c1. (.i t, halves the
etiersr,-attalt'zc-r L,lndf idfh. The reslrlts are sho*.n i'
i;'ig. 6. 'l'he sn.raller "r,Alle,\--,,1o peak ratio il this
cLlr'\re as u'ell zrs thc furthcr supl)ression oi the auto_
ionizing Jreaks zr.t 1i97 ancl 78.{ ,i iliustLare :ire inrprovecl
resolutioir. 1'hc qrLalitative featur-es of tlre spectrunt are
not fundamentalll' changcd. f'hat is, the peaks corre_
sponding to r'=.3,4,.5,6 of the ion shorv rither similar
relative arnplitudes as r:omparecl rvith the specrra
obtained using 6-eV acceleration and anallsis energ\..
On the otlier hand the peaks corresponding io r:0, 1, 2

have sor.newhat srnaller arnplitudes relatir.e to the r,.:3
peak. T'hese feit tures are \\rholl), consistent witli the
fesults erpected on the basis of thrr expcrimerrts using
e-rccss analvsis energr-.

'\ fr-rrther tr:st of tire relative amplitucles u.as also
eiiecterl. In order to a,:hier-e a u,holly different rota-
tional populiLtiou of thrl r)cutral m,,lecrLle, a thresholtl
photoelectrou speclt urrr rl,rrs recor,led in para-If:. -{
sanrplc of para If1 \r.as obtlint.d bv evlp,traiion of aecd
liquid hy'drogen. 'llo nrinirlize conlrerslon to ortho Fl:
the sample rcservoir rr'ar; directll. connectecl to a liquid-
hlclrogen Dervar and r','a-s continur_ruslv ttumpecl. 'fhc
sample inlet brarrch leacling to the ionizatic,n source
con'rpk:ted a "tee" conrltguration. In tbis rvat. freshll.
evaporatecl para-H2 could be continuallr. mainiained in
the sample rr,serr.oir, l{esults ul_,ta-ried rLsing 3-eV
acc:eleration and analy.sis encrg\- are shou.n in Irig. 7.

Qualitativelv the siteclr.unt is very ruuch like that
oLtained in nurrrral LI, alrLough f he pclk t..irresponcling
to r:0 of the ion is somev-hat recluced. Otherrvise
there are no pronouriced effccts which can be attributecl
to the r]rasLicalll' alter.ed rotational population of thc
inirirLI srate.

In a separate serics ,oi e_rpcrirtcnts tire arnplitutles
onlr- of each of t.he rrLarir-na corresDonding to r,:
1.2,3. -1.5, (r of the ion rvere r1etemri.,ed. Thiccele.a-
tion and arralvsis enel-gv u'as 3 e\i. The relativc anrpli-
trrdes of the peaks labclt'cl r:3,4,5,6 rvcr.e found ttibc
independent of instruntental parar.neters within the
iLvailrblu rirngl of i ariirl ion. SfrccifLcrrllr.. r.iLr.iarion of
the dran'out field, at constlnt aceelerltit,n energ\,. over
the range 0.2 to .J.0 \,i,,/cm prroducecl no chinge in

PHoToN ENERGY (eV)
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relative peak heights, The same ratios E'ere obtained
when the quadrupole focusing s)'stem tvas rendered
iur>perative. 'I'he results, normalizt:d 1o the peak
corresponding to r:3 of the ion, are shorvn in'I'able I.
AIso shorvn are the \1'a\relengths of peak nraxinra and
peak inlervals erpressed in electron wolts. Becznrse the
peak at 803.7 A is predominantlv due to verl' lorv-
ene rgv eler:tr,:ns produced b)' atrtoionizing states,
meaningful lneasurements of peak amplitude u'ere not
possible. Iror similar reasons, onh' upper bounds for the
relative arnpiituclcs of the rr:1,2 peaks can be gir-cn.
T'he quoted errors for the peah ar.r.rplitudes are some-
rvhat larger than the iurlicated nleasurernent ltrecision
and taiie into account certain fealut'es of the data.
First., the peaks are not contpletell. resolved, i.e., the
valley's betrveen peaks clo not l'each the base line.
Second, the relatj.ve areas containcd b1- thc peaks can
be regarded as the quantiries of priruarv interest.
Finallr', t he trxcd 2.5-A nronociuornator ban<lwidth
corresponds to a changine energ)' bandwirlth according
to thc relation

xy: (u/\,') 41 : (C/\,1 _\\. (i)

\\'ith respect to lhe peaks corresponding to t:3 and
z' :6 this effect represenls an 8/6 cirange in energv
bandrvidth.

A possible alternate interpretation of the observed
relative intensities iras bcen suggested to the author br.
Chuplia. If there are a ia,rge number of autoionizin.g
peaks nrughir- equallr- spaced and of conrparable
intensitv on the hiuh-enelgr. sicle of each ion vibronic
level, then averaging u'ith a bands-idlh of rousirlr
0.05 eV nrigirt producc an elTectivc cross sct:tiou
nearlf independent of energl' above cach vibrrtnic
Ievel.'I'o intelpret the dat.a of the p:esent paper
f rorn that viervpr6ill tvould also re cluire that the

Tenrr I. Photciionizir.tion of rnolecular hl.rlrogen:
FI: (r)01', r'" :0) 

-FIr1 (t)ri, r).

interva.l
'r* 1-'z

(e\')

Theoretical
I{elatir. e l.ranck=

peak (london
ampJitudeb factor"

Frc. 8. Thresholcl photoelectron spectrum in I):.'Ihe anali.sis anrl
acceleration energy. uscd l.as ,i e\..

released autoionizecl elect.ron have the nrinimunr possible
initial kinetic energ-v. f.here is not, at prcsent., experi-
nrental evidence available rvhich tests this latter
requirentent for the t:,\, 4,.5, 6 levels of H:i. \\rhile
the results presented ab,cve support the interpretation
previously oullined, this alternalive viervpoinr cannot
be conclusivelv excluded. 'Iherefore, the ielative pcak
anrplit.udes anrl associated uncerlainties quoted in this
papcr can only l>e r.c1;itrded as relat ivr: transirion
probabiiities within the Irarnework of the for.mer inter-
pretation.

B. Deuterium I
E,rperinrental resuits obtained in D2 using J-e\- |

ac<:eleration and anallsis energ\. are shown in lrig. g. I

The 10 clearly' resolved ircaks are irrler.prete(l u, corr.-
sponding to the prt>duction of low-encrgv electrons in
forrning Di. (,)o+, ?,) where o:0 9, inclr.rsive. R1.
studving the depenclence of peak amplitrrde and position
on analyzer excess energy e (as in the case of Il:), it was
possihle 1o conclude thaL the first. ttvo peaks are pre-
rlorninantly riue to low-energy electroni proclucecl by
autoionization of elecrronically excitcrl Dz. Of the
remaining peaks, it is beiieved that rneasurable con_
tributions oi iow-energt' electrons producecl by auto-
ionizati<.rn are obscrved onll' at the peaks corresponciing
Lo t::2, 3. 'I'he relative arnplitudes of the rernainins
peaks are comparativel;' insensifive to experinrental
conditions inclLrding e. Fur erample, normaliiing to the
zr:5 peak, w-e find that the u:0 peak r,lecreases bv a
factor of 2 and the z, : 1 peak b1, SiloTo when e increases

x
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790 780 770
WAVELENGTH

Threshold
rvave)ength*

iA)-

i
2

3

I
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6

(803.7+0..5)
i89.3*0..5
776. 8:t0 . .5

765.6+0.5
755. 1 +-0.5

74.; . 7r0. .5

737.2*0.5

O. zS+*O . OOo

0.235+0.006
0.225+0.006
0.206+0.006
0.193+0.007

tt.57
<0.63 1 03
<0.73 1.13

1.00 1.00
0. 73+0.04 0.79
0 . 42*0. 05 0. 58
0.1(r*0.03 0.+1

3 The titreshold rvavelength is the mcasured virlue corresponding to the
peak maximum plus 1.2 .i. This larter quantity is the insrrumerrtal lrai
shift discussed in the tert. Tlte value quoted for r-0 i,. thi: nreasured valur:
at the peak marimutn rvithout thi-r greak-sirift corrcction,

b Normalizcrl t o the \,?,lue at r : .1.

'See Ref. 22, The !.alucs have bcen normalized sucll that thc factor
corresponding to u:3 is eqiral to 1.00 in ordcr to facilitare comparisorr
silh the experimcnls refDrted in this paper.



I'esrr II. Photoionizatiorr of molecular rleutcrium:
Dr (t2r*, trl/ : Q) +l)r+ ('2 0", v)

40'22

ported in 'I'able III we then find, in this interprcration,

Drr:

o':0.2034*0.0027 eV;

and

Hr+:

a":0.2829*0.([30 eV;

oefe:0.0039*0.0005 eV

(11)

DON vTLLAREJO

'f hreshold
s avelengll.

(A)

Energy
interval
z*l+'u

(ev)

'Iheoretical
Relative liranck-

peak Condon
arnplitudcb factor"

Lr (801 .2+0.5)
1 (7e1. 4+0. 5)
2 782.4+0.5 0.178*0.006 s0.i53 77:,.7+0.5 0.176+0.006 <0.81,1 765.3*0..5 0.162*0.006 0.98+0.05
.5 757.7+0.5 0.1S7+0.006 1.00
6 750.5*0.5 0.148*0.007 0.88+0.05
7 743 . 9*0. 5 0. 141 +0.007 <0 . s5
8 737.7+0.s 0.134*0.007 _<0.289 731.9*0.5 <0.20

Al:Lre-eefre,

Q1: -2u"N",

0.29
0.i2

06
19

1J

00

0.81
0. 63

0.48
0. 36

6 ere : 0.007 5 +0.000-l eV.

j::-_ 
-_:_::a The threshold wavelength is the measured vitlue correspondrng to the

peak maximunr plus 1.2 A. This latrer quantiry is the instnrmental peak
ehift discussed in the text. The values quole.i for ! =0, 1 are tne measure(l
values s'ithout this adiitional peak-shift correction.

b Normalized to the value at , = 5.

" See Ref, 22. The values have lxen normalized such that ttte lactor
correslrcnding to u=5 is cclual to 1,00 i.,rder t. facilitirte comparison
with the cxperirneDts reported in thi-r paper.

frcrrn zero to -0.08 e\r. On the other hancl the t:4.6
I)eak amplitudes rcmain invariant for the sane change
]n €.

'I'able II presents a surnlnarv of the results of meas_
urements o{ pea}. amplitudes in Dz. Also, wavelength
positions of peak ma\ima and peak intervals in election
volts are reported. Since the peak spacing is somewhat
smaller in Dr'r- a.s cornpared with II2+, the eflective
resohltion is not suilicient to permit an accurate meas_
llremenl of peak a.mplitudes. T'hus, the quoted error is
larger than the mr:asurement precision.

IV. DISCUSSION

A. Ionization Energies and Vibrational Constants

The measured peak intervals can be use(l to directlv
deterrnine experimentai values of c,,,e and co":r, for brrliDf and Hzf. I'igure 9 shows aplot of these intervnls as
a. function of (.a1 l). ln addition, least-squares fits of
the form

'tl(tt):an{a'('*}) (8)

ale also shown. 'l'he derived values of at) and. a1 for both
molecules are listed in Table IIL If the peak rnaxirna
are interprctcd as correspon<ling to the j,,:g_+,I,:Q
trarrsitions, rvhcre -/,,, J, are tlic rotation:Ll quantum
numbers of the neutral and ion, respectively, thenrs

(12')

If, on the other hand, the observed peak maxima are
interpreted.as corresponding to transiiions terminating
in the rotational levelJ'of the ion, then it can be shown
thatre

( 13)

(1lt

rvhere the higher-clrder arrharmoniciLy corrections have
been neglected. 'I'he conslant de represents the in_
fluence of thc vibration-rotation interaction. E.roeri_
mental values of cr€ carlnot be derived fronr the iata
preserrted in this paper. However) the value dei=1.-l
cnr-r has been estirnated for H2+ b1'extrapolation of the
values observed in a Rydberg series in molecular
hy'drogen.m For IIL at J00.K, aLout two-thirds of the
molecules are ercite(l with <lne rotational quantun. If

,H;
- v2

(h:6e-aexe- dJ' (J'+1) ,

a1: *2a"'.r",

5to15
VIBRATIONAL OUANTUM NUMBER V

o' * 
illlfoo,,o.?tn" iJ ii? ii:,n."" j*.,*1"," 

i, 
( u * ] ) . r h e

o

o
U2
U

(e)

( 10)

In cleriving liqs. (9) and (10) higher_order arrharmonic
corrections have treen neglected. Using the values re_
TC. f f .rrf.., g, ,\ pettra nJ Diatontir .ll olecules (I). Van _\ostranrlCo., Iuc., I'rinccion, N. l.; 1950), 2nd ed. 

- "-" ^ '*'

litc.

20 0. W. I{ichardson, proc. Iloy. Soc. (Londo;r) l52, 503 (1935).
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Talr,e III. Vibrational constants of I{2+ ancl Dr+.u_-_*_:_______
Species

-=---:::=
6eIe

IIz+

Dr+

0 . 2i54+0.0029 eV

0.1995+0.0026eV
-0.01.50+0.0008 eV

-0.0078+0.0005 eV

2290*26 c.n-t 60*.5 cm-r

16.13+22 cnl-r 3l *4 crn-1

I Thc quoted error limits for co and or regresent one standarcl deviation
for the least-squales fit. The errors quoted for o" 31g -.omeg.hat larger zrnd
take into accourlt thLe possible iulluence of the vibrat.ion rotarion intelac-

the rotational angular nrontentum of the molecule is
preserved in direct ionization, then rve espect J/:1.
llowever, since the outgoing electron ma.\' carrv off
angular momentum, rotational ercitation cannol be
excluded. For -I':3 this interpretation would iead to
o":0.2850. Applying the isotope relationsls to obtain an
approxirnate crc value for D2+, these arguments lead to
a slightlv largcr <,-', value for that nrolecule. Table III
shows acljusl-r:d vibrational constants for both nrolecular
ions as dclernrined in this investigation. The possible
inlluence of h:ighcr'-order anharmonicitv corrections,
believed to be small, has not been taken into accorrnr.
'l'hese vibrat.ional constants are in good agreement with
Richardson'sm indircctll. deterniinerl values for H2+,
namelv a":2297 ctn-r and ris!t":$) cm-r. R)' appl'ing
t.he isotope relations to these indirect deterntinations,
one can obtain {rstimates of the I)s+ constants which are
also in gootl agreenrent s'ith the values determinerl in
this investigation. AIso, measuretnents of the kinetic-
energv distribution of pholoelectrons produced in
photoionization liave shown good agreernent for
vibrational intervals predictecl fronr Richardson's clata
and observed values.T'8

The nronochromator bandn'idth used in l.hese experi-
ments was sufficiently broad as to not allon' a highll,
accurate determination of the ionizati,rn potential of
IIr. On the othr:r hancl, agreernent wirh previous ntore
accurate determinalions is expected if the obsenatlons
do in fact correspond to the interpretation ourlined
above. Therefore the determination of ionization
energies constitrutes a reasonable internal check of the
experimental mr:thod.

The peak corresponding to e :0 as observccl in rhe
H2 investigation was interpreted as bcing predominantlv
due to product,iorr of low-energl- electrons b1' auto-
ionizing st.ates of the excited molecule. 'lhe peak er-
pected to corresponri to the direct transition rvould
occur at a slightly different photon energ\.. Thus, the
II2 ionizatior] energy was not directlr, cleterrnined. Arr
inclirect determination is possitrle. From Table I n-e
hnd the photon energy for the thrcshold of thc process

Hz (t)r+, a" :O') {lu, +H2+ (r)r+, z' ==.3 ) f e* ( 15)

to be eclual to 16.194+0.010 eV. From the least-squares
fit of the vibrational intervals in II2+, sec Table III, rl.e
extrapolate 0.759+0.007 eV to be the energy inlerval
between the o:3 peak arid the unol>servecl i:0 ciirect

tion (see text). The quoLed error lor o"16 is sufficicntly large to inclur.lc
estimated effects of higher-order anharntonicity corrections as (.ell.

ionization peak. This leads 1o

1(Hr) .= 15.435:L0.012 eV ( 16)

if the peak maxima are intcrpreted as corresponding tcr
thc J":tf,-rl:0 transition. A sr'all correctlon to this
value is required if the peaks actuall,\' corr.espond ro a
different pair of rotational quantum nunibers. Br-
studr-ing the z==0 pctk amplitude: as a iuncri,rn of
anah'zer e\ccss errergl' (see I"ig. 5 t, it is corrclucle(l that
the energv of the lorv-energy elcctrons proclucecl bv
ar,rtoionization is consisterrt lvith zero and .rp..i-
mentall_r' less than 0.015 eV. Fron'r the ob,served peali
position rve arrive at a. seconcl indirect cletermination of
/(Hr) , nameh'

/iI'I,l "' 15.-12(r.80.018 e\r, (17 
t

rvhere the somervhal. larger crror. lirtrit reflects the
unkn<)rvn energr,: of the autoionized elcctrons as u.ell as
the possibilit.l' that the phrtton encrg). rcquired ro
produce the autoioniz;ing state na.,, be less thzrn the
photon energ\- requirr:d for direct i,rnization o\\,ins to
rotational ercit.ation of the ground state. The avernge
value is regardcd as the ionization e:nergy of He det*-
mined in these erperimr:nts:

1(H,) =- 1.5.+31+0.022 eV, (18)

rvhere tht: quote(l err:or is the rms error of the in_
dependent indirect deterurinations.

-{ cornpletc}r' analorl,lrs siluati<in is for-rncl in D1. In
this- case, tire photon energv corresponding to the r,:2
peak is userl: 15.8,tr6:t 0.010 eV. Fr.ont the I.u.t-rquu..,
frt of t.he vibrational intervals in I)2-F, the extraltolalcd
cnerglr intelval betrveen the u:2 peak and the rrn_
observecl u:0 peak is f,,und to be O.3E3*0.006 e\'. If
the peak rrurrima corrcspond to J,':A-+J:0 transi_
tions, rve set

1(l )- ' :15.16.J+() 011 c\- (19 r

The 'u:0 peak is observed to be prorluced b1- lorv-energv
elcctrons (probabi-"- lcss than 0.015 eV) frorn auto-
ionizing states of the erxcited neutral. As in the case of
FIz, this is used to a::rive at a second, inclepenclenr,
determination of thr: i,rnization energv of D2,

1(Dr) : 1.5..174:b0.01E cv (20)

The average of these values is rcgarde,rl as thc ionization
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( 28)

(London) 86,

erlerg\'of r): as cietcrmined in these experiments: transition probabilirier; indicatecl in -fables I anci II
1(Dr) :15..168:t0.022 e\r, t21r nrilht be associated with features of the relevant' potcnttal curves and not in cross_sect.ion variations.

where, as before, the. quoted error is the rms error of the To explore the idea more full1, we outline the usual
indepenclent detr:rmiriations. formulafion of the photoionization cross sectionThe tnetrsured. difference 41:1(Dr) -/(Hr) :0.0.J7 appropriate to these &periments. 'fhe cross secrioneV should conespond to the follorving cli{Ierence in Ior a transition fronr a noncleg.n.*rte initial stare of a
zero-point etrergies, denoted bv E0: rliatomic rnolecule to a given final state 'ra' be written

^ 
: [r; (H,) -.!n (Dz) ] * [t0 (]I,'r ) - E'o(D, .) l, (22 )

I{crzberg and l{onfils have reportecl accurate values of
Eo(II'z) and Eo(Drl.?1 Frorn fablc III, rvc calculare
values of Eo(II2r ) and E6(D2+) where the uncertairrtv
is sufLr:iently .large t hat higher-orcler ariharmtrnic
corrections nay be ignored. \\Ie ol>taitr

A:316 t:rl-l -0.039 e\', ( 23)

tn ercellent agrer:nrent rvith the diliercnce in ionizalion
energies. Clearll.the values of 1([I1) anrl 1iI):r deter-
mirred in this irLvestigation form a self.consistcni sct
together rl'ith the vibratir_rnal constanLs. As Dreviouslr.
indicrted thc valuc of 11H-) rcponerl in rhis pep.r is iir
goocl agrecrtrent witli rnore ?rccurate cleterrrrinaii,,n*.r,rt

B. Relative Intensities

In contrast ri'ilh tht: rather goocl :rgreentent benr.een
previor-rsl1' reirorted ionization energies rrnrl vibrational
constants antl the values determined in this rvork. the
obseru'ed relative intensities do not agree rvith theo-
rrtical expectati,lns. Calculated I'ranck,(,oncion fac,
torslr pertairring to transitions betlveen rotalionless
staies of the neur.ral l"nd n-rolecular ion are indicatecl irr
'I'ables.l anrl IJ. It is evident that there is consiclerable
disagreenrent. TlLc departur.es fronr theoretical relatir.e
irrtensities report.ed by Frost et al.1 are considerablv
srnaller than the discrerpancies indicated bl the rcsult:
of this rcsearch. 'l'heir results are not) hou'ever, strictl,r.
cornparable inasrnrrcir as lheir experiments are, rn
principle, of a diflerent charac:te:r. 'Ihat is. thev neasrrre
the distribution acc:orrling ro librational Itr cl of ions
forn'rerl b_v absorption of photons wl'rose fired cnr:rg\. is
about 5.8 e\- in. erccss of the minirnum ionization
energ\-. fhe results of the researcli reporrerl in this
paper pertairr to those diffcr.errL photon energies ri,hich
correspond to thr: ionization thresholds o1 the diflerent
ion vibrational k:v<:ls. Possible unknori'l variations of
the cross sectio.n tr-ith e-xcess energv abot.e these
different tirresholds night resolvc sonre-- of the app:rrenr
disagreer:reuts isee the cliscussion of this poirit in Ref.
7). It is also poss,ible that very rapid variations of rhe
cross seciion ri'ithin the experirncntal bandri'idth of rhe
threshold could influence the observed peak intensiries.
On the other ha;rd, the ver;. close qrLalitarive cor.re-
spc.rndence of rhe rhreshold electron spectra observed in
H2 as comparecl g.ith D2 suggesrs that the relative

2r G. Hcrzbcrg an,l .\. ]I,rntils.
22 c. I{. t-ru"n. j. i i;;. i;hl';l

as'3

I r -..,, 12o(,) : (8r3ev,/361 j / *.,*1t, R)rv.(r, R)d3rdrR | ,

(21)

rvhere.z is the frequencl' of the inciclent pht.rlon, r
sr-rnbolizes a single electron coordinate. and R is the
llosition vt:ctor of one nucleus relative to the others.
1"or degenerate states this expression nltst be ar.craged
over initial states and suntmecl over iinal states. In the
lldrn-Oppcnheimer ap4troximation the total eigen_
function is separated according t<t

V,(r, R) ==R-lV;(r, R)@;(R)1;(R-rR), (25)

rvhere 1;, S;, ry'; are the rotation, vibration, and elec_
tronir: eigenfunctions of the nroleclrle in the initial
sta.te and R: lR ]. An analogous e.xpression mar.be
ri'rittcn for V1. T'ire Franck-Condori approrin,arirn
permits separatiorr of r:he integral over electrorric co-
ordinates from the integration over R. Also, since
rotational structure is not resolvecl irt rhese erperinrents
the integrais over deqenerate rotational levels are
regarded as effectr:rl arLr,l averaged (see Ref. 19 for a
cliscussion c-,f the sun-r over rotation:Ll states for cliscrete_.
discrete lransitiorrs). Ihe resulting averagecl cross
section then describes ir transition fiorn a vibrational
level e" of {.he neutral rnolecule to a vibrational level i,,
of the ion in the form

o,-,,,' (r)': Q (v", a'') ilI (v 1, ( )6)

u'here the vibra.tional rluanturr nur.nbers of thc eigen-
fr-urr:tions @;, fy have been explicitly developeci, i.e.,'tire
Franck-Condon factors are

. I r 12q(r",t!1: I l ifg)d,(R)dR . (.2i)
)-t I

1'he qrrantitv I,I (u't is 1>resurned to contairr the variation
of the cross section rvith excess ener-gv abo,,,e threshokl.

I'or the photoionization oI I{2, r,,.=0 and rhe relative
cross section aL Ihreshr_r1,:] for transitior]s to t$.o clistinct
vibrational levcls rif the ion, clenotecl f 1, l,/, r,2/ is
giverr b;'

,io"r'(ro"!l_ : 4ft1 M(r0,,,)
do,r,(roor,) q(0, ,r'i l,f Q"u;

*| lfujt,l't""nerv 
and U opik, Proc. Rov Soc.J. i\lol. 31,cct11'5,.lxl \1900r.

44,259',2 (1966).
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Tht: trvo cross sections in this exprcssion have been
evaluated at differen1. photon fretpencies according to
ltvn,,:[-trp,1r'), w]rere 1 is the ionization encrgr- and
E(u') is the ion vibrational energ\i witli respecr lo
u':0. lf M(,v) is nearly independenr of z, then. for
some range of ic,n vibrational levels, we erpect

oo, r, (.ro, r') / oou 2, (vsu r,) : q (0, ar' ) / q (0, t"'') ; (29 I

that is, the relal.ive cross scctions are proportional to
the ratio of the appropriate Francli Condon lactors. It
is important lo reaiize tliat departures from the pre-
dictions of liq. (29) may nean that Eq. (28) is a betrer
representation of the situation in rvhich case the varia-
tion of M(r,) u'it.h y bccomes sisnifrcant.

While it is conceivablc that unknorvn variations of
I:[ (v) ma-v e\pli]in the known e\perintcntal situations,
it. is appropriatc to inquire rvhether the fornulation of
the overlap intel;rals as erpressed tn Er1. ()7 I is correct.
The usuall;' neglected viblation rotal.ion interacrion is
known to influence intensities in eler:tronic bancls of
hvdride molecules.ea As pointed out ltr- -'[amcs, the
ralio B"f a" is an appropriate rricasure in estiniating the
possible imporlance of this elfecr..:; For RbIIi-Y 1)'i)
this ratio is about 1/300 and conrputcd l'ranck-Conr.lon
fa"ctors show a dependence on rotational quanrunr
rrunrber. For I{r'r and Hz the ratio B",itt"is evcn larger,
roughll- 1/75. 'l'here are no calculations for H2 transi-
tions ri'hich alternpt to takc this ctTect into account.
To illuslrate the large eflects to l,re especterl in H2
ionization, Iiranck-Condon fact.ors for harrlonic oscilla-
tor pot.ential fr"inctions have be en calculated rvhich
include the dcpendcncr on rotation.

Follorving 1he treatment in Pauling ancl \\'ilson,r0
the Schrodinger equation for a harrnoni<; oscillator
inclu,ling r()tilti{lr ma1,- be u'rit.ten in the folloti'ing
form in the case of 1) states:

/ Ijr /J.1 :/l \: \E-J Jrt B,j. _.-_.'_ " '-- ." _ \,t r)\ - 3.rg+1){(a,,f.Il3,,tf''
'fhis is Lhe equation for a harnronic oscillator of fre_
quencv c-u"' n.here

ecluation becornes

f ltt ,l: / .",
l- zi,,l"' '\-C.r;

.il(J1-1tli"t, .r

-+- "l;il,/,
o I S l7re' / l

."' :."ILI+U2J (J +7) 8"2/,'e"21)irt2 (3J 
'

\\'hen J is sui6cientlr,' srnall this r:rav be rvr.itten in
tne lofnl

e; .=e,-!,--l6J (/-l- 1) l)"2/u"). (i l)
whir:h can be con'iparcd *.ith the us;rral erpression for
the enet'gr-oi the rotatins anharmonic oscillator:

Gr(zi1 ':lu"*a"J (J -11 ) I (r * i )

- lus:"- y".,r i./* 1 I ] (r *] t,+ . . .

+R"l(J-iI)1-.... (JS,

lhelefoie. in this appro:iimation, n,e jrncl the vibr.ation_.
rotatioll ititeracti()ll con,cllirlt ol the rotatitig har.ilr:tic
osciliatr-'r to be

a"--- - 6]),:,/r". (36 r

/12
t---
\ l||t

d1 , d"r ), J(J+1,8"\,
rlrt 

T'.1 g"r":n"-r ll | \il r",)r ) v = 1: v"tu I

'I'hc solutions of Iiq. (ri2) must. norv be labeled. accorcl-
ing to bcrh vibr.ational ancl rotaiional quanrunl
nunrbers: ry',y. ErlLratioo (.Zi t rnusf t)e mociified to the
f olrn

q(..r",J";7l,Jt1 - t, 
l' d,,,r,,(,R,d,,r,(Ii,,/11 

:. 
(37r

J

Franck Condon factors for hantroni,:-oscillator porer]_
tials inclLrdine displ:icer.rrent of ecitrilibr.ium coorclinate
mal be dilectl_r. computecl.:7 Using molccuiar con,siants
of llr and IIr- \\-e havi: calcularecl ll.iesc facLor.s for. thr:
rotating harrnonic oscillator. rvhere thc rorrLtional
energl is inclurled in thc manrier.outlinecl abor.e. \\-hik:
iL is kuox-n thal the har.nionic oscillator is a rather porl.
representation of the potential fulction of r"uok:r:trlar
hlrlrogen. ihe resrrits ar.t: easil,r.obtainer,i and are ratht:r
strilii'g. Table [\; shoi.i's the res']ts ,:rf t.his ciLicrrlatic.'r
for the (0, t,') bunds fgr r'= 0, 2, .1,6. Onl_r, those
tlansition-q il'hcle -\-/ .. (1, * 2 are r:ousicler r,11. Sitctr
transilions prescrve the parir or. or-lho spin slatcs of the
nucleii. '\ sinrilar rr-rle has been involierl in the con_
sicleratiorr of lotalional str.ucture in the eIectron-
inrpact stuc11. of 11: ionizalion ne:u. thl.(jsholcl.2E Clearlr.,
l:rrge effect.s of the vil.rrzrtion-rot.ation interacrion aie
apparentr especiallv for thc higher u, lr:r.els. It is eliclrnt
that a conect tli(ror-\- of int.cnsities in ionizing transi-

...tt.1. +f I{enrlcrson. R. -q. \\'ill('t, trL \lrrrenrrto, ancl D. C.Ilicharclson, "'fables of [Iarnrt,nic Irrarrck -(]orrtjon OvcrlapIntegrals_-Ilrciurling Displaccment of \crrral Cour.li,,"t"s.',
Douglas Rcpt. S\I-4.5807, Itouglas .\ircraft C;., igd iunpub_
lished ) .

,,, J-- \1.'.- IIc(]ori.an and .\L A. I:ineman. l,h1.s. I{cr,. I_ettcrsls,179 (196s).

where cr,, 8", r" have the usual significance, I:r-r",
rz is the reduce,l mass of the atoms, y', is the cigen-
function app:'opriate to the energ\..1i, ancl ./ is the
rotational quirnLunt numlter. llhe rotational energr- is
expanded in powers of-rtfr" and is truncated after rhree
terms. 'lhe new effective potcntial funclion has a
minimur-n irL

/ l(I*1 t \
r: I j.l -- -:.

\ ' 3l(J111|_(a"2f 18"2 1f 
''' \vrl

Ily means of a change of variable the effective potential
is exJtanded aborlt the new minimum. 'fhe Schr.cidinger

:, Jl C Jain and I{. C. Sahni, Proc. Roy, Sot:. (London) 88, 495
( 1e66) .

!5T. C. James, J. Chem. Ph1's.32, 1770 (1960) .

!8 L. Pauling and Ii. B. \\'ilson, Introduclion to Quutttu.n ][e-
c/ranics lMcGraw-Hill Book Co., New York, 1935).
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Franck-Condon factors for J"+J'
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tions in nroleculur h1'<lrogen shoLrld take this eftr:ct into
account. In this coirte\t it should be noted that calcula-
tions of Francli-Conclorr faclols for ele'c:tronic transi-
tions in the neutrll molccule have not irrcludr:d this
eliect anc1, again. it is suggested that a signili<:anr eucct
riill bc f,-.'ttrr,l el rh,: lriglrer r'llrr:rtionll levcls.

In considcliug the rotating )lolse osci,lalor. Pekeris
has delived the folloiring crpr..cssion f,rl the vibratiorr-
rotation internction const.rnl:e :

Lr e 
: i ()e 

c1' e 
/ e 

" 
t B 

"(.,D, 
f c': 

"r " 
t r' 2 - (,6R 

"!,' 
c "', ('.iE l

u'hicir leduces to E(1. I .i5 ) s'hen cr".''',->0. lior an
anharmonic cscjllator u-irh a,)0 the rotaiional dis-
r('r'liolr of lh{- r)()lenlirl is sLrcIL ts to ]'c,lr.lre tlre etiectir-e" "'" r- ''__-'__
vibra'.ional {r'equcnr:,r- ar-rd not inclease it. Thrreforc,
the nrodel Flancli'Condon factol ca.lcula.tion for the
rotaiing halnroni,: oscillator probabl,r' does not corrcctl\-
inrlicale lhe tlenrl of the ovellap inti:r:rals n'ith in-
creasing lotaiionlrL qriantunr riurnitr:r. It- is cleal that
11't.7//=.0-/'-[] entlics for the tlitfererit (0. t'' barrrls,
crllrrsnonrlins t,.r tire usuallr' calculatcr-l Franck-
Conclon filctofs, are often quite distinct irt.,m values
founrl for oll.,er (J" ,./'.1 ccrlbinations. Sir.rce onl,v 1391
of I12 at rocn] tcnrperalrtre is in the -/" ='=0 rotational
statc. the f lalir:li-Coi-rclon calcLrlai ions t'rfcliing t,t
roLationle-qs polcn'.ial cllf\'('s llla\- ilcclr:n! iL/t' onlv a

l$l_ft :f i he act r,ial t ransit ion probabili t r'.

:! C. 1,. Ptkeris. i'hl's. Rev.45, 98 (1931).

-{ correct theorl,' of the photoionization of the
h1-clrogen nrolecultr should inclucle consitleration of all
phvsically- sigrriiicant inleractions.'l'he cross section iur
1 lre r rro, luct i,rn,,I ir,ns in :r sirr,.l- r'il rr;r tiona]-rotatiunal'".-r''".-.._
ler-cl *'il1 be proportional to the modified Franck-
Condon factor as intlicated above and to the appro-
priate Iines strengih.Is'f'herefore, the cross section lor
r)ro(llrction of a clehnire rotalional-vibrational level ofr^ " _'._'' '"-_
the ion ri'ill be sensitive to the line strength as well. As
inclicaterl in I:q. (38t the cr, r'aluc is e.rpectecl to be

serisitive to thc anhannoni<:itv of the potential function
and thus <:alculations of over'1ap integrais including
vibration-rotation interaction rvill be e-rtrernell' sensi-
tive to the detailed shape of rotal.ionless potential
cr.irve. Clearl\', more theorelical work is indicated.
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