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The photoab&wpt-icn eross nestion cf nmleir^lar Hc,0 and Dfl<J na s befin

•iele.fmir.fid in f-kz a-artie fron hv - 10 e'f tu 2(- eV üith 0,03 '/. r&solu-

tiox. A a'ef-ifjed ar.aiysis of th? !tyäber>g e.Kfi.es inoiudiny thu roiatioYial

l'ine sfatpas of seve-rul banüs to tosate vh& band um-gins and o. ?o>>~,par:'p,or>.

r,o recent ab inilifi ijalonlation^ tu aiven. IY> tüs pggion of 'jtoniiiivovfi

abcor'pr,ic,n \ne have assigned a p-type and a a-lype fi^dbfi'fg series Itading

to the 2A and ifa 2B.t szate i-ecpeat-ivsty uitk qnantn"t defe.-it.fi f '". C.7-5

U'ater vapour is important b ü c a u y e of its uearly universal appcarance. Consequently

the ground and cxc.iLüd K ta t e s of the water molecule havc; heen the sub jec t of a

large number of de ta i l ed i n v t - s L i g a t i o n s . For a discussion of the relevant lite-

r a t u r up tu 1974 we refer to Hersberg 's 1 and Robins2 houks. in spi te of consi-

derable recent theoret ica l j~ s and ex])eriniental' '~ ! -' e f fo r t s scvt-ral prol i lems

(.•.(inceriiing the vacuum ultraviolet (VCV) absorpLinn spectrum of H..O and D,jO, in

par t i cu la r the natnre and aäsigimient of the absorption bands in the i o n i z a t i o n

con t i nuura region, need f u r t h e r clarif ication.

We report in the present paper on new measurements of the absorption cross sec-

tion of H?0 and D,0 under high resolnt ion in the VUV ränge for photon energi^K

hv = 10 to 20 eV. In this ränge we expect transitions originating from the upper-

T I I I I S t L h Tue o r h i L a l ,« : T n t h e ground B La L t', t h*; mo l ecn l nr ( i rb i ta l cnnf if.urat i (in i s

l

where the uppermost three orbitals have vertical ionization energies of

I2,f>2 (;V, 14.73 cV and 18.54 e.V rcspectively > . The aim of our investigation

is a detailed assignment of Rydberg series originating from the lb„, 3a and

Ib. orbiL.-ilH. Tliis iy dune hy Cdmparing our results with high resolution photo-

elt!t:tr(in spuc.Lr;i - ' and wiLh Lhtorctical calculations''~fi. As originally suggested

by Mulliken1" and corroborated quantitatively by the recent calculations df the

orbital sizes by (loddard and Hunt5 the simples!, vi'ew of i_he tixfiii'd orbitals is

Ln ronsidcr o.ai h äs arising from an r.;-3 Rydberg atomic orbital modified by the

molekular field! f\k snpported by buiidesminsCcr-ium für Forschung und Tct-liuologic
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T I . Experiments and R e s u l L s

For our measurements we have exploited the combination of intcnsc Synchrotron

radiation from the DORTS storap.e ring a L DF.SY1 •' wi Lh ;i h i gh rcsolution 3m nor-

mal incidence scanntng monochromator with a ve r t i ca l d i sp«rs ion plane1 y > ' ' ! . In

br ie t , Synchrotron radia t ion emitted Irom eleetrons within the storagr. r ing

i s f ocussr.d onto Lhti enLrance slit o£ the 3m i n s t rumen t , wluch ha s a resolut ion

of 0.03 A in t i rs t örder. The l lght emerging f rom the exit s l i t cniverses a 60 cm

long absorptioi'i chamber, is converted int o longer wavelength photons by a sodiuni

salicylate screen deposited on a glass window and i s dt:tected by a photomulti-

plier (EMI 9804)_ The gas pressure in the windowless absorp t i im cell ranged

from I x l Q " to l > . I O ~ L t Torr, äs uieasured by a merabrane - vacuummeter ( D a t e m e t r i x

Model 531) .

Spectra for the absolute photoabsorption cross section o£ H O and D-Q are dis-

played in Fig. I. Small portions of the spectra are shown in the inserts in Fig. l,

in Fig. 2 and in the insert in Fig. 3 on an expanded scale. From these .an idea

of the resolution and accuracy of our data for detennining detai led t" ine struc-

ture may be obtained. The spectra shown in Fig. l are replot ted on a phoUm

cnergy scale in Fig. 3 togethcr with absorption data a t lower photon energies'1

and with our assignment (see below).

The absorpt-i uii spectrum (F ig . l} shows a ränge of s t roiig structured bands be-

tween 1250 Ä and % I O O O 5, the ränge of the A B C and D series f i r s t observed by

Price . This is followed to shorter wavelengths by a broad continuum with vi-

brational progrcssions superimposed. With the exception of addit ioiial details

displayed here, the main features of thü absorption spectrum are in good agree-

ment with prcvious absolute cross section measurements äs reported by Katayama

et a L . - 2 . A small part of tlie spectrum extendmg f r o m 1220 A to 1240 A ha s been

studied and anaLyzed previously by Johns with an even higher resolution of

0.005 A u sing phoLugraphic recordinj; . W i t h i n t h(- l i r n i L H öl our "low" resolution

near ly pe r fec t agreemenL betwuen this study and our measurements was found" . A

v i b r a L i o n a l ai ialysis of the band systoms wi L h u r i g i n s aL 1240 5 and 1 2 1 9 A hass

beeti given by B i > l l - ! (see Table 2).

III , Disciiys i on

in the discussion w c.onf i n e uu r se lves to the Rydberg t ransi t ions or ig ina t ing

f rotn L h ü l b,., 3a. and !b t orbi ta l . The anal y s i s of rutat ional l i ne shapes using

model c a J t - u l a L i d i i R based on the asymmetric rotator''"-' t:iiablt:s us to locate pre-

cisely the band ho.ads of several Rydberg transitions originat ing frora t h u

uppermost Ib o rb i ta l . The resul ts ot such an analysis are presented for the

I b . -> 3pa (000) L r a n s i t i o n in f ' ig. 2. The fit hag been ob ta ined w i t h the rota-

tional constants äs detcrmined by Johns'1 , narnely for the ground s t a t c r

A = 27.88, C = 9 . 2 9 and . = -0.44 and for the excited 1B state A = 25.67,

C = 8.55 and f = -0.53. The agreement of this simple model c a l c u l a L i i m assuming

the sane geometry for Lhe grcuiid and excited state with the experimcnt is

excellent.

A summary of our assignment is given in Table l where we also makc comparison

with the results of recent theoretical i.nvest igat ionsJ *.

The absorption bands abuve the fLrst ionization potential are superimposed on a

strong continuous background. They are hitherto unassigned, although it has been

conj üt:tured^> '••-, that the structured bands and progressions belong t.i> Rydberg

transitions originating from the 3a and \b orbital. We have been guided for

our assigTimiint by the close correspondence of a vibrational progression asso-

ciated with a particular Rydberg transition with the vibrational structure ob-

served for the ionic s t a t e s » . Since it is difficult to identify the 0-0



transitions both in tiie photoelectron and the opt ical absorption spectrurn we

have used for ehe discussion of term values vert ical i o r i i K a t i o n poLeu t i a l s (TP )

äs derived f r o m the photoelectron spectra * - "*. Furthermore, äs recently pointed

out by Schwarz'"1, the vertical energy d i f fe rence of t wo e lec t ron ic scat.es is

more suitablii in many cases for a eomparison of experiment with theory.

III_._|. s-likc series

As regards the s-like Rydberg series in H^O, Robin'' has noted already a remark-

able consistency of the term values regardless f rom wl i i ch o r h i L a l Lhey or iginat i 1 .

The broad absorption bands at around 7 .44 eV and 9.85 eV have been assigned by

h im äs 1h . ~'3s and 3a.-*3s respect ively. Thi s y ie lds t i lge t he r wi t h the TP 's

at 12.62 eV and 14.87 eV term values of 5 .18 eV and 5.02 eV respect ively .

Robin's assignraent is also in accord with the most recent ab in i t io calculations

for these transitions {see Table 1 ) . laking the third IP at 18.86 eV and

assuming A term value of roughly 5.0 eV, we expect the lb_->3s t r a n s i t i o n at

around 13.8 eV. In this ränge streng continuous absorption and p-like states are

observed, The Ib0^-3s transition, which is expected to be broad and d i f f u s e , may

well additionally contribute tD the cross see t i cm in this re.gion, We assign the

absorption bands at around 16 cV to 1 7 eV to the lb„-*-4s t ransi t ion. This assign-

mcnt is corroborated by the one to one correspondence between the structure in

the absorption cross section and the photoelectron specLrum äs determined by

Karlsson et a l. -1 u Furthermore, the result ing terin value of 2 .0 eV for the 4s t_r,in-

s i t ion is consistent wi th t h i s I n t e rp re t a t i on . On the bas i s of this term value

nm; would expecL 4s transitions o r ip ina t ing f r o m I b . and 3a at around l l .0 eV

and 12.87 eV respectively. T h i s expectation for the ) b -*-4s a s s i^nmenL i .s in good

agreement with the excitation energy calculated by Coddard and H u n t ' - . For t h r.

3a -*4s transit ion i t j s not possible to give a unique assignment. Never theless

a c o n t r i b u t i o n of 3a -»-4s to the ahsorpt ion at around 1 2 . 9 eV is not u n l i k c l y .

- 6 -

111.2 p- and d-like serles

Our assignments for the p- ar.d d-like Rydberg transitions origin;iting from the

Ib tirbiLal arc ^iven in Table 1 . All the sharp and structured bands at around

11.0 eV can be assigned satisfactorily on the basis of their relational con-

tours to the four optically allowed Ib -3d transitions1'^ (see also the insert

in Fig. 1). Further, we note that for tht1 ] ower mt-mbers of thc p- and d-like

Kerie.y there ia exeeilent agreement between our assignment and the excitation

energies äs calculated by Goddard and Hunt'. The 3a -*-4p and -i-5p transiticns are

indicated in Fig. 3. Although there is a strong overlap of vibrational bands

belnnging t o di ff t^renL p-1 i ke t ran s i t i uns äs weil äs to the s-like states, äs

discussed above, our assignment is supported by the close correspondence of the

structures in the absorption and photoelectron spectra äs well äs by the result-

ing term values. The detailed fine structure observed for several vibrational

band K belimgi ng to these Rydberg L r ans i t i eins (see the insert in Fig. 3) i s

still a problem. Aside from rotational structure the deviation of the molecular

potential from spherical symmetry results in Liehr Splitting effects of the

p-like final states. At the same time a Renner-Teller Splitting^5 in the nearly

linear geometry of the excited states i s expect ed. hii thouL detai led c:al t'.uJflt ions

it is at präsent premature to give a more elaborate discussion of this point.

Final]y we turn to the vibrational analysis for several of the observed tran-

sitions. We have summ^rizcd the main points in Table 2, wherc we give the fre-

quencies of the ground state and the ionic states for comparison.2-'
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Table l: Assignment of Rydberg transitions in the absorption spectrum of H„0 and D,0.
i 2.

All energies are in eV. Subscript v; vertical energies.

Orbital , ionizat ion energ;

binding properties *a> '

l bl

12.62 12.62

(Ist band)

non bonding

perpendicular t o
molecular plane

Jal

13.897 13.988

(Ist band)

14.87 14.96
v v

weakly 0-H bonding
parallel to moLecular plan

Ib2

17.22 17.26

strongly 0-H bonding
>arallel to molecular plan

t r ans i t ions

issignment

lb • 3s

4s

5s

3pa,

3pb,

3da,

3db,

3da,

4pa,

4pb,

4da,

4db,

5p

5d

6p

6d

?P

7d

8p

Bd

9p

9d

-p

-d

3a -3s

4s

4p

5p

e

1

4s

1

experiment

H20

&

7.44 (c)
v

10.64

9.998 0.72

10.171 0.67

10.990 0.11

11.041 0.06

11.057 0.04

11.122 -O. 02

11.374 0.69

11.432 0.60

11.729 0.08

1I.77O -0.01

11.890 0.66

12.061 0.05

12.120 0.74

12.235 0.02

12.288 0.52

12.337 0.01

12.361 0.63

12.399 0.07

12.411 0.77

12.448 -0.03

12.612 0.67

12.612 0.03

9.85 (c)

•12.9

13. 5y 0.83

14. lv 0.74

''*•»„

13.8
v

16. 9v 1.38

18.9v

D20

6

10.011 0.72

10.171 0.65

10.966 0.12

11.055 0.07

11.070 0.05

11.130 O.OO

11.385 0.71

11.427 0.65

11.752 0.08

11.793 -0.01

11.901 0.70

12.075 0.08

12.155 0.69

12.254 0.04

12.300 0.65

12.365 -0.07

12.386 0.65

12.423 0.03

12.438 0.75

12.468 0.03

12.637 0.70

12.638 0.01

13. 9V 0.75

14. 2V 0.70

•».13.0
v

13.8v
17. Ov 1.35

19.0v

theory

(d) (e) (f) ,,)

7.30 7.61 7.JO 7.22

10.64

1 1 .66

1O.04 10.06 9.90 9.02

10.16 10.16 10.32 9.48

11.07 9.61

1 1 . 1 7

1 1 . 1 7

1 1 .42

9.82 9.80 9.54

1 1 .47 1 1 . 2 1
1 1 .92 1 1 .72
12.08

(a) D.W. Turner et al., Ref. 13; (b> L. Karlsson et al., Ref. 14; (c) M.B. Robin, Ref. 2\) W.A. Goddard III and W.J. Hunt, Ref. 5; (e) N.W. Winter et al. Ret. fl;

(f) R.J. Buenker and S.D. Peyerimhoff, Ref. 6; (g) D. Yeager et al., Ref. 7



Table 2: Vibrationa] euergies for the v and v. mode observed in the present- ^ i

work for various states of H.-.0 and D.,0 äs compared to Lhe energies

of the same modcs in the ground and ionic. states. All energies art-

in meV.

s tä te

(a)ground state

ionic state 2B

., , this work3pb

B e L l < C >

-, this work
3pa(

Bell (c

3da

3da„, 3db,

3da]

- - -,, (b)iomc statE ^A,

3 a ~*4p

3 a ,'*5p

ionic state 2B

Ib -4 sä

H20

"'l

(raeV)

453

402

399

405

395

394

381

407

400

365

342

"'2

(meV)

198

1 7 7

204

203

173

174

-

-

-

122

1 17

128

185

180

D20

(roeVJ ImeVl

331 146

293 132

298 1 53

295 152

287 131

290 129

286

315

300

89

90

92

267 134

259 133

References to Tablc 2

(a) G. Herzberg, Ref. l

(b) L. Karlssun et al., Ref. 14

(c) S. Bell, Ref. 23

jjigure Captions

Fig. l Absolute .-ihfeurption cross secticm of molecular H O ;ind D O in

the ränge 1250 8 to 600 S. |he r;mge of the lb.-3d t.r;m-

siLioiis is shown on an expanded scale in the insert. For the

assignraents see Tablc l and t^xt..

Fig. 2 Comparison of the expericientally dcterminod band profilü Tor

the Ib '3pa (000) transition with a band profile calculaLed

for an asyrraneLric rütator.

Rydbtirg n s s i pnmeti t s Tor the absorption bands in the spcctra

of H-0 For the ränge below 10 üV t_h<i ypectra äs determined

by Watanabe et al.'- are shown. The dashed curves are Lhe vibra-

Linnal band.H ohserved in the photoelectron spectra14. The insert

for H?0 shows the observed fine strntaure für some of the bands

in n^re detail.
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