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Abstract

Relative photoionization eff iciency curves of the frayment

ions of O?, NO, and CO were determined in the energy region

17eV to 30eV by roeans of Synchrotron radiation. The photo-

ioniza t ion e f f i c i e n c y curves for 0 and 0 from molecular

oxygen, for 0 and N from ni t r ic oxide, and for O and C

and C~ from carbon monoxid : were deterrr.ined wi th a wave-

length resolution of 0.2 nm. The data show predipsociation

structure in the ion pair format ion region and a u t o i o n i z a t i o n

structure in the region of dissociative ionizat ion. ßecause

the mass spectrometric determination of negative photoions

exhibits a very low noise level, the invest igat ion of ion

pa ir format ion processes provides considerable I n f o r m a t i o n

on weak Rydberg series in the VUV tnercy region.

Introdjjct ion

For many years the atroospheric gases have been the subject

of absorption- and photoionizat ion-studies. M u c h work has

been done in this f i e l d up to the photon er.ergy 21eV.

A review ar t ic le covering the work done for O_ to about

197S up to this energy is g iven by Dehmer and Ch-jpka ( 1 ) -

Recently the f ca sab i l i t y of Synchrotron r a d i a t i o n sources

of h i g h i n t c -n s i t y gave r ise to a}-5,cr i^l ; • • • . 's of

0-, NO, and CO ir. i gy r&gion 21' . ' - -V.
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For Oj, Codling and Madden (2) reported the relative absorp-

tion cross section in the 20.7eV to 24.8eV region, and Watson

etal (3) published the absarption coefficients up to 31eV.

Absorption measurements for NO have been published from

Narayana and Price (4) in the energy region 17eV to 24.8eV,

and f i o m Sasanuma etal ( 5 ) . Hertz etal (6) determined the

photoionization e f f i c iency curves of NO / N , and O in the

region 18.5eV to 23eV.

The absorption spectrum of CO in the 19.6eV to 23.4eV energy

region has been reported by Codling and Potts ( 7 ) . Absorption

cross sections in the energy region 17eV to 23.8eV have been

published by Lee etal (8) and Sasanuma etal (9 ) . Branching

ratios up to 40eV for the dissociative ionization of 02, NO,

and CO have been measured by Kronebusch and Berkowitz ( 1 O ) ,

using l ine sourcc s.

The present work deals with the ion pair format ion processes.

The mass spectrometric determination of the relative photo-

ionizat ion e f f i c i ency curves of O /O from O.,, 0 /N f rom

NO and O /C and C f rom CO is reported. The apparatus used

in this study combines very low noise level for the negative

ion detection and high photon intensity. This enables the

study of the low intensity fragmentat ion processes

Experimental

The apparatus has been described in a previous paper ( 1 1 ) .

B r i e f l y , the Synchrotron r ad i a t i on of the storage r ing

DORIS at DESY, Hamburg, was used äs a l i gh t source. The

rad ia t ion was d spersed by a normal incidence monochro-

n.ator ( 1 2 ) . The vavelength resolution amounts to 0.2 nm

for all the measurements . The f ragment ions were selected

by a quadrupole ir.ass f i l t e r and ä tected by a channel eüectron

•MI 11 i p l1 CT. Gases were 'jsed »i t hou t f ü r t her p.ir if icat ion. The

pressure in the ion source was held at about 4x10~D Torr

(5x10~ Pa) d u r i n g the ir.e-asur. rr.ents, to avoid secondary

-r-1 J il - ' '.-et s.



Previous mass spcctrometric .investigations of the photo-

dissociation and photoi^nization of molecular oxygen have

been performed by some groups us ing a he l iu rn continuun äs

the source of exciting rad ia t ion ( l , 13, 1 4 ) . The most recent

neasur ements have been done by Dehrner and Chupka (1) with a

wavelength r e so lu t i on of O.OO7 nrr . They reported the r e l a t i v e

photoionization e f f i c i e n c y curves for 0, up to 21 .3eV and the

curves for 0~ and 0+ up to 20.5eV.

In f ig 1 the 0 -y je ld curve i n the u r i u ry y reqion 17eV tu

27eV and the O -y ie ld curve f 10:11 17eV to 29eV are shown.

The 0 -curve e x h i b i t s two d i s t i n c t rc s gions . The i n i t i a l

steep onset of the tirst one l ies at 1 7 . 2 8 e V . Up to 1 f . 4 e V

the O -yie ld curve shows a l arge numl-^ r of f eat .ir es. ; ey

have been invest3 gated and interpr eted ex tens ive ly by Df-i.n&r

and Chupka ( 1 ) . Although they reported t h a t t he re was no

ä iscernablc structure in the energy region 1 8 . 4 c ? V to 2 0 . f c c V ,

wo obst_'rved weak but reproducible s t ructure .

The- second region is show:i in f i g 2. The steep onset lies

at 20.59eV, fol lowcd by some s t ruc t .u re up to a cucond stL'L'p

onset at 2 1 , 2 8 c V . The in t . t - n s i t y decrcdscs abovc 2 1 - b e V . On

the declining slope some feat ' jres were observod. '-'he r a t i o

of the 0 - i n f e n s J l y at - h e f i r s t . psr t j - r ;> : i ÜKU'I jt 1 V . 3 e V to

0 - to the 0 - i n t crisity at 2 1 . 5 e V is O . O 2 4 . Tljes.o r a t i o s

are puru-ly cxperimental and do not r ^ X e i n t o acco'jnt dis-

cr ininatior. ef fec s of the n-äs s f i l i er ,

Table 1 c o n l a i n s t he 0 -yield sl .r- jcturc abovc 2 O . 4 c V to-

gt ther with data f r o m eH/ctron-in.paci t- ancl sb.norpt . ion-

ntcasiirenenl s . Tiic absurpt i on b - i : 'UG ,-. . r c r j j. K; - J i i ed by

Codliny and .^icinen { 2 } :ir- ;;^;:i., _•=. <; ;.-: ü: , s r^ ::\ : f j j ::n T. t • . ' - , •

v ' --0 and v 1 1 vi l.,r ai i o.nal l&ve]s of ihc oZ-ion M a l e c"I .
z u

The assinnirsent of the s ia tes is takc-n fro^ Lindholir. f l b )

r.:-d t'.r-.r3\'zm a n d P r i c e 1 4 } .

Q_

In the 17eV to 18 .4eV cncrgy region, the agreement with the

jjhotoionization e f f d c i e n c y curves of Dehmer and Chupka ( 1 )

is gcod. Between 1 8 . 4 e V and 20.5eV we observed some struc-

t u r e in cont.rast to previous measurenents , Candidatcs for

neutra l statcs p r e d i s s o c d a t i n q in ion pair states could be

the Kydberc states cunverqing to the B ^ - ion sl.ate. The

-same r.eutral states are responsible for struct ' jre in the

0 - c f f i c J e n c y curve . The branching ratio of 0 - arid O -pro-

düct ion f ron neutral a tatcs is about 100:1. The weaknoss

of t ha t. s t ructure prevents f ur ther in t er p r c-1 at. 1011. Contin-

jui i , ccn t r ib.11 i O: i s seejiis L o be absen t.

f-.nü. O may be forirr-d in the y r o u n d c ; a t e

f i r s t exci ted s t u t e ^0°, r p spnc t i v f - l y . • A

strc'p onset i s observed at ;_his energy. C o m b i n a t i c n of a

2D°-tcrn wi th a 2 P°- tu rn i q i v e s r i se to i', Y.~ [ 2 ) , 7. i 3) ,

f; ( 2 ) , i i rolecular states wi th both sinq.let and tr iplet
3 - 3

i n u l t ipl i ci t.i es. From these states 1. ( 2 ) - and u (3 ) - s t a t e s

can be populated through a d ipo l e a l l owe d t rans i t ion from
T —

the ^ -crround state. The width of the steep onset at 2 0 . b 9 e V
g -

a.-iiounts to the same va lue äs t.he f \vhrn of the exc i t ing r a d i > -

t i on . For these reasons we duccr ibe the steep onset äs due

tc direct dissociat ion via an ion paii s ta to or via a Ryd-

bürg L - t a t e - w i th proper synn^l.ry i r . teract ing suf f ici ent . ly

s t rongly w i t h the corr espcr.d i ny J O D t t a : c . Th i s i n t e r a c t i o n

would r c su l t in an avo i^ed cross ing w h i c h woulu li.'ßd to a

P o t e n t i a l curve w i t h a d o u b l e - i - inin^jn wa t h the i n t e r v e n i n q

I ; , . T X i n an be low the asynpicte ( 1 ) . The same i r . t r>rpn-- t a t ion

I T Ü V hold i or the onset öt 2 1 . 2 8 o V .

at



0+( P°). These interpretations of the onsets to direct

fragmentation proccsses arc supported by investigations

of Locht etal ( 1 6 ) . The onsets, observed by Locht etal ( 1 6 )

above 23.5cV by means of electron impact excitation, and

interpreted äs direct dissociation, have not been confirmed

in the photoionisation eff ic iency curvcs. The processes

should be optically forbidden, therefore.

Peak strucLures has been observeö in the 0 -ef f ic iency

curve in addition to the stccp onsets. The peaks result

from predissociating Rydberg states, converging to the

c I~-ion state. From all the Rydberg states, the 4sc ( 1 , 0 ) -

state gives the most inte-nsu contribution to the 0 -yield

(tab 1 ) .

The same states give r i se to peak structure in the 0 -

und the Cu-phot.oionization e f f i e i eney curvcs and in the

e f f i c i e nc y curye for the production of f luorescence in

the wavelength region 105 um - 1

( 1 7 ) .

nm , and 124 n m - l »0

Rydberg statcs at 20.85&V and 21.05eV interact w i t h l.he

0~( 2 P°) + 0+(4S°)- and the 0~(2P°) + O 4 ( 2 D C ] - c o n t i n u u m ,

Rydberg states above 2 2 . 2 8 e V interact wi th the O ( P°) +

0+ ( P°) -continuum additionally. Because 01 the interact . ion

with different continua, one wuuld expeci. differer.t reso-

nance profiles. This is observed in f a c t .

in absorption and in the 0 2 -c f f ic iency curve, the ireinbers

of ho 11- the nsa - and ndn - ser-ie? beer, obsorved with
^ '- +

dsyiimietric profi les. In t- orescencc and .in 1 ne O -e f f i -

ciency curve, t.he Rydberg states have been obseivc-d w i t h

syrsnetric prof i les . The resnranrep. ohs.erved in the 0 - e f f i -

eieney rurve seems to be s l i g h t l y asy;.ji c-- r ic .

Between 2 1 . 5 e V and 2 2 . 4 e V , f u r t h e r s t r u c i u r e has be-en

observed in the 0 - e f f i n i e n c y cür^e. There are ocveral

pairs of pcaVs =,e;: arated by ör joj t 1-1*0

e ' f i rqy c: ii f er coce of ..i^i v ' - -C

- 6 -

4 —of the ion state c ! . We Interpret these structures äs

members of two Rydberg series with quantum defects of

ä = 0.83 and 6 = O.65 (table 2 ) . The peaks at 22.11eV

and 2 2 .2 7eV are also observed in fluorescence ( 1 7 ) .

q_

The 0 -photoionization c f f i c J e n c y carvc agrees well with

that of Dehmer and Chupka {1) up to 2O.3e.V, The lower

wavelength resolut . i on makes the continuum more intense

relative to aatoionization structure. In the 20.4eV to

30eV region, the C) -yield exhibits an int.ense con t innurn

con t r ibnLion with a inaximum at 23cV. The onset at 20 .87cV

l:as been interprete-d öS direct dissociation to 0 and a
4 n

neu t r a l oxygen atom in the S -ground s ta l .e and f i rs t . ex-

citsd D-s täte, re=:pecl.ive]y. Rydborg states, d iyeussed

above, aie rosponsible for strjcture above 22.5eV.

HO

Results

Figs 3 and 4 shows the resul ts for n i t r i c oxide: the

relat ive photoionization e f f i e i eney curve for 0 in the

e f f i c i ency curve for X are shown in f ig 3. The N -eff i-

c i ency curve in the whole er.ergy region is shown in fig 4

separately. in table 3 the fea t i i ras observed in the ion

pair f t j r r r a t . i on y ie ' i r l are. g i v e n w i t h previoxis results from

absorpt ion jncasurcn.cn t s and cJ octron-irrpact studies.

The 0 -y ie ld curve c x h i b i t b a sttep onset at 1 9 . 5 6 e V ,

fo l lowed by two stror.g peaks and =c:ne w c a k i.-eaks and

sh o\ l G ?r s u p to 2 1 . 5 c V . A f t c - r s ^:c-ep oacent at 2

ihiee brodd bands emerge at 2 1 . 9 e V , 2.3.1 eV, and 2



slowly increases from 21eV in two steps ( f i g 3). At 2 1 . 7 4 e V

the N -curve shows a very steep ascent and again at about

22.9eV ( f ig 4).

Most of the features can bc compared with known da t a . The

values, sunmarized in column 3 and 4 of table 3, are taken

from electron-impact work. Hier l etal ( 1 8 ) have ireasured

the K -e f f i c i ency curve af ter excitation w i t h 18eV to 25cV

electrons. They found a Kont r ibu t ion below the threshold

energy for the dissociative ioniaat ion of WO and Interpret

it äs due to ion pair f ormat ie-n. Locht etal ( 1 6 ) exe i tcd

XO with 1 8eV to 30cV electrons and observcd1 thc 0~-yield.

Frcrr. their da ta they obtained thc or iüety o± several prcc-

esKes L-ontr ibutdng t.a ion pair lornation, which are na in ly

interpreted äs direct d issuc ia t ion proceasc-s. CoJunm 5 of

table 3 siuici iarizes the kncv.-n ah-sorpt ion bc;nds K; . T he h a n n f

are- c l a s & i f i e d äs Rydberq F, ta t es convergijig t c l.'ne " i :nj t

2 1 .7 2 cV.

From table 3 one can see thc « i x t e n t of ths agn /o j - i ^n t bctwo-cn

thc unsets obsfrrvtx.1 in electron -:rnpot:t B- j - jd i t s , the absorp-

tion bands , and the feat\!rt;s cbtained in rh i s work .

Ir. addit ion to thc known f e a l u r c s , there is some new sl.ruc-

tnre , w- i ich has bcen ob sei v ed for the f i r s t t .u i ie . An aüsiyn-

mcnt of these s t rucrure is o i v e n .

Table 4 s'jmrnar i ?.os thc calcni] ated thi cshold enerqies for

the for m a i i on of dif f s r ^ T i t i un pa ir s.

in table 5, the f e a t u r p s in t-e c issoc: i si ivc ioni^a^ior.

rcyion (above 2 1 . 0 2 c V ) are ccllect <_-d. ThroshoJd energ ics

of the appoarence of d i f f e r e n t f r a g m s n f s are g i \ ' c n , too.

Thcre is no h i n ) to the ion n a _ r : u < v r - ? s NO - h v * X~ + O+

f o u n d in t h L I U J E S s e c t r u r i .

Disccssion

The N -efficiency curve resembles the features of thc O -yield

curve bclow 21.OeV ( f i g 3 ) . The N -yield curve is overlapped

by cor.tributions due to thc cf f ic iency of sccond order radia-

tion of i_he monochronator grating. That is the reaaon why t-he

N - and the 0 -curve are not. i d e n i i c a l below 21.0eV. Abovu

21.0eV, dissociative iondzat ion procct;scE cont . r ibute to the

N -yiplr i t iorve. The ^l) decays to positive ions and n e u t r a l

oxygen ü t o m s . ' T h e crcss acction for these proccsses is ordcrs

of nagnit .ude ]arger thar. that for rhe ion pair proce-sses. In

thio eucrgy r e g i o n , the ion p a i r formation crosy scction can

be obscivcd oiily in the O - e f f i c i e n c y c'_irve.

u round s i a l e . anrl i n the T-ground stutc, rcspect.i v p", y . This

on^ct iü observud in the e f f i c i t - n c y c u r v p . The i o n ü ai~ e

fcrmed wi thout k inc t ic enc iyy at tiie 0:100;.. S incc spec i f ic

nevr.-ra": m o l e c u l a r spates are unknown ir. this l e y i n r . , our

intcrpr u tö t ion f o l l c w s tV;c d i s c i u s s i o n of Üehir.er and Ch'.ipka

( 1 ) . They have in.ei preted the icn p a i r fo rme t . i on in 02 at

the TüimTiv.in energy of the process 0^ + hv •* C ( ~ F ) * O

("S0; at 1 7 . 2 7 e V duc to di iect d issoc: s L i on : they iound

the ro ta t iona l statct of the C ?-ground stütt; a t. r, l P p s in

trie on&et slope of thc O -y i f-1 r, curve . /*"!trough the reso-

l'jtdor. of our monochromat or d ^ v s n et u r a b ] c a r c j i - a t i c n a l

a r r . l y s j . t j of t i ic r-lopc ncar i hr r -shol i , wo a?s'jrrie tl:at l.he

direct dissociation process äs dcser ib iny the f3«cay of

NO ?.L 1 9 . H . R R V . Thc- nbapr - of \.'^e curve in the or.^ct region

cur!7i.-"LS the in te rpre tü t icr.. T:sc si ep u ^ c - c - r . t rioos nu t rc-

£ i ] ] ( . f r oT a re.= T.=mt e x c i t a t d o n proceF,=;. Tnc f i ag^pnt ' =

a t r j iT ' ic L - L ä t e ü t j ive r isc to ;uo l r -cu la r b ^ a t o s ?., F., and L

wi l h bo:.r. d o u b ' e l . and q u a r t e t m u l t dp] i ci l ics , Trie dipole

i: ;.;.-:.-. ('•<-•:! '~i'X\\ G ~7 ^(.: '-iroi.n.5 s l = ! c i s ,~ 11 o.'cu t o t!;L-

tiou",. " - t s t-ates, " r-fl.-J i r.c LÜ -.'n^ J Ü H i i a i r f c r r i a t i on .



The same Interpretation holds for the next steep at 21 .46eV.

It is äs distinct äs the first one. The excitation energy

enables the ion pair Q~ and N to be formed in the ground

state, 2P°, and in the first excited state, D, respectively.

The steepness of the slope and the threshold energy supports

the Interpretation äs direct dissociation via the ion pair

state. The combination of P° and D terms gives risc to X ,

II, A, and * states with doublet multiplicity. The three

states Z, H , and A are allowed to bc reached by photoex-

citation from the HO ground state. Although neutral states

are known to exist near 21 .5eV - vi?.. Rydberg states con-

verging to the ion state at 21 .72eV - the contribution via

predissociating Rydberg states should be small, because of

the low transition prohability into Rydberg states with

large principle quanturn numbers.

Between 20eV and 22eV thore are two sträng and some? weaker

bands. They result from predissociating Rydberg states.

The features with the maximum at 20.23cV and 20.48cV give

the most intense contribution to t h e e f f i c i o n c y curve.

These Rydberg states have been observed in absorption

spectra ( A , 5) . Narayana and Prdce (4 ) have found t en

bands and classified them in threc series cunverging to

the limit of 21.72eV. That is the ionization potential

for the ion state c 3 TI!v '=0) ( 1 9 ) . They assigned the series

äs ndir, npo, and npT with H-syinir.eUry. Easanuma etal (b)
2

observed twelve bands and classified add i t . iona l ndö H-

Rydberg states convergirig to the same limit. The series

are surnmarized in table 6.

The members of the ndir series show Asymmetrie prof i les

of the Fano-Bcutler-type ( 2 0 ) resultirig fron the intcr-

action of the bound Rydberg statcs v; i th jon iza t . ion and

dissociation continua. The other series exhibit symir.etric

profi les.

•es of 0 and

show dis t :nc!

- 10 -

Rydberg states. The 3dTr-state shows an asymmctric profile

äs in the absorption spectrum. The Rydberg states with higher

principal at quantum numberg should be responsible for the

appearence of shoulders and small peaks in the 0 -yield curve

up to 21.5eV {fig 3} .

We suggest, that the ion pair state potential energy curve

crosses the potential curve of the Rydberg state 3dir and

4pr: /o at or near its minimijjn in the Franck-Condon-region.

The ion pair appearing by predissociation of the Rydberg

states carries away kinetic energy depending on the position

of the Rydberg state above the djssociation limit.

The same Rydberg states give rise to structure in the NO -

and 0 -efficiency curves observed by Hertz etal ( 6 ) , äs
+xwell äs in the molecular fluorescence spectra NO ( A ( v ' = 0 , 1 )

-*• X) and in the atomic fluorescence spectra N x ( 1 2 4 , 3 nrn)

observed by Z i e t z ( 2 1 ) . Our data äs well äs the data of

those groups show Symmetrie p r o f i l e s of the npir/c state

äs in the absorption spectra. The coupling of the ndir Rydberg

states to the various decay continua seems to be d i f fe ren t .

The profilee of the ndir states observed in the d i f f e r e n t

decay charmels (table 7) indicate the di f ferent ways of

coupling to the dissociation and ionization continua.

Above the c fl st.ate at 21 .72eV, ion states with ( o 2 s ) ~

and ( i r2p) electronic conf igura t ions are cxpected wi th

Tl and l - symmetry, respectively. The II and E ion

states have becri observed in photoelect.ron spectra ( 1 9 ) ,

They have been assigned based on a discussion of the

vibrational structure and the intensity ratios. A com-

parison with the isoclcctronic rriolecules CO and N _ con-

f d r m e d the Interpretat ion.

In the absorption spectrum there is no evidence for Ryd-

berg states convcrging to thcse ion states.



converginy to the c f! NO state. This group of structures

consists of bands ernerging äs shoulders on the low energy

side äs well äs the high enqryy side of the 4prt /a Rydbery

state. And there is a broad band at 2 1 , 9 e V .

These new structures are i nterpret.ed äs a v ibrd t iona l pro-

gression of I-iydberg stal.es converging to the B ' Ü + -NO+ ion

state ( 1 9 ] , In the photuelectron spec t ium, th i s ion state

ex h ibits thirtec-n v i b r a t i c n a l l c-v u l s wi th maxi r um at 23 . 3 " eV.

The envelope of this proyression shows a fw-m of about 4OO meV

Beeause of the Franck-Condon-pr inc ip le , t l i e e n e i y e t i c w i d t h

of the Rydbery states sho'j ld correspond to the v; idth of the

ion s ta t t - in the c.ise of one-elect ron-exci ta t i on. 7r. f a c t ,

the band at 2 1 . 0 e V shows a wid th of abcut: 4OO n ic -V . The

r .nou iders of the iow anc lii:;h energy s ide of 1 he 4 p r / V Ryd-

bc-rq s tüi .e pcak u - c Lot h i : ; i -. : pro i .- d äs b^-1 ong i n •'• to t .hf

<^i c :•;•_" b v r s o f ;: K y , ; t _ e r y I - I I J L S

ig to the B ' :/-st at c . The q iL .m; m t l e T f C t o£ v h i s

s er i es a n c u n i s t o about 0.86. '.'br Rv-b'. 'i c ci c - c t j u r. s h c ü l ö

be in a r - o r b i t a l , thc re i 'o re . ' " h i ü r>-- ; j ] - ; i s f r . i n r . for a l l

Rydherg soi ies in Nü er.-i.v L-I y i n:j tc a r. ion Fi.r .U V;T - h j< : r . i . :od

( r 2 p ) - e l e c t r o n ( 2 2 )

::'nese Rydberg s t a l e ^ s s l i o a l d prc 'd i s s r > ; - i a l c- tu ion ]>a i r s t a t e s

.Icading tc ( :,o d i L^OC: at ior, M^it at 1 9 . b G e V c;r 2 1 - ^ l i e V ; ; . e .

0 ir. the u r c u n d s tate ari;: K in t h e -..'rc^.inr. 5 . ,1 , - i tc nr in t ne

f ~u st excited D s t a t e , r, s- j" . ' :?! i v t : - l y f s:ioi: Id be f ornf-d . /•.

syji.Ti-.'try a l i owcd t r an s : t mi: is poss: b 1 e .

The \.,i oad b a n d s at 2 3 . 1 c V ,--nd 2 - ' . . " f \n }• c r ~ - i t •" j ; - j e:ie\

cur vc have a'i so bei. :i obm-rv . -d -\r, ; ] i •<.:; j on r r . - rac- st u d i es

( I G ) . Tho.no au t hör K i n t er j.: L ; L--d t ; • ; ? s: r n o t , . i - , .;•-. :• .so t o

F rönck-Condon- i r a-f , i t j o:-;s i r t o - on [ • . - :: y- i.\ s l .. a:; i nu l o

the r. :ssoc±az ior. I :n i i.s ai ; '1 . -H 'C-V in;; z ^ . r r e X " ; i , : h ! e 4) .

'i'he ions should c a r r y avay a c e r r a i n , : -ount of k . r . e t i e

energy in th i s case. The r o n l n \,.-.- i on of i h e a l osr i es i i - r r . E

r i se t c mo ' er r. 1 a r st ;j: -..•?. j i ; vh i .:i- ;" i i ic-'\ s \ o v. ,:' i j n. LÖ i -

1 J C J - L £ . , ' i - c ' :•: s : M f .

1 2 -

Above 21 .02eV in addition to ion pair format ion, the pro-

duction ot N may occur by dissociative ionization. The

lowest dissociat iun lin\it is at 21 .O2eV, where N and a

neu t ra l oxygen atgm are fcrmed both in the ground state.

Ke Interpret the onsets at 21 .OOeV and 2 1 . 3 4 e V observed

in the N -yield curve ( f i g 3) äs due to p r e i o n i z a t i o n of

I i i q h e r neinbers of thc R y d b e r y s t a t e F ronverging t,; the

"I.-ion state in a repulsive part of an ion « tä te leading

to the 21 . 02cV-dissociat i on L i m i t . (23 , 2 4 ) .

The stccp Beeilt at 2 1 . 7 4 e V is due to d i i e e t i o n i z a t i o n

iii the c j"-ion s ta te fo l lowed by predissociat ion via ion

ütar .ey Kvidiny to t K n samo I d m i t at 21 .02eV ( 2 3 , 2 4 ) . The

f.ane I n t e r p r e t a t i o n l:as been q i v e n b y Hei t / e l a l ( C ) ,

Before th;: ond o: t . l ie f.l es-'p r.isi.",., ve <„--'.:^<- r v ^ d at I c a a t

f e u r K - i i i a i l Steps ( f i g 4 ) . r - i : L = ^ i b l y prerl isscc ia: i o n o;-curE

f ron the \r at i r . ;na) leve l s observed in t he pholoe iec- r er.

Krt-ctr t^ i and ai-signeti äs v i b r a l T onal lüvclt.: ( 1 9 ) of the

b1 : . i on c-.ate. The h e i g h t < : tl;e ü t u p r . r , ( i creascK wi th

inc reas iny energy . T l i i s r esiiTibles the i n t C - I I F , i i y ra t io

fo\;nc in the photoeleet i on spi-cl . rnrr .

A l l the processes con tr ib'Jt l ng to i |-,e N -yJe ld above

2 1 . 0 e V and beiow 2 2 . 9 2 e V form N* d n ü : i e n t r a l cxygcn atoTTis

both ir. the grcund s t a t e . 7ibove t h e th resho ld er.erqy,

k i r.et i c energy i s car r .ied üway by -. }ie f r a>: r rents .

f i r s t t i i ne . Th-^ \ - j b r a - . i c r . a l U v f - l s oi tr.e B ' : J on

s ;a le occrur a;. 2 2 . 7 2 e V . ? o ^ - i h l c ä . r e c t i or:: <• ai .1 o n is

rcspc'-'- i i - i e , f o i l o w e d by j ' r c ;: ' SFOC j :.r i un -. o t l c . - r p u l s i v o

par;. ; f t he ""r"1- anc/oi J 7+ -.-i ^i,_-1- ( 2 3 , 2 4 ) , U a d i n c to

the d i ^ s o c - i d t ion U i n i t ai 2 1 . C V A ' . ri'.c .u^-rnt is c u i t e s i 01*

!-,• r,--.\-.?.c- cf the -n i r.ir'Uir. ci -.he :>•: i . jni i a l n-n^-i <_:y cu rve a t.
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CO

Results

Ion pair formation processes leading to O + C and C + 0

from carbon motioxide have been studied. rhe photoionization

efficiency curves are shown in fig 5, 6, and 7. The 0 -effi-

ciency curve (fig 5) exhibits a steep onset at 20.91eV. There

are several Steps on the sLope. Up to 22.5eV seven intense

bands are observed äs well äs a number of weak features and

shouläers. In the energy region 22.5eV to 23.5eV, some weak

and broader bands occur. Above 23.5eV, the 0 -yield curve

increases and three broaä structureless bands are observed.

In the corresponding C+-efficiency curve the same features

äs observed in the Q~-efficiency curve appear up to about

2 2 . 4 e V . The peak structure is sornewhat less distinct becausc

of contributions due to second order radiation from the

grating. This contribution smooths the sharp peak structure

of the C -ion yield curve.

The C+-efficiency curve above 2 2 . 4 e V ( f i g 6) shows a steep

increase with several shoulders on the slope. Dissociative

ionization of the CO-molecule can occur at this energy. A

second ascent is observed at 24.3eV.

The C~-efficiency curve is shown in fig 7. The onset of the

yield is determined to lie at 23.45eV. Because the ion pair,

CT/O"1", is formed with very low intensity, the 0 -yield re-

sulting frorn the ion pair formation is too Email for direct

observation. The O+-yield from ion formation processes is

also masked by vcry small contaminations of the CO yas.

The table 8 summariacs the features observed in the 0 -

ef f ic iency curve and previous resul t s obtained by rneans

of absorption measurcrnents and electron irapact s tudies.

Codling and Potts (7) essigned the absorption bands äs

Rydberg states converging to tvo-electron-excited ion

states. Locht etal ( 1 6 ) observed the C~-yie ld I n the

20eV to 26eV energy region. K n n e t i c snergy d i stributior.

- 14 -

studies of the C ion have been performed by thc sante

authors ( 2 5 , 26) . They excited the CO-molecule with 22eV

electrons and ascribed the ofcserved features to predisso-

ciation of 3do or 3po Rydberg states.

In the O -yield, they observed the threshold at 20.88eV

and six further onsets up to 25 .4eV. They interpreted these

Six peaks äs due to dissociation to ion pair states.

The agreement with our data is good. There are same features

which had not been observed in the absorption spectra. The

ödditional features are accounted for by the proposed Ryd-

berg series, by extrapolation with the known quantum de-

fects.

Di scussion

In the whole investigated energy ränge, the .ion pair frag-

rnents 0 and C are forrned in the gruund state. Excited

stdtcs of C should appear 5.33eV above the threshold energy

of 20.91eV. The structure observed up to 23.5cV is due to

Rydberg states predissociating via the repulsive part of the

ion pair potential energy curve.

These Rydberg states have been observed in the absorption

spectrum (l, 9, 17, 2 7 ) , The sarne states have been found

in the kinetic energy distribution curves of c+ ( 2 5 , 26)

and in VUV-fluorescenoe spect.ra !28) .

Codling and Potts (7) c lass i f . ied the absorption bands

using the photoelectron spectrum performed by Potts and

Williams ( 2 9 ) . Later, a so.tiewhat d i f f e r e n t assiynment of

the absorption b- >ds was propose by Ssbrink etal (30)

based on a high rc- ;olut ion photoslectron spectrum.

In the 21eV to 37eV energy region one-electron excited

ion s ta tes do not exist ; s t ruc tu re observed in that cncigy

i'c-gion by means of UPS-, X P K - or eleclror; finergy-loss



measurements is ascribed to two-electron excitation rr.ade

possible by configuration interaction ( 3 1 ) . The assignrient

and the electron configuration of the two-electron excited

ion stütcs of CO observed in the photoelecl.ron spectrum are

sunur.arizeä in table 9. Okuda etal ( 3 2 } have descr ibed l.ne

D ü- ion st.ate äs h a v i n g an ionized ir2p-electron and a -..2p-
* 2 +

electron excited in the TI 2 p - o r b i t a l , w h i l e the t: L -ion

state has an i on i zed c2p-c l eciron ar.d d 2p -e lec l ron e x r i l i '

in the n*2p o r h i t a j . This ass icnment has been adaptec by

Po t t s and Wi l l iams ( 2 9 ) and Ssbnnk e t a l ( 3 0 1 . Srhirmer

etal ( 3 3 ) have g i v e n a inethod to c a l c u l a t e wcak s ö t n l l i i o

lines in the pho:.o.e] eol ron spectrurr. in the reo ion oi i:;nei

va lence elecl.ror, I o n i s a t i o n , whie 'n äoes not rrprosc-nt the

i on i ?.d' jon of du eic-ctron cut cf a j i d r t J c u i - i ::io ', ec.i ] ar

o r b a : ^ l . Thuy o b l a i n e d t wo r>;it el l: t c . l ines at 2 2 . & 3 u V .-.nd

2 2 . 9 3 e V , which d f - r i v e t l n - i r i n te r . s i t i c s fror^ i h t -' ^ a - .:;id

i~2;j-orbi l a l , r i - spr-c t i vcly . I f thcsu l i nt 'G crr ; i-.-ip^nr. to L h c

C and D ion statcs observud i n the phd toe lec t r un ^ i ' i ' L - t r c by

S ü b r i n k ctoi ( 3 0 ) , the i n i orpr s?tat i cn d i f f c r s f r o m O k u f i ü

etal ( 3 2 ] snd the f i n a l a^.L- qn incn t of t)-,ece nl si r;s rc-nains

unsr-t t . ]pc - In the i 'o l lüwinn d i sc'jsa.i OTI the a s s i y n i n e n t of

Okuda c% tal ( 3 2 J i s csed.

to t h e C ;. ' ton i - , ( f - : f c . T.nc i n t e i p] L", L I : i on öl t i u - 3 r-
n 4

t ion a l p r ogression? conv. - r t; i n^- p r o i > ? i l - 1 y l o i h r l:":. ' st :it

i s s t i l l ar . - ibiauoi:r , . Sonc b u n d s ar f , i i i c l ,j.ssj f j t-d i n t ha t

a s s i i r n i i i ; n t .

In t h i s wor k , r f ] a t > ve i n ; i i P i : v r :il i o .=• of ; h t - K y d b e r n

States i i r t v c Ln'en i i i L , - .L= .1! C'd . The corp;ji i son of i nc F r a r i c k

Condon-f actors cf the p'no i c-.c l er ; r on :;p*-ei r un an a of the

Ryjbcrg st 01 es i - i -ppi .r • f. I n e a ; -s i -;; :;!• -;i: F per f o ) :• (.'u ny

?>sbr :nk e) al { 30) .

The C + -cif iciency curve ( f i g 6 ) shows the same structure äs

the ü~-e f f i c iüncy curve up ta 2 2 . 4 5 e V . Above the encrgy of

2 2 . 3 7 e V , C + and neutra l cxyyen atoms, both in the gro'jnd

state, niay be fo rme d . At 2 2 . 4 e V we observe a stcLj[.- unset

w i t h steps in the slope, f öl luwc'd by a second onset a t 2 4 . 3eV.

The steps of the f i r st ascent are ir-en:.if ied äs the v ibra-
i -f

tior.al levcls of the D T - i o n state: the f o r m a t . i o n of C i n

the threshold rcgiun abuvc 2 2 . 4 5 e V is intc-rpicted äs due to

pred i ssoc ia t ion of the D i. s ta te . Locht ( 2 6 ) obscrvnd the

KLiir.e l" ea turo s i n the C retard iny pol enl i a l curve. He pro-

posüd the D"!.-pi"or5 i p soc i a t ion to occur tliro'jgh a .1 - s ta te

L

,+
Tiie r i :r. irvjr. er.ergy of the ion pair piocess C + 0 is ca]-

c- . i ls ; - .d to be 2 3 . 4 5 e V , u t; i n y D { C O ) -- 1 1 . 1 OScV ( 3 4 ) , T P | 0 ] =

1 3 . 6 1 4 P V ( 3 5 ) , and K A ( C ) = 1 . 2 7 2 t ? V ( 3 6 ) . The C '-t ; i r t s'icld

has t'een cbserved at 2 3 . 3 1 e V in anrcemont w i t h the c d J c u -

lated va lue . The C -> f f i c i r - n c y ;:\vrve shows a broad band

w j t h a i - . a x i n . i m a t 2 2 . 6 e V . The curve iiecrrrisos tu r i ' - a r l y
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considerable structure is observed. The coupling of super-

excited states to ion pair continua is confirmed. For molcc-

ular oxygen and nitr ic oxide jiew Rydberg series wtiich wert:

undiscernable in absorption spectra, are proposed.

Mcasurements with high wavelength resolution would nivo

now Informat ion on the weak Rydberg sor j es in all the three

m o l e c u l e s , and would probably solve the problcm of thü as-

ü i q i i ü i e n t of tv-o-f lect ron-exci ted ion ü t a i. ev s in CO.
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T a b l e

Energetic positions (eV) of features observed in thc

0 -efficiency curve from 0~

this work ref 16 '

photoionization electron

1
2
3
4
5
6
7
8
9

10
11
1?
1 3
14
15
16
17
18
1 9
20

20.59+0.03
20.73
20.85
2 0 . 9 4
21 .05
21 .28
21 .70
2 1 . 8 5
21 .94
2 2 . 1 1
2 2 . 2 7
2 2 . 4 6
2 2 . 8 3
2 2 . 9 2
2 3 . 04
2 3 . 1 3
2 3 . 2 2
2 3 . 3 4
23 .39
2 3 . 7 9

New Rydberg

impact

i

steep onset 20.6
peak '
peak 20
peak
smal ] peak . 21
stccp onset 21 . 3
small peak
sniall peak
onset (?)
small peak
srnall peak
onüet 2 2 , 5
sniall peak 22
small peak
E m a i l peak 23
shoulder
peak 23
small peak
peak
small p<~ ak 23

2 3 . 5 5
2 3 . 9
2 5 . 2

T a b 1 e 2

4 -states converging to the c

The numbers of i. he ppaks of f a b l e 1 sre

ref 2 |

absorpt ion

i

.862 3so (0.0)

.050 3so ( 1 . 0 ) .

.863 3dö (0 .0 )

.050 3dc< ( 1 . 0 )
"

.262 4 so ( 1 . 0 )

.825 4d^ ( 1 . 0 )

ion state.

g i ve n in
brackets. Energetic values in eV.

vibrat ional
t ransi t ion

(0,0)

(1 ,0)

( 0 . 0 )

- 4

21 .70 ( 7) 23 .20 ( 1 7 )

21 .85 ( 8) 2 3 . 3 9 ( 1 9 )

3 2 . 2 2 ( 1 0 ) 2 3 . 3 4 ( 1 8 )

Ljuantum def ect
6

0.83

2 2 . 2 7 ( 1 1 ) 2 3 . 5 3 0 .05



T a b l o 3

Eneryctic positions (eV) of fcatuics observed in the

O -efficiency curve from NO

1
2
3
4
5
0
7
8
9

10
1 1
12
13
14
1 5
U
17

19
20
20
20
20
20
20
20
20
21
21
21
21
21
21
21
21

this work r

. , _ . elpnotoionization

5610.03
10
23
33
48
63
69
84
92
OO
13
21
26
31
37
45
49

steep onset 1 9
shoi.il der
peak
smal l peak
peak
shoulder
shoulder
small peak
SDEill peak
smal 1 psak
small peak
small peak
small peak
siTietll peak
sr.al 1 peak
shoulder
stcep onpel 21

5f 16 ref 18 rel 4

^ctron clectron , , • .̂„abüorptiori
ipact impact r

. 6 + 0 . 2 19.310.3

20

20

20
20
20

21
21

?1
2"

t-}
. 4

2 4 2 3d-n

486 4p N

^i
70 ' 4du
397 4d-r
993 5p N

1 9O !3dn
2 4 5 O p i r

3 T) 4 6d -
4 5 0 V U T I

,dl

a) ref 5

b) threshuld

c) maximum of the brcad peak

d) u i = ä x i m n m of the p^ak

Thi'cshold onr-rqics ( cV) f or ion
pair format ion frorr, NO

1 1 9 . 5 0 5

2 2 1 - 4 6 4

3 23 .616

T a b l e 5

Encrgetic positions (eV) of features observed above 21eV
-f.

in the N -efficiency curve, and i.hreshold energics of

dissociative ionization proccsses

1 21 .00i0.05

2 21.34+0.05

3 21 .7410.03

4 2 2 . 9 •<. 0 . 1

• threshold ,. ,
fragments

energy ^

onset 21 .02 N+( 3P) + 0{ 3P)

on s es t

Btccp onsel

onset 22.92 N+ ( ̂ 1 + 0(3P)

22.98 N ( JP) + 0( D)

NO

0+



T a b l e a

Energetic positions (eV) features observed in the

O~-efficicncy curve from CO

1

1
2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

this work ref

P 1 (*C t"photoionization CJ.CL.UJ
r impat

20. 9410.02"

21.07

21 .1310.01

21 .27

21.31

21 .42

21 .52

21 .61

21 .65

2 1 . 7 4

21 .82

21 .86

21 .93

22.04

2 2 . 1 1

2 2 . 1 3

22.28

2 2 . 4 0

2 2 . 4 2

2 2 , 5 0

2 2 . 6 3

2 2 . 6 5

22.80

2 2 . 9 3

23 .22

2 3 . 3 8

23.7250.05

2 4 . 2 : O.OS

2 4 . 9 S O.OB

6 ref 7

absorption

shoulder 20.B8-iO.02 20.936

shoulder

peak

peak

shoulder

small peak

peak

peak

shoulder

small peak

peak

shoulder

shoulder

srr.all pcak

shoulder

peak

peak

shoulder

small peak

small peak

small peak

small peak

sir.all poak

small peak

small peak

small pcak

onset 22. 65

21,068

21 . 126

2 1 . 2 4 1

21 .31 3

2 1 . 4 1 6

21 . 4 7 5

21 .604

21 .653

21 . 7 4 3

21 .823

2 2 . 0 4 9

22.098

22 .164

2 2 . 2 5 4

2 2 . 4 1 5

2 2 . 4 9 5

2 2 . 5 8 0

2 2 . 9 1 5

a )

onset 2 4 . 1 a )

onset 2 4 . 6 a l

2 2 . 8 a!

2 3 . 1

25 .3

, 1

*'

a) position of the maxiimim of the pcak

T a b l e 9

The ionization potentials and the regions of vibrational

progressions of two-electron-exeited ion

states in CO (eV)

2
The ground state of Lht: neutral CO oiolecule may be writteii äs KK (O2s)

(n 2si (ir2p] ( c2p ) T. - Conf j g u r a t i n n s of t.hp ior. states corrpspond to

the mmber of the el£ctrons in the Orbitals ( o 2 s ] ( o 2s) (Tr2p) (o?p) (n 2p)

(c 2p) , in that, order.

vertical
i onizat ion
Potential

ref 30

2 2 . 7 3

23 .38

2 5 . 4 8

28 .05

region of the
vibrational

progressions

ref 30

22 .04 - 2 3 . 2 3

2 3 . 0 4 - 2 3 . 9 9

2 4 . 7 7 - 2 6 . 5 3

2 7 . 7 - 2 8 . 4 3

CO ground state

calculated

vert

ref 32

20.33

2 2 . 1 9

electron Konfigurat ion
and syrnmetry of the ion

statc

i

222210

2231 10

2 6 . 1 1 223110

2 9 . 6 2 21 3210

224200

1 D2I1

• cV
(E) V

mV

V



Figure Captions

Figure l 0+- and 0 -efficiency curves from O2- The 0 -yield

curve is reduced here by a factor of 40. The curves

cross at 18.5eV (67 n m ) .

Figure 2

Figure 3

F iy u re 5

0 -efficiency curve frora o., i n the 20eV to 27eV

energy regicm.

N - and 0 - e f f i c i ency curves f rum NO, The N -yield

curve is reduced by a füc tor öl 7. The curves cross

at 19.6eV and at.;ain botween 2 1 . 3 e V and 2 1 . 8 c V .

C - and 0 -efficiency curves frorn CO. The C -yJeJc

curve is reduced by a f act.or of G . Tbt curves cros:

at 2' ieV and 22 . 5eV. o

photoionization effciency (arbürary units)

O
i

o
NJ

Figure 6 C -efficiency curve from CO in the 2OeV l.o 26eV

energy region.

Figure 7 C -efficiency cjrve frcm CO in the 23eV t.o 25cV

eneryy region.
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