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We report a high-resolution study

electron-impact- induced emission spectra

“1’he spectral features were acquired in

[0.0036 nm full widlh at half maximum (l’WIIM)] of

of CO at 30, 75 anti 100 cV electron-impact energies.

optically thin conditions, and rcprcscnt  the highest

resolution single-scat[cring emission spcctrm of CO induced by electron impact yet available. At

the spccificd  resolution, now attainable with our ncw)y constructed 3-Jn vacuum ultraviolet

spcctromctcr, wc observe rotationally resolved emission bands of CO in the extreme-ultravicjlct

(CUV), from the vibronic  states 11 lX’ (0), C ‘Z’ (0), and 1; ’11 (0), to the ground state X ‘X+ (0). A

simple model of these bancls, based OJI the 1 ltinl-1  ,ondon  factors ancl  unperturbed rotational

constants, is constructed and is shown to bc in good agrccmcnt with the obscrvccl spectra. “l”hc

prcdissociation  yiclcl for the Ii 111 electronic state has been cictcrmincd,  showing that the 11-slate

has the largest prcdissociation  cross section of Co for a]] singlet state Ryclbcrg series mmbcrs.

‘Ilc excitation function of the [}; 111 (0) -‘ X ‘X+ (0)] transition, in

r:ingc, is measured for the first time, permitting determination of the

modificcl horn approximation analytical fit .

the 0-800 CV impact energy

oscillator strength by using a
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As t}lc most abundant interstellar molcculc  after 11 z [ 1], CO plays a very important role in

the photochemistry of the interstellar medium (ISM) [2] . While 112, in most cases, cannot bc

dctcctcd  directly, CO is readily observed by radioaslronomy and therefore has been utilized as a

tracer molcculc [3] for molecular hydrogen. ‘J’hc abundance ratio of CO to 11 z is difficult to

dctcrminc from observations of the 1 SM, but can bc obtained through theoretical models [4]

‘1’hcsc models involve chemical reactions in which photodissociation  by vacuum ultraviolet

radiation (VUV) is the main destruction mechanism for CO [ 1], particularly in the range between

91.2 nm, which is the cclgc  of the absorption continuum of atomic hydrogen, and 111.8 nm, which

is the dissociation limit of CO into ground state atoms. ‘1’hc rate of photoclissociation  of CO by

vuv is mm of the major uncertainties in these moclcls. In view of the.se unm-taintics  and the

importance of carbon monoxide as a tracer molcculc, a large number of cxpcrimcntal studies

have been performed. ‘1’hcse studies were aimed at finding coincidences bctwccn molecular

hydrogen emission lines and CO absorption lines, and at establishing the photodissoc.iation  rate in

CO. A variety of techniques were used, including, classical spectrographs [S, 6], synchrotrons

radiation [7- 10], and laser mcthods[l 1-13]. A review of molecular parameters (wavelengths and

oscillator strengths) of CO with comparison with uv data has been published recently [14]. It

clearly points out that the large variation (a factor of 2) in the oscillator strengths of three of the

strongest Rydbcrg  states (11, C., }1) of C.O mnain  a major obstacle in modeling the lSM. q’hesc

states have prominent (0,0) vibronic  bands in the cxtrcmc ultraviolet (CUV). l:or this reason, we

have carried out the first high-resolution euv nwasurmcnts  of single-scattering excitation of the
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rotational line structure by electron impact . Wc have rmmtly rcportmi  [15] the oscillator

slrcngthsofthc  IJ lX+ (0) -+X lX+ (0) anclC lX’ (0) -+X lX+ (0) transit ions anc], in this paper, we

report the oscillator strength of the [1{ 111 (0) -} X lX+ (0)] transition.

Of the dozen or more bouncl states in the sing]ct  state manifold structure of CO, the l;-

statc photoabsorption  cross smtion  clominatcs  all discrete dissociation channels [1 O].

l’hotodissociation can occur, mainly, in two ways: either by continuum absorption into repulsive

electronic states or via line absorption into prcdissociating states [16]. l;xpcrinmntal  evidence [5,

10, 17] sllggcsts that the latter mechanism is the more important for C(1. in particular, line

absorption into ns o, npcJ lX+ and npn II 1 Rydbcrg  series can be used to explain the absorption

spectrum. Although the 3pcJ C IX+ (0) vibronic  state has the largest absorption cross section in

the cuv [10], there is no evidcncc  of either prc(iissociation  [10] or acciclenta] prcdissociation [ 13].

“]’hc lowest cmrgy  prcdissociating  state is the 3pn 1; l] 1. All Rydbcrg states for all Rydbcrg series

above the 1:(0) vibronic  level arc 100°/0 prcclissociatcd,  as shown schematically in l;i. g. 1. ‘J’he 1((O)

level is particularly interesting since it has the second largest absorption cross sccticm in the cuv

[ 10] but is subject  to only weak prcdissociation,  as juclgcd by the observed 1;(0,0)  band [ 15].

A comprehensive work on prcdissociation has been carried out recently using cuv laser

spectroscopy [ 12, 13, 1 8]. Predissociation reduces the Iifctimc of the excitccl  state and may be

dclcctccl  as line broadening, which can affect the whole rotational manifold via direct coupling to

the continuum or can affect a few rolationa]  Icvcls via accidental predissociation[  12]. 1,aser

spectroscopy studies for cases of strong prcdissociation have shown that the prcdissociation rates

of C() can depend not only on which particular vibronic states arc excited, but also on the



rotational substates  and even on the A- doublet component of 111 states [18]. Ilccausc of the

competition between radiative and dissociative channels, however, the fluorescence from

prcdissociating  states is rcduccd. Thcrcforc, emission studies arc a more sensitive probe of

prcdissociation. As an example, in the medium resolution stuciy of AJcllo et al. [1 9],

1 ~+prcciissociation  rates for the vibrational lCVCIS  of tile cd’ ~ stak of N2, i. c. , the isoelectronic

equivalent of CO, were so obtained, by comparing emission to excitation cross sections.

Our group at the Jet l’repulsion 1 xrboratory  has also previously published both a low

resolution [20] and medium resolution [15] stu(i ics of the electron impact-induced emission

spectra of U) in the range 91-116 nm, showing transitions from the states 11 ‘Z+ (0), C lX+ (0),

and 1{ 111 (0), to the ground state X lX+ (0). ‘]’hc internuclear distance for the minima in the

potential curves of the }{ydbcrg  and valcncc  states of CO overlies exactly at the minimum of the

groun(i state, as showJ] in J;ig. 1, rcsuiting  in intense (0,0) bands. in our earlier study [1 5], wc

reported the emission cross sections, together with a determination of the excitation function for

the 11 (O, O) and C (O, O) transitions. Oscillator strengths for tilcsc transitions were aiso reported

[ 15]. At the spectral resolution under which those spectra were obtainc(i  [l;Wl IM = 0.025 rim], it

was not possible to observe the rotational line-structure of the transitions in question. in search for

the rotational substatcs (icpcndence  of prc(iissociation  rates for weak prcclissociation,  in this high-

rcsolution study, complementary to the laser spcctrcmopy,  wc present the C() en) ission  spectra

for the 11(0), C(O) and 1{(0) states. With a I;W}IM of 0.0036 nm, it is now possible to resolve the

rotational structure of tile 1;(0, O), C(O, 0) and lJ(O, O) transitions. In aci(iition, the excitation

function for tbc It 11 I (0) --,> X lX+ (0) banci  has been rncasmcd for the first time. lly fitting the
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shape of the excitation funciion with an analytical expression based on the modified

approximation [21, 22], the oscillator strength has also been determined

]orn

In the remainder of this paper, we describe the experimental apparatus, the high resolution

measurements of the (0,0) resonance transitions of the 11, C, 11 states and the spectroscopic model,

and finally the measurement of the 1{(0,0) excitation function and modified IJorn approximation

analysis.

ILX1’IU<IMICNTAI  , A1’l’ARArJ’lJS

“l”hc experimental apparatus has been dcscribul in detail elsewhere [23]. in brief, a higll-

rcsolution  3.O-nl spectrometer system was used, 11 consists of an electron impact collision

chamber in tandem with a uv spectrometer. UV emission spectra of CO were mcasurcci  by

crossing a magnetically collimated beam of electrons with a beam of (Xl gas. A l;araday  cup,

designed to minimize detection of backscattcrccl  and secondary electrons, is used to monitor the

electron current.

‘1’o acquire emission spectra, the beam of C(), formal by a capillary array, is crossed by

an electron beam at 90°. “Ihc impact-energy of the electron beam is kept fixed ancl emitted

photons, corresponding to radiative decay from the collisicmally  excited states of CO, arc

dispersed by the uv spectrometer and then clctcctcd  by a channeltron  detector. A resolving power

of N AXs 30,000 was achieved by operating the spcctromctcr  in scconcl order, with both

entrance and exit slits cclually  set at 20pm. ‘]’hc slit function at this setting was triallgu]ar,  with a
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resolution of 0.036 ~ I;W1 IM. l’hc emission spectra were obtaine(i  at various incident electron

energies. in particular, spectra were obtained at 30 CV for the 13(O, O) transition, 75 CV for the

1;(0, O) and 100 eV for all the bands.

llxcitation function mcasurmmnts  for the 11(0)  state were carried out at a specific

wavelength (1 076.1 ~) by measuring the relative intensity of Ihc emitlcd  radiation as a function

of the electron beam energy. in this case a uniform static sample of CO was admittccl to the

chamber, forming a cylindrical line-source collision region, tbcrcby  eliminating problems

associated with a possible variation in size ofthc electron beam with changing energy.

All transitions observed in this study are toward the ground state of C(), X ‘Z+ (0) and

thcrcforc, to ensure optically thin spectra, care must bc taken in choosing the operating pressure.

If the optical depth at line ccntcr  of the strongest rotational lines is ICSS than 0.1, self absorption

effect can bc ncglcctcd.  I3C1OW  this pressure the measured cross section will bc inclepcndcnt  of

pressure. ‘1’hc proccdurc used to dctcrmincd  the maximum background pressure that can bc used

and whi]c maintaining optically thin conditions has been prcscntcd  in detail clscwkc  [ 15]. “1’hc

photon path length from the interaction region to the cntrancc  slit of the spcctromctcr was 11.0

cm and the laboratory apparatus tcmpcrat  urc was 330 K (clue probab] y to radiat ivc heat inc from

the hot filament in the clctron  gun). in this case, optically thin conditions were achicvc(l  by

maintaining, a backgromcl gas pressure in the collision chamber of lCSS than

4,0x 10-5 ‘1’orr for the 11- state and less than 1. Oxl 0- “1’orr for the 11- and C-state.



JtXl)lHIIMltN1’Al  , l{ ICSIJ1,TS

‘1’hc n~easurcmcnts  dcscribcd  here ilivolvc highly cxcitccl  states of CO. A schematic

potential energy diagram (in which the states studic(i arc indicated), is prcscntcd  in };ig. 1. “1’hc

shaded area indicates the l~ranck-~ondon  region. l’hc high resolution, electron-impact mission

spectra of 11 lX+ (0) –-> X lX’ (0), C]X+ (0) -> X ‘X+ (0) and 11111 (0)-+ X lX+ (0) tr:insitims arc in

the 1070-1160 ~ region, and arc shown in l;igs. 3, 4, S, and 6. I:igurc 3 gives an overview of all

the features of the cuv spectrum of CC) studied in this work, with identifications. ‘]’hc spectra

were obtained at 100 CV electron-impact energy, with a background gas pressure of 1.0 X 10“s

‘1’err, in order to avoid effects of self-absorption, especially for the C lX+ + X lX’ (0) band, which

has the largest oscillator strength of the three bands studied [15].

l’hc spectral region from 1075.4 to 1077.5 ~ contains the direct transition from the 1; 111

(v’ = O) to the ground state, while the region from 1086.5 to 1088.5 ~ shows the rotationally

resolved transitions from the ~. lX+ (0) again to the ground state of C,{].  “1’hc  CIiX+ state has been

the subject of numerous spectroscopic investigations. ‘1’hc first was performed by 1 lopficld

llirg,c [24]. Rcccntly,  llidclsbcrg et al. [5, 6] performed an absorption stucly  of this state in

and

the

VUV, while an cxtcnsivc  stucly  employing cuv laser spectroscopic techniques has been rcportccl

by Ubachs ct al. [13]. in the 1149.5 to 1151.5 ~ spectral region, wc observe the cuv transition

from the 11111 (0) cxcitcd  state of CD to the p,round state and an atomic component (01 111- 11)0)

at 1152 .15 ~ [25]. ‘1’hc 1] ‘Il(v’) –> X ‘Z+ (v”) vibronic  bancls has been studied in (ictail by

1 !idclsbcrg  ct al. [26], bot}~ in absorption and in emission. ‘1’hc mission spectrum was obtainccl

by means of a discharge lamp, with a C() prcssm of fcw millitorr.  “1’hcy observed
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prcclissociation  for the B(v = 1,2) levels but no prcdissociation  in the 11 lX’ (0) + X lX+ (0)

band. $s reported by Kanik et al. [1 5], this band exhibits an anomalous behavior, showing a

sharp peak in the excitation function at very low clcctro~~-it~~p:lcl  cncrgics,  probably arising from

spin exchange due to significant triplet admixture [15]. l;or this reason, wc obtained a spectrum

of the }1 ‘X+ (O, O) transition at an electron-impact energy of 30 eV, w}lich corresponds to the

maximum of the emission cross section for this state [15]. “1’hc  results arc prcscntcd  in Fig. 4,

where the individual J levels up to J= 19 for the R-branch arc clearly resolved. In this figure we

also compare the measured spectrum with the output of a model, which will be described in

detail  below.

‘Ilm model, based on the 1 I13nl-1  ,ondon factors, makes use of the unpcrlurbcd  rotational

constants of llbachs  et al. [18] (1’able 1) for this state, ancl of I lubcr and 1 lerzbcrg [27] for the

ground state. ‘1’hc model generates emission intensities and wavelengths for the rovibronie

transitions from the excited state to the ground state. Onc of tllc parameters of the model is the

tcmpcraturc of the gas sample. It was founci that the best agrccmcnt  bctwccn  data and model was

ac}~icvcd  by adopting a temperature value of 330 K. IIy convoluting the model intensities with

the triangular slit function of the spectrometer, wc obtain a synthetic spectrum that can then be

compared with the measured spectrum. ‘J’hc model output and the data arc both nol malizecl to

unity, to facilitate comparison. We obtain a goocl  agreement , as shown in };ig. 4. ‘1’hc triplct-

statc admixture does not seem to affect the sing,]ct character of the state to any great extent. It is

quite clear that no pcrturbatims  arc present in the cxpcrimmtal  data, ant] that the model fits



satisfactorily.

state, since it

It must bc pointed out that no prc(iissocinticm can bc fount] from the 111 Z (v=-O)

ics below the dissociation limit of C{).

in l:ig. 5 wc present a spectrum of the C ‘Z+ (0) --)X lZ’ (0) transition. “1’hc  energy of tl)c

Cl X’ (v’ = O, 1 ) Icvels lies above the dissociation limit, 11.09 cV, so that they may either

prcdissociatc  or decay via fluorescence (see l~ig. 1). 1,ctzclter  et al. [ 10] rcpmtcd that the

prcdissociation  yield of the C(O) ICVC1 is at the most 10% , whi]c the C(l) is almost cntire]y

prcdissociatcd, “1’hc C lX’ (0) + X ‘Z+ (0) transition, shown in l:ig. 5, contains approximately

98V0 of the cuv emission bctwccn the [~ ‘X+ state and the ground state [20 and ref. therein]. } lerc

again  our model (which dots not contain any predissociation  terms in this case) is in good

agreement with the observccl spectrum, thus indicating that almost no perturbation or accidental

prcdissociaticm  is present.

in l~ig. 6 we show the spectrum of the 1 i 111 (0) - J X lX+ (0) tral)sition, again compared

with the model output (this time with a predissociation  term). “1’his  transition was first observed

by 1 lopficld and IIirgc [24] in emission. “1’his led to the conclusion that the ICVCI 11 ‘11 (0) was

not prcdissociatcd. 1,CC and Clucst [ 17], however, found very weak fluorescence from this state

anti 1,etzc]tcr ct al. [10] were able to clctcrminc that the 1 i (0) , although still fttirl  y intense in

emission spectra, was indeed prcdissociatcd.  ‘1’his was dctcrmincd  with a nmasuremcnt  ofthc

fluorescence yield after excitation by synchrotrons radiation . An accidental prcdissociation of

the 1!(0), J = 31 ICVCI of c-parity was observed by Simmons and ‘1’ilford [28]. llakcr ct al. [29]

identify the pcrturbcr as the k ‘1 J(v’ 3), J= 31 ICVCI.  in their cxtcnsivc  laser spectroscopy study
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at hig,htcmperaturc,  Cacciani  eta].  [12] also obscrvccl accidental prcdissociatim  for two nmrcJ

lcvcIs(J,=-41  al~d J,=44), alldassigl~cd  tllcpcrtLlrbcr astl~ck  3Il(v=-4)statc.

l}I?lC1)ISSOC;I AI’ION YIIIH ,1) FOR It ~1 l(O)

‘1’o dctcrminc  the prcdissociation  yiclcl of this state, wc have used an alternative and

entirely different approach which gcncratcs complementary information to the UV emission

process: electron impact excitation. For example, for states with negligible or known cascading

branching, prcdissociation  cross section can bc obtained by comparing the measured mission

cross section from that state to the corrcspomiing  excitation cross section obtainccl  from the

c]cctron  energy-loss spectrum. ‘1’hc prcdissociation cross section E-state of U) (where cascade

contribution is zero) may bc estimated using the following expression:

Ql,re ‘ Q,>,-~  - 
(Qe,,,i.f + Qb) (1)

where Q,,rC is the prcdissociation  cross section, QCXC is the direct cxcitatio~~  cross scctiol~,  Qer~jis is

‘ II 1 ) to the ground state (X lX+ )the emission cross section of an electronic state (in our case IL

and Qfi is the “branching” cross scctioni  IJI cqn. 1., the quantity Qr,,,,f + Q~ represents tbc “total”

cn~ission cross section. After the initial excitation the CO molcculc can branch down throu~~h

several intermediate states and produce fluorescence in the wiclc range of wavclcng,ths,  in

addition to the clircct }lUV transition to the ground state mcasurccl  in this work. ‘] ’his approach

has been used for the determination of prcdissociatioll  yields of tlIC C4’, b’ and  b states of N 2 [19,

30] and 11 ~ Rydbcrg states [31].
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Y’or a negligible or known amount of cascading from an upper state (and/or branching to

a lower state), the total emission yield of an excited electronic state i to the ground state x can be

defined as

Qemis(’VJ,’)i-) ~’” Qexc— . . .
(2)

'l'}~cprcdissociation  yield,  ql,, fora~~cxcitcd  clcctronicstatcof  CO~~]ay  tl~cl~bc  cstil~latcdusil\g

the following expression:

?~,,=-~  -  [((??F;)i_+X + ; (nj;)~l
(3)

z (VF;)K
where A represents the total emission yield of an excited state to all lower excited

electronic states (i.e. branching) other than the ground state. The branching ratio estimates

indicated that branching loss from the F, 11”1 state, via 11 ‘X+, C lX+ and A ‘11 states, accounts

maximum of only 8% of the total emission observed from the l;]] 1 state [20].

}Iy employing equations (2) and (3), wc obtain an amount of 88% prcclissociation

for a

yield

for the 1{ 111 electronic state based on the comparison of direct excitation [32] and total emission

[ 15] cross sections and taking into account of 8% emission yield to lower excited states ( 11 lZ; ,

~  1x+ and A 1] j)+ 1,Ctz,cltcr et al.[] ()] nlcas~lrcd prcdissociation yield fcm indivi(iual  v i b r a t i o n a l

states (v’ = O and v’ ‘- 1) of the E III electronic state and found 89% and 98% predissociation,

rcspcctivcly.  l’hc two measurements for the 1{ I ] 1 (V = ()) state arc found to bC in c~ccllcnt

agreement.



III the next section, wc will present our nmdcl  of the E(O,O) transition. “lhis model and

the data presented in Uig. 6 allows us to obtain predissociation  yields for the 11’ and H -

sublevels of the Ii 111 (0) ]CVC].

1’]11; CO MOI)E1 ,

The present measurements of the rotational line intensities of the CX3 11(0, O), C(O, O) and

1 i(O, O) transitions were modeled by usc of 1 lonl-1 xmion factors. The construction of the model

for producing synthetic spectra for X--X and X-1 1 transitions has been described in detail

elscwhcrc [ 23, 3 1]. Strong perturbations can bc ncglcctcd,  cxccpt  for weak predissociation  of

the ii(O) vibrational Icvcl by an unknown repulsive prcdissociating state(s). The results arc in

stark contrast to our recent work on liUV transitions for the isoelectronic molcculc  N2 [33]. in

that work, analysis of the N 2(c4’(0,0)  ) was performed and demonstrated that the rotational

cnve]opc  of the Carroll-Yoshino resonance band shows evidence of strong perturbations by

several nearby states.

A brief description”of  the CO model is given below. ‘1’he excitation and emission fine

structure transitions for Z---X and X--H arc shown schematically in l~ig. 2, ‘1’hc measured intensity,

1, of any rotational line (J, J“) is proportional to the excitation rate. ‘l’he excitation rate, g(v’, J) to

any upper rotational lCVCI J is given by

13



(4)

whclc Q ~ is the excitaticm cross section, 1; is the electron  flux, N(v”, J”) is the population in the

ground level and S is the normalized 116nl-I ,ondon  line strength [31]. l’hc rotational line

intensities for the 1) (J” = J + 1) and R (J” = J - 1) branches of the 11(0,0) and C(O,O)) rovibronic

transitions arc given by:

R:, ,1.1 “ = g(l)’, J) (~vtvll,  ,)J” (5)

where %’v”,  JJ” is thc branching ratio, given by

,, AVJV” S(J, J“).. ___ . . . ..—
~’ 2./ -J 1(tiv’l,”,  -J.)  -  ‘ A

(6)

where A 
V’V” is the spontaneous emission transition probability for the (v’,v”) band (in our case

wc limit oursclvm to the v’ = v“ =- O case) ,
A v’ is the total emission transition probability for all

/4 ~, , ~/f,,y

lower vibrational ICVCIS  v“, given by v .

in order 10 rcproducc, however, the measured spectrum of the }{(0, O) band (l~ig. 6), the

emission branching ratio must have a term which depends on the effects of prcdissociation. In

this case, wc write

+
‘ “ S’(.), J“) ,

“= [: 1
Vv— —. . ..- . . . . . .f~},’l)”,  J ,] +, 2J -1 1

?) ~;(v’, J)
v (7)

where ‘; ’v”is the spontaneous emission transition probability of the 11+ (the P and R branches)

14

state, assumed to be constant in J for any v’, allcl  analogously for the 11- state (Q branch) and
,

71+ F{v’,  J) is an emission yiclcl, given by:
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A+v’
l]+ /j{v’, J) ‘- ~

~’+ ,4;)rc(v’, J) (8)

A+,,‘ + ‘~H?(v’7 ‘) iS the total transition probability, and includes the prcdissociationwhere

transition probability, A;,re(v’,  J) f> or any 1!(0) rotational ICVC1 J .

‘1’he rotational line intensities then become:

&“s’(J,  .i’)??~{v’,  J)
1;’/, ,IJ” = g(v’, J) -–—- ~+ —

v’ (9)

and similarly for the 11- state. ‘1’hc data for the 1;(0, O) transition, shown in Fig. 6, suggest that

q,: (J) and T1l:-(J) are to a good approximation independent of J, although different for the 11’ and

11- states, since no sudden weakening of the band is observed, in agreement with observations by

(~acciani et al. [12]. “l’his yield can then be represented by constants T~F,’ and ‘rl ~-. ‘1’hc

cxpcrimcnt  uniquely determines the ratio between these two yields, since the spontaneous

emission probabilities for the 11+ states and 11- states arc independent of J for negligible

perturbation with other bound states. ‘1’hc 11’ and the 11- emission yields are related to the total

emission yield by

(lo)

in the high temperature limit (“1’ 2300 K). ‘1’hc mission model for the 1{ 11 J (O, O) transiticm,

when wc assume equal prcdissociation  for the 11’ and 11- sublcvcvcls,  overestimates the

brightnms of the Q-branch. ‘1’hc cxpcritncntally  determined ratio between the emission yields of



1

the 11’ and 11- sublevevc]s  is equal to 11,,- /T~,,,’ ‘= 0.63 LJsing  this ratio, and cqn. (1 O), wc obtain

11,’ = 0.135 and ql,-== 0.085. ];rom cqn. 3, then, it finally follows that the prcclissociation  yields

for the 11’ and n- sublcvcvcls  (ql,’ and q[,-respectively) arc ql,i = 0.85 and Tll,- = 0.91.

Although it is clear from the present mcasurcmcnts that the 1{ IIJ state prcdissociatcs, the

electronic continuum states causing this perturbation arc yet to bc dctcrmincd.  A list of candidate

prcdissoc.iating  states can be found by consideril]g  the ways the C(SI’) and ()(sl’) atoms can ~oin

al~gu]ar  momenta along the internuclear axis. I’hc possible sin.glct states arc lXi, IX-, 111 and 1A

134]. According to the selection rules for prcdissociation, only transitions to like-parity states

can occur. ‘1’hcreforc a repulsive IX- state may bc rcsponsib]c  for the enhanced predissociation of

the 11- state observed in this cxpcrimcnt.

OSC1 1,1,ATO1{STRENG’J’11

l’rcvious  experimental and theoretical determinations of oscillator strengths fy,v,, from

v“ = O of the, X IX+ ground state of U] to different v’ Icvcls of the 1] IX’ and C IX+ states have

been summarized in our earlier paper [15]. in this paper, wc report the oscillator strength for the

1; 1] I(V’ = 0) ---> X lx’ (v”= O) transition and compare it with other data sets where available.

Wc obtain the oscillator strength for the 1‘, 11 J(v’ = O) --> X 1X+ (v” = O) transition by

analy~,ing  the energy dependence of the measured excitation function (from O to 800 cV)

corresponding to that transition. l’hc excitation function for the 1{ II I(v’ = O) -> X l>;+ (v”= O)

transition (lJig. 7) is put on an abso]utc  scale by normalizing it to the 100 CV excitation cross

16



sections for the E lll(v’ = O) + X ] Z+ (v” = O) transition [32].

prcdissociation,  emission, excitation and branching cross sections at 100

and arc reported in ‘l’able 1 I.

l:rom eqn. (1) , the

CV arc then obtained,

Collision strength data (cross section times electron impact energy ) for the C() R l] 1

band were fitted within experimental error (about 20Yo) ming, the following analytical form for

collision strength:

+ i ~:k (~v ’ v ” - 1). cx])(-k. C8XVIVY) + C5 -1 c6/ Xv$f( -{ C7 . ln(x~f)’g
k. 1

(11)

Where i~vrvrf (xvfvf~) is the collision ‘trel@l! Xv’v” is the electron impact energy in threshold

units, and Ck arc constants ofthc function fll~’)~ M (Xl) fl,y) [21, 22]. “1’hc result of this iit is reported

in l~ig. S. ‘1’he constant CO represents the contribution of electron exchange, C, -Cq represent

configuration mixing, CS-CG represent po]ariz,ation  effects, C7 is the IIorn term and CR is a

constant in the mixing terms. ‘l’able 111 gives the constants of cqn. (1 1) for the U) 1{ III (v’= O) –+

X ‘X+ (v”= O) transition. ~’he excitation cross section is g,iven  by the equation

17
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where cr),~l,~~ (Xv~v’~)  is the cross section in atomic units, and 1~,’1,” is the transition energy in

Rydberg  units. At the high energy limit the collision strength has the following form:

i~,f,,H  (’,,Iv’)  = C5 i C7. /n(A’v’v’j, X1) I1,II >> 1

In the llcthc Approxinlatio~l  [35], the collision strength is given by

(13)

(14)

where co},~f is the lower state dcgcncracy,  Cl,’,, ” is a constant, related to the angular distribution of

the scattered electrons, fl,’l, ” is the oscillator strength, aO is the llohr  radius, m is clcctmn mass,

and h is the P]anck’s  constant, l’hus

[18 nKo2 f,,l,,’fC7 ‘  (O”).  ~ y-
~ “,  ,,!.

(15)

As sccJ~ in llqn.  (1 5), the optical oscillator strength can bc related to onc of the constants in the

fitting function at the high energy limit. ‘1’his equation allows us to dctcrminc  the oscillator

strength. };or the CO E111 (0)+ X lX+ (0) transition the optical oscillator strengths was found to

be 7.08x 10-2. “1’hc cxpcrimcntal  collision strcllg[b and the analytic fitting function for the CO

1{ 111 (0)+ X 1X+ (0) transition arc shown in };ig. 8. l’hc error associated with the oscillator

strength is estimated as follows: (a) 26’XO error from the CO X -->11 excitation cross section [321

and (b) So/O error from the fitting procedure. “1’hus the overall error (square root of the suJm of the

squares of the contributing errors) in the oscillator strength is estimated to bc about 26°/0. SoJmc

cliscrcpancics,  in the t}~rcshold region (1 0-15 cV), bclwccn the analytical fit and t}lc data arc

18



present, requiring further studies. I’hc determination of the oscillator strength, however, relics

on the fit at high energy, which is completely satisfactory,

Since there is no cascading into the I;(O) state, wc can assume that the energy variation of

the excitation, prcdissociation,  mission ancl branching cross sections is the same. l~rom the

analytical fit of the excitation function and by using eq. 1, we then obtain analytical fits to the

prcdissociation  and branching (as stated earlier, branching to lower cxcitcd  states is 8?40  of the

total emission) cross sections, shown in l;ig. 9, in the 0-500 eV range. Also shown arc excitation

and emission cross sections.

l’here arc many reported experimental and theoretical data for the oscillator strength of

the }; 111 state. I’able IV summarizes the oscillator strength values obtained by different

researchers for the CC) I; 111 (0)+ X IX+ (0) transition. 1 ,argc variations exist among these

values. A comparison of the oscillator strengths gives an cxccllcnt agrccmcnt bctwccn the

present result and that of Chan  ct al. [36] ( disagrccmcnt is ICSS than 1 Yo). ‘1’here is also a fair

agrccmcnt  between the data of 1.asscttrc  ct al. [37] and the present value. In fact, our

mcasurcmcnt  is about 33°/0 lower than that of ref. [37] . ‘1’hc theoretical result of Kirby and

Cooper [2] is about 31 VO lower than the present result and agtcm with the result of Stark ct. al.

[8], while the value of I cc and Guest [17] is 3.9 times smaller than ours. Our value is also about

1.9 titncs larger than the measurement of I.ctzcltcr ct al. [1 O]. 1 lowcvcr, the 1{ 111 band is subject

to pressure saturation effect. l’hcrcforc, the values of the oscillator strengths reported by ref. [17]

and ref. [10] for the 1{ 11 J + X lX+ transition may WCII be affcctcd by pressure saturation effects.
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“1’hc values of the oscillator strength found here may have important implication for

models of CO photodesh-uction  in the ISM. 1,etzelter  et al. [ 10] have measured the set of

absorption cross section used for modeling C.O absorption at photon energies below the 1,yman

continuum threshold. ‘J’he data of l,etzcltcr et al. [ 10]for the singlet state Rydbcrg  series are used

as a benchmark for CO photodcstruction  [ 1]. A factor of two incrcasc  in photodissociaticm  yield

of the largest single contributor to prcdissociation  for this molecular state needs to be considered

in future 1 SM modeling.
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lHGURIC  CAPTIC)NS

l~igure 1 : Partial potential energy curve diagram, cmphasiz,ing  the 9,5 -12,5 CV region . S}lown

arc the potential energy curves of the levels of CO studied in this work and the Franck-Condon

region.

l:igurc  2: Schematic of Z- X and Z -1 I CO transitions prcscntcd  in this work. ‘1’he quantities q,,’

and q,)- arc defined in the text.

l~igurc 3: } ligh resolution (0.036 ~ I;WIIM with 8 n~~ step size) electron-impact induced

fluorescence spectrum of CO at 100 cV. “1’he spectrum was obtainccl  at a background pressure of

1.OX 10-5 ‘1’orr. P and R branches are resolved for the C(O, O) and 13(0, O) transitions, but only the

Q branch appears for the 1{(0,  O).

l:igure  4:

rotational

rotational

Iriangu]al

Comparison between data and model for the 13 lX+ (0) --’ X lX’ (0) transition. ‘1’hc

line intensities in the model, based on the 1 Ibnl-I ,ondon factors and the unperturbed

constants of lJbachs et al. [ 18], reported in ‘1’able I, have been convoluted with a

response functio~~  (0.036 nl~ l;WI IM). ]ndicatcd arc the first few rotational lines of

each branch.

l~igure 5: Comparison between data and model  for the C ‘Z+ (0) -’ X lX+ (0) transition. “l’he

rotational line intensities in the model, based on the 1 lthd-1  ,ondon factors and the unperturbed
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rotational constants of Ubachs  et al. [ 18] reported in “l’able 1, have been convoluted with a

triangular response function (0.036 m~ l~Wl IM). Indicated are the first few rotational lines of

each branch.

I~igurc 6: Comparison between data and model for the 1{ in (0) -’ X lX+ (0) transition. ‘1’hc

rotational line intensities in the model, based on the II&]l-I ,oJldoJl factors and the uJlpcrturbcd

rotational constants of Eidelsberg  et al. [5], reported in ‘l’able I, and with a ratio of 0.63 between

the Q branc.h( 11- State) the P and R Branch (I 1+ State) prcdissociation  yields, have been

convoluted with a triangular response function (0.036 rn~ F’WIIM),

I:igure 7: Relative emission cross section (excitation function) of the CO 1{ 111 (0,0) band at

1076.1 ~ in the range 0-800 CV electron impact energy.

l;igure  8: Model fit for the excitation (curve a), prcdissociation  (curve b), emission (curve c) and

branching (curve d) cross sections for the CC) E 111 (0) state. l;mission and branching cross

sections arc multiplied by a factor of 5.

l;igurc  9: Model and data of the collision strength of the CO 1; 111 (O ,0) band plotted against

energy (1 0-800 eV). “1’he oscillator strength (f value) for this feature is determined as

7.08 x 10”?.
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TAIJ1.E  1

Constants lJscd in the Model Spectra: all values in cm”]

Slate Vo 11, D,

11 ‘x’ (o) 86916.1581

c ‘x+ (o) 91919.0719

1{ 111 (o) 92929.98

x ‘z+ (o)

a) W. Ubachs et al. [18]

b) M. l{idclsbcrg  et al. [5]

c) 1 lubcr and Herzbcrg [27]

Rcf

1.948173 6.90X 106 a

1.943425 6.172X10 4 a

1.95261 6.50X 10< b

1.92253 6.1 1948x10-G c

2’1



.

TAII1,E  11

Cross  Sections at 100 cV for the CO 1{ ‘I 1 (0) state (all values in cn12 x 10 ‘18).

Qexci = 4.43

Qcmis ‘ 0 . 4 7

Qprc = 3.91

Qh “ 0.038
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TAII1,E IV

Summary of previous and present determination of oscillator strength fv’l,” (X 10-2) for the

transition between the CO E 111 (0) state and the ground state X lX+ (0).

Source

Kirby and Cooper (theory) [2]

Stark et al. [8]

1 ,ctzeltcr  et al, [1 O]

I,CC and Guest [ 17]

Chan ct al. [35]

1,assctrc  and Skcrbelc  [36]

‘1’his work

f~~

4.9

4.9

3.65

1.81

7.06

9.40

7.08
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