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Formation of long-lived CO?* via photoionization of CO*
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The formation of long-lived C&" from CO' via photoionization in the energy range 25 to 45 eV was
studied experimentally at high spectral resolution. All five allowed components of a Rydberg series with an
electronically excited®> " (»=0) core are identified. Four components of a second Rydberg series with a
vibrationally excited®S, " (v=1) core and structure due to the initial vibrational state of the ion beam are also
discernible. The total photoionization cross section was measured with a vibrationally relaXeidrCieam.
Franck-Condon factors from ground state C® the relevant C&' states were calculated.
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[. INTRODUCTION along a collinear trajectory. The photoionized molecular
product ions formed within an electrically biaségtpically
There has been a growing interest in understanding that +2 kV) interaction region 29 cm in length were selected
structure and dynamics of multicharged molecular specieby a demerging magnet and counted with a multichannel
[1-7]. In particular, long-lived doubly charged carbon mon- plate (MCP) detector. The C& photoion yield was re-
oxide has been used as a benchmark for experiments amdrded as a function of the photon energy and normalized to
theoretical calculationg—10]. However, high-resolution ex- the ion and photon currents. The photon flux was measured
perimental data remain scarce. The photoionization of mowith a calibrated silicon photodiode. The contribution to the
lecular ions is also an important fundamental question irCO?* ion count rate due to stripping collisions with the re-

molecular physics and other fiel{i§]. sidual gas was subtracted by chopping the photon beam at a
In the present work, the absolute photoionization crossrequency of 1 Hz. The operating pressure in the interaction
section has been measured for the process region was constant at approximately I0Pa. Relevant to
the present experiment is the flight time of a € product
CO" +hv—CQO** +e” (1) ion from the interaction region to the detector, which was

typically 7.5 us.
over the photon energy range from 25 to 45 eV with 30 meV  Steps in the product ion yield at the known photoioniza-
resolution, and from 26.5 to 33.5 eV with 15 meV resolution,
where the C&" product is formed in a state that is meta-
stable against dissociation.

II. EXPERIMENT

The experiment was performed at the Advanced Light
Source(ALS), using a merged-beams apparatus based on thi
photoion yield techniqugll]. A schematic of the apparatus

Photon
beam

is shown in Fig. 1. The major difference from experiments chopper

reported recently11,12 is the production of a molecular ion Q‘* / &
beam. . L. . @ Steering Anal

The CO' ion bear_n was produce.d by admntmg h|g.h- Bj_l?m Beam plates m‘:gﬁg‘tg (‘5657 %
purity carbon monoxide into a hot-filament discharge ion P ers\ 5'“5 v
source. A 6 kV acceleration potential extracted the ions, anc \00 :
the desired ion beam was selected by a 60 ° analyzing mag Deﬂedor A o
net. Typically, the CO beam current was 250 nA. /‘j Q

The photon beam was provided by an undulator at the

ALS [13]. The CO" beam was merged with the photon beam 3 slcon photeioce

FIG. 1. Schematic of the experimental apparatus. Some electro-
static elements have been omitted for clarity. For a full description
*Electronic address: hinojosa@fis.unam.mx see[15].
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tion thresholds[14] from O"(*S) to C?"(°P) and from brr—— 71—
C*(?P) to C**(}S) were measured during the experiment, @)
and used to calibrate the photon energy scale with an uncer-
tainty of =7 meV. Depending on the experimental condi-
tions, a Doppler shift varying from-14 meV to+25 meV

was taken into account. The pressure in the ion source was
maintained near the upper end of the operating range
(1072 Pa) in order to produce a vibrationally relaxed ion
beam. Resonant collisions of CQvith CO parent gas in the
region close to the extraction aperture of the ion source are
known to be very efficient in quenching the population of
vibrationally excited states through energy trangté]. This
characteristic of the present ion source has been used to pro-
duce other molecular ion beams with significant vibrational
relaxation[17].

Two wire scanners located at the ends of the interaction
region and a translating slit scanner in the center measured
the two-dimensional spatial profiles of the beams and moni-
tored the quality of their overlap. The absolute total photo-
ionization cross section and the photoion yield spectra were

Cross Section (Mb)

measured in different experimental modes. In the spectro- 0 oy
scopic mode, the ion yield was optimized, while in the cross- 27 28 29 30 a1
section mode the overlap of the beams was carefully con- Photon Energy (eV)

trolled and measured. The absolute cross section was ) L ¢
measured at selected photon energies where the spectrum isF:jG' 'ZH (3‘33 Th(i/crgss section for phlot<_)|on'|Azat|on Ofd (dme_a-
relatively structureless. Finally, the spectra were normalizegured with 30 meV photon energy resolutidnl. An expanded view

to the absolute cross-section measurements. The overall S)%f__the energy |n'_[erval that contains most of the features discernible
With this resolution.

tematic uncertainty of the cross-section measurements is es-
timated to be*x20%. The individual contributions to the

. . core ion,n is the principal quantum numbeélk,is the ioniza-
total uncertainty are discussed elsewherH. P bal g

tion limit, and 6 is the quantum defect.
To better resolve the structure, a higher-resolutidri (
IIl. RESULTS =15 meV) experiment was conducted, and the result is pre-
ented in Figs. 3 and 4. Figure 3 indicates the five compo-
: o ents of the series with their associated quantum defects. The
30 meV photon energy resolution are presented in Fig. 2. eries starts froom=>5, and is clearly discernible up t
first inspection of the spectrum reveals a number of reso-_ - “qpe positions of’the resonances were estimated from
nances from the threshold near 27.5 eV to about 30 eV, Wh"%aﬁssian fits. The quantum defedtshown in Fig. 3 and in
in the energy range 35 to 45 eV the spectrum is essentiall;fable I coréespond to an ionization limit 6f 29.79
featureless. The spectrum with an expanded energy scale iﬂo 08 eV. which is in excellent agreement with ut;lished
the near-threshold region is shown in Fig. 2. The first three Iﬁes[3—6 1q 9 P
groupings of structures contain at least three main resonané/(s‘_l_he Iargér résonances for=5 andn=6 appear double
e e e . feakeo. Suggesting addional Stucture, However, sine te
pparent energy separation is comparable to the resolution of

by Andersenet al. [2] that were also taken with an energy ; ;
resolution of 30 meV. They attributed the main features to &he experimen(15 meV), planned measurements at higher

Rydberg seres wih €O core in the lecronicaly ox. "“pun e PSS 0l esave i stture
cited 33" state. They identified four of a total of five al- P P

lowed components of this Rydberg series. In €abh com-
parison of the background cross sections is presented
Differences in the nonresonaiivackground cross section

Photoionization cross-section measurements taken Wiﬁ

TABLE I. Background cross sectiofin Mb) for comparison.

. ! e Energy(eV) Present work Referend@]
cannot be attributed to the experimental uncertainties, and
will be discused below. 30 1.83 1.94
The energies of the Rydberg series are given by 31 1.70 1.84
32 1.13 1.68
R.Z2 33 0.96 1.62
Ep=L-—— (2) 35 0.75 1.42
(n=4) 375 0.54 1.27
40 0.46 1.14

whereR, is Rydberg’s constanZ is the charge state of the
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TABLE Il. Quantum defects for the two identified Rydberg
series.
Core Values from Core
? i 35+ (p=0) Ref.[2] 35 (v=1)
g 0.215 0.30 0.075
qu 0.045 0.10 0.040
3 i —0.010 -0.05 -0.015
8 -0.097 -0.20 -0.07
& -0.172

trum. Four components of a second Rydberg series are re-
, , ) solved (lower grouping of Fig. # The associated limit
770 275 280 thiﬁ;ﬂerw@ V)ZED 295 300 appears shi_fted approximatelyZSQ meV from the first
Rydberg series. Such an energy shift suggests that the core of
FIG. 3. The CO photoionization cross section measured with these products is vibrationally excited, and that this series is
15 meV photon energy resolution. The first Rydberg series and thassociated with thé3, ™ state withv=1. For this series the
corresponding quantum defects are identifistiown at the top features are not sufficiently resolved, especially fier 6,
right). The principal quantum numbersare shown in the bottom. where there is additional structure due to initially vibra-
Invgrted triangles indicate contribution _from initially vibrationally tionally excited CO, as noted above. For the lower group-
excneq CJ. .Only these Rydberg series conform to the uppering in Fig. 4, a series limit. of 30.05 eV was determined.
grouping of Fig. 4. The quantum defects for the second Rydberg series are
presented in Table II. The fifth component for this core is

S
I

Cross Section (Mb)

27.0 27.5 28.0 28.5 29.0 29.5 30.0
Photon Energy (eV)

FIG. 4. Cross section for photoionization of C@neasured with 15 meV photon energy resolution. The first Rydberg series is indicated
by the upper grouping, and a second Rydberg series with four components is indicated by the lower grouping. The series limits are indicated
by thick vertical lines. Partial vibrational series of the metastablé'C@oduct are shown at the bottom left of the spectrum, for which the
lengths of the vertical lines are proportional to the Franck-Condon factors.
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also allowed, but is not resolved. The upper and lower Ryd- TABLE lil. Franck-Condon transition factors from CQ?% (v

berg series become intermingled fram=7 andn=8, re- =0)] vibrational states of _C@i Only the 3 *[v=0] and
spectively, making them difficult to distinguish. *TI[»=0,1] can be observed in the experiment.
Differences between the quantum defects of the presert 3 - .
Rydberg series witf2, [ »=0] core series and those of Ref. v 11 2 11
[2] age alttributed to the higher re_solution a_nd photon density 0.050 0.736 0.046
(102 s71) of the present experiment, which allows better 1 0.121 0.216 0.118
localization of the features. On the other hand, there is a
. . 2 0.164 0.039 0.168
good agreement in terms of the signs of the quantum defects,
U o 3 0.166 0.007 0.176
indicating two low angular momentum statgmsitive 6).
; 4 0.142 0.002 0.153
In a recent theoretical papé8], Veseth presents a com- 5 0.109 0 0.116

parison with the measurements of Anderseal.[2], finding
good agreement if the internuclear separafyrfor the >I1
state is assumed to be 2.34 a.u. As indicated in Table I, the ) )
present cross-section measurements are lower than those G@ficulated and are shown in Table . The potential energy
Andersenet al. at higher photon energies. The agreementcurves have been calculated usatyinitio methods. An ex-
between the present measurements and theory is better whtgmsive[ 5s4p3d2f] atomic natural obitaléANO) basis set
R, is assumed to be 2.38 a.u. for tAH state. Veseth con- [20] was employed and multireference configuration interac-
cluded that thé'S *[ »=0] is short lived, so that it would not tion (MRCI) and multireference averaged coupled pair func-
be expected to contribute to the present measurements. tional (MRACPF calculations were performed, using the
The peaks indicated by inverted triangles in Fig. 3 have aroLcAs suite of programg21]. The results are of similar
lower energy threshold shifted abotit330 meV from the quality to those obtained by Larssenal.[6]. In particular,
first Rydberg series. Their positions were calculated usingt is important to point out the correct ordeririiyjom lower
Eq. (2) with L=29.85 eV, 6=0.593, and froom=>5. Their  to highe) of the electronic statedII,'S, ¥, 1T, which are in
lower excitation energy and intensity indicate that they origi-agreement with the experimental data of Lundqeisal. [4].
nate from a small population of vibrationally excited 1o optain the vibrational energy levels and FC factors, the
CO'[?X *(v=1)] in the parent ion beam. The componentsradial Schidinger equation was solved using accurate nu-
of this Rydberg series are not resolved and hence the valu@gerical methods with theever program[22]. The results of
given here forl. and 6 are approximate. the calculations are presented in Table Ill and indicated
As in the case of the ground state, the cross section fographically in Fig. 4. To assist the identification of these
initially vibrationally excited CO is expected to rise at viprational series, the vertical lines in Fig. 4 were drawn
threshold and to decay with increasing energy. A high popuproportionally to the strengths of the calculated FC transition
lation of excited CO would have resulted in a nonzero cross factors for the lowest vibrational states. A definite identifica-
section at photon energies below the ground state” COtjon of the vibrational series in the spectrum is difficult to

threshold near 27.5 eV. The superposition of all the nonzer@staplish, since there are unresolved peaks clos& td v
cross sections originating from CQ?X*(»>0)] would  =0] and 3II[ »=1] resonances.

yield a larger cross section at higher photon energies. A com-

parison of the background cross sections with those of

Andersenet al. [2] is shown in Table I. Differences are at- IV. SUMMARY AND CONCLUSIONS

tributed to the unknown populations of initially excited €O

in both experiments. The faster decay with photon energy of The total photoionization cross section has been measured
the present measurement may be due to a vanishing conts¥ith an initially vibrationally relaxed CO ion beam. All five
bution from the initially excited CO component at the allowed components of a Rydberg series with®a"[v
higher energies. A detailed discussion of the origin of the=0] core have been identified, as have four components of a
background cross section is presented in R&4.8). second Rydberg series with a vibrationally excité®l*[»

The observed doubly charged sta{€s9,19 that have =1] core. Within the scope of the present experiment, a
sufficient lifetimes to contribute substantively to the presenttonclusion about the main processes involved in the forma-
measurement are th&ll(v=0,1) and X" (»=0) states. tion of metastable long-lived CO can be drawn. An under-
Their relative contributions to the total cross section cannotying cross section of 2.5 Mb at threshold, falling off at the
be evaluated from this experiment. However, since these afgigher energies covered by this experiment, indicates that
known to be the dominant metastable states of CQhe  direct (nonresonantphotoionization of CO to CO** oc-
present measurement can be used to estimate the total iours. Also, the formation of CE is through highly excited
ization cross section. states of CO, i.e., Rydberg states with an underlying elec-

On the other hand, the observation of vibrational structronically excited, doubly charged ion core. This observation
tures due to the metastable states oPC@ feasible. For a is consistent with the two-step mechanism discussed by
complete identification, Franck-ConddRC) transition fac-  Dawberet al. [23] for the production of C&" from neutral
tors from ground state COto possible vibrational states of CO. The presence of vibrational structure in the photoioniza-
metastable C& are needed. The FC transition factors fromtion cross section cannot be clearly resolved in the present
CO'[22 " (»=0)] to the II and 13" states of CB" were  experiment.
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