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Predissociation of Rydberg states of CO has been investigated by tfe &hd'D) and OFP)
photofragment measurements in the region of 103 000—114 006 @8-97 nm. The simulations

of the rotational structures afip and nf Rydberg states were also carried out by using the
I-uncoupling Hamiltonian model. The photofragment yield spectra were compared with the ion-dip
spectra which correspond to the absorption spectra, indicating that all the Rydbergnstates,

nd, andnf converging to thé& 25" CO" ion, were subject to the predissociation. It was found that
the lower membenps and nd states exhibit two dissociation path ways, that is théRg(
+0(®P) and the CtD)+O(P) channels. Especially, for thep4r L II(v=0) state the two
channels were found to be competitive with respect to parity as well as rotational quantum number
J. At highernp series, such a parity anddependence of the predissociation disappeared, and the
observed rotational structure was simulated very well by the model with no paritydegrendence.

For thendo states, the spectra of thel@ and Sdo(v=0) states were diffuse, while thed4 (v

=0) state showed a rotationally resolved photofragment yield spectrum. All the photofragment
yield spectra of thenf(v=0) states exhibited sharp structures compared with those of other
Rydberg states with a smallvalue. From a comparison between the photofragment yield spectrum
and the ion-dip spectrum, it was found that the predissociation rate @ $lgenmetry component

is larger than that of thé-symmetry component. It was suggested that éksymmetry levels
predissociate through’ '3 * valence states, while tffesymmetry levels predissociate through the

2 11 state. ©2001 American Institute of Physic§DOI: 10.1063/1.1363672

I. INTRODUCTION recent studies with laser spectroscopy, Ubachs and
i ) co-worker§~° and Drabbel®t al° reported the predissocia-
Carbon monoxide(CO) is the second most abundant i, rates of the Rydberg states<3—6) by measuring the
molecule after Hin the_ mter_stgllar medium. Because ,Of an rotational linewidths with a narrow bandwidth laser. In these
important role of the dissociation process of the medium 'r\Norks,J-dependent predissociation has been found in some
space, the absorption spectrum and the dissociation of ﬂ'@f the Rydberg states. The pulsed-field ionizatiBf) spec-
electronic excited states of CO have been extensively studiegd, ¢0n"the single rotational level of thepa E 1(v =0)

in the region_of 90-115 nm. The absorption spectrum of thestate were observed by Softley’s grotfpThey investigated
Rydberg series of CO was first measured by Ogawa anfle Rydherg channel interactions occurring in very high

Ogawa:* They identified sev%ral Rydberg series convergingny qperq states. Rotationally resolved spectra of the Rydberg

not only to the ground stateX(°S *) of CO" ion but also to tatesn=4—7 foru =0, n=4—10 foru = 1) were observed

its electronically excited states, and analyzed rotationaiy Ebata and co—workear%‘mby using triple resonance spec-

structures for the Rydberg states upnts 4. troscopy. Because of its high selectivity on the rotational
In an earlier stage of spectroscopic studies of CO, 0N€g, antm numbed as well as parity, the rotational structures

photon vacuum UV absorption spectroscopy was extensively ¢ . Rydberg stategns, np, nd, andnf) have been ex-

performed for the rotational structure analysis and for the[ensively analyzed.

determination of absorption cross sections. Letzedteal? When one pays attention to the dissociative states, two

observed the absorption spectrum in the energy region Qf2+ states correlating to the &®)+O(°P) dissociation

88.5—-115 nm, and reported the absorption cross section a%annel are well characterized. One is té3* ground

the fluorescence quantum yield. They determined the phOtCEtate of CO, and the other is tH2’ 1S state, which has

dissociation cross sections and concluded that the photodiﬁ—een identified by Wolk and Ri¢hwith laser-induced fluo-

sociation of CO takes place after the transition to discret(?escence spectroscopy. Especially, it has been thought that

states, most of which are thought to be Rydberg state§he p- I3+ valence state plays an important role for the

Eidelsberg and co-workéYs have given a detailed analysis predissociation of the Rydberg states. Especially, fise

of the absorption spectrum of CO in the region 91-110 ”mRydberg series is known to predissociate through BHe

providing the molecular constants of these states. In rathelizio and Komatset al*® determined the potential curve of

the repulsiveD’ state from the linewidth measurements of
dauthor to whom correspondence should be addressed. Electronic maithe v =0 and 1 levels of thes states. According to thab
ebata@qclhp.chem.tohoku.ac.jp initio calculations by Cooper and Kirldy,the 3so B3 *
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FIG. 1. Schematic excitation diagrams (@j photofragment yield spectroscopy ai triple resonance ion-dip spectroscopy of CO.

andD’ '3 states are strongly coupled with each other, re-predissociatiof® Two dissociation channels were identified
sulting in a double minimum adiabatic potential surface.for the two states. One is the channel leading tc'RQ(
Tchang-Brilletet al®1° obtained the potential curve of the +O(°P) and the other is the channel leading to'Dj
D’ S+ state in the region close to t'S * state by using +O(®P), in which the latter channel is spin-forbidden. Pre-
the close coupling method. Hiyane al?®?! calculated the dissociation rate constants for the two dissociation channels
potential curves of th®' 13" and 211 valence states, and were obtained and it was found that the two channels com-
carried out the MQDT analysis of the superexcited states gpete with almost equal rate constants.
CO. They analyzed the autoionization mechanism by com- In the present work, we report our extended study on the
paring with the results of triple resonance spectroscopy donpredissociation of the =0 level of the Rydberg states by
by Ebata etal'® TennysoR? has been carried out the measuring the atomic photofragment yield spectra. We ob-
R-matrix calculation of the Rydberg states uprte7 of v served the photofragment yield spectra in the region of
=0 level and reported vertical excitation energies and quant03 000—114 000 cit (88—97 nm and identified the Ryd-
tum defects for these states. berg series converging to the23 " state of the CO ion.
Despite the extensive spectroscopic studies of the RydFhe observed photofragment yield spectra were then com-
berg states of CO, very few experiments have been done guared with the ion-dip spectra in the same energy region. In
the measurement of photofragment atoms produced by theddition, the rotational structure of the Rydberg states was
predissociation process. Forch and Merfdtt observed simulated by using theuncoupling Hamiltonian model. By
atomic oxygen generated after two-photon absorption of C@omparing the observed spectra with the ion-dip and the
at 193 nm. Hillet al?® detected an emission of atomic car- simulated spectra, the predissociation mechanism ohhe
bons produced by the multiphoton dissociation of CO. How-andnf series is discussed.
ever, none of those studies has specified the states from
yvh|ch the pred|ss.00|at|or.| nges place. It is fundamentally“_ EXPERIMENT
important to specify the initial state for understanding the
state-to-state dynamics of the predissociation, and for obtain- The experimental setup and the excitation scheme have
ing the potential curves of the repulsive valence states. In heen already reported in a previous wétkEigure 1 shows
previous paper, we examined the photofragment yield spedhe excitation schemes used in the present experiment, in
tra of the 3w L' I(v=1) and $pxLII(v=0) states which three different laser lights were used. For the photo-
by monitoring the fragment atoms produced by thefragment measuremefiFig. 1(a)], the higher Rydberg state
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of CO molecule was produced by the two-colar; (v5) the double resonant excitation through #éll(v=4) state
double resonance excitation through ®1&3 " (v=0) state,  with two laser beamsy(;, v,). A part of the CO molecules at
and the generated éR,'D) or OCP) fragment was de- the B state was further ionized by absorbing additional pho-
tected by two photon resonant three photon ionizaiip#,1)  tons of v, and/orv,. This ion signal was used as a measure
REMPI. TheB+«X transition occurs by the two-photon ab- of the CO population of th8 state. Under this condition, the
sorption ofv;. The inlet in Fig. 1a) shows(2+1) REMPI  third laser (3) was introduced to excite CO from tlBestate
spectrum of theB«+ X (0,0) transition. As seen in the spec- to the higher Rydberg states. Since most of the Rydberg
trum, only an intens€& branch appears when linearly polar- states are predissociative, the CO molecules excited to the
ized light for v, is used, so that several rotational levels areRydberg states immediately dissociate, leading to a depletion
simultaneously pumped to th@(v=0) state. TheB state of the B state population. Therefore, by scanning thefre-
molecules were further excited to Rydberg states'pyThe  quency while monitoring the ion signal, the ion-dip spectrum
fragment C or O atom generated by the predissociation of th&as obtained, representing the transition to the high Rydberg
Rydberg states was monitored by tf+1) REMPI spec- from theB state.
troscopy with a third laserys). For the CéP,D) detection,
the 3D, 3P, or 'P;«—1D, transition was used, while the
3p,, 3P, transition was used for the €R) detection. By
scanningv, while monitoring the carbon or oxygen ion sig- As was described previously, in the experiment of the
nal, the photofragment yield spectra were obtained. photofragment measurement, the high Rydberg states of CO

The experiment was performed under a jet-cooled conwere prepared by two-color double resonant excitation
dition of CO. Pure CO gas at the pressure of 3 atm washrough the 30 B3 *(v=0) state. As shown in Fig.(a),
expanded into vacuum through a pulsed nozzle having a 40he B I3+ X137 two-photon transition with a linearly po-
um orifice. The pressure of a vacuum chamber was Jdarized v, exhibits an intens€ branch, so that th&X state
X 10 ° Torr during the operation. Two dye lasdiisambda CO molecules populated in the rotational levels at given ro-
Physik FL3002 and Molectron DL)4wvere simultaneously tational temperature are simultaneously pumped to Bhe
pumped by a XeCl excimer lasérambda Physik LPX 100  state by twov; photons. Thus, the photofragment yield spec-
The first laser ¢;) was the frequency doubled output of trum obtained by scanning, exhibits the transitions from
FL3002, and its typical laser power was 0. The second those rotational levels of thB(v =0) state.
laser (v,) was the fundamental output of one of the dye laser  In the Rydberg state having a high principle guantum
(DL14), and its typical laser power was 5@J. The laser number or a large electronic angular momenturthe un-
beams ofv; and v, were introduced into the vacuum cham- coupling of | with respect to the molecular axis occurs, and
ber in a mutually counterpropagated geometry, and were fothe coupling scheme changes from Hund’s dégeo (d). In
cused by two lenses fE250mm). The bandwidths Hund's caseg(d), each state is expressed by a linear combi-
(FWHM) were 0.3 and 0.8 cit for v, andv,, respectively. nation of the caséb) basis set, such &, 11, A, etc., and the
A second harmonic output of the Nd:YAG laser pumped dyeotational structures of the high Rydberg states of CO are
laser (Quanta-Ray GCR-230-10/Continuum ND6Q0@as calculated with the-uncoupling Hamiltonian model. The ro-
used for v3, which was coaxially introduced with, by  tational Hamiltonian of the singlet state is given as follows:
using_a peam combiner. A tygicag laser power was 400 H o= B[(NZ—N§)+(I2—I§)—(N+I‘+N‘I+)]. (1)
wd, with its FWHM of 0.3 cm-. All the laser beams were
linearly polarized and crossed at 15 mm downstream fronftere,N(=J) andN,(=J,) are the total angular momentum
the free jet expansion. The delay time betwegifor ,) and ~ and its projection onto the molecular axis, respectivieand
v3 was set to 10 ns by using a digital delay generéBRS I, are the angular momentum of the Rydberg electron and its
Model DG535. CO" and the fragment atomic ions were projection onto the molecular axis, respectively. The singlet
separated with a time-of-flight mass spectrometer, and delP Rydberg state is composed of three Hund's dagdasis
tected by an electron multipligMurata Ceratron The ion  Sets,*Y", II", and'Il", so that this state is often called
current was amplified by an amplifiéNF Model BX-37). NP complex.” The rotational energy levels of tingp com-
An electric field(=70 Vicm) was applied to the interaction Plex are obtained by solving the energy matrix of the Hamil-
region in order to extract the ions into the flight tube. Thetonian given by Eq(1), and the transition probability of the
signal were processed by a digital boxcar integrgAR NP Rydberg—B X" is calculated from the obtained coef-
Model 4420 connected with a personal computer. Frequendicients. Th2enp %ydbgrg— 5012+ transition consists of five
cies of the lasers were calibrated by a calibrated 0.75 rkranches, “Py, "Ry, "P_1, "Qo, and’R_;, which refer to
double monochromator, and the accuracy of the laser frethe notation of¥” "N'AJ,.,. Here,N*' is the angular mo-
quencies was-1 cm L. mentum of the ion core, andl’ is the projection of onto the

In order to compare with the photofragment yield spec-rotational axis of the high Rydberg statd! is the total
tra, the ion-dip spectra were also observed in the same emngular momentum of thB state.
ergy region. The experimental setup for the ion-dip spectros-  Since most of] levels in theX state populated in the jet
copy with the triple resonant excitation was described inwere pumped to th8 state via theQ branch excitation, we
previous paper§'® and the experimental scheme is shownassumed the same rotational distribution for the
in Fig. 1(b). Briefly, jet-cooled CO was excited to a single 3so B3 *(v=0) state with that in theX state. The simu-
rovibrational levellp”=0 andJ”) of the 3so B 1S " state by lated photofragment yield spectra reproduced well the ob-

Ill. RESULTS AND DISCUSSION
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FIG. 2. nso—B 3" (v"=0) ion-dip spectra of CQuppe) and CEP) photofragment yield spectidower). (a) 4sa (v’ =0), (b) 5so(v’ =0)—B =" (v
=0) transition.

served photofragment yield spectra when we assumed On the other hand, the linewidth of the ion-dip spectrum
T,=15K. The simulation of the rotational structure was of the 6so(v’'=0,J") state appears rather sharper than that
also carried out for theaf Rydberg states. Thef Rydberg  of the 4so0 and 5o (v’ =0) states. The GP) photofrag-
state (=3) consists of severC components,L=—3+3, ment yield spectrum in Fig.(8) exhibits partially resolved
which are expressed also by the linear combination of thgotational lines. Komatset al® reported that the linewidth
Hund’s casdb) basis set. The evefi component consisted of the 6so(v' =0)—B 'S "(v"=0) transition to be 3.8

of II", A~, and®", and the odd’ component consisted of ¢y~1 and the line broadening of theso states becomes

27, H+’ A", and®". The nf—B 2+_ dipole transition  gmajler with the principle quantum number. They deter-
intensity can be calculated by the coefficients of ¥ie and mined the potential curve of the repulsié 13, * state from
IT* part in eachC component, and the coefficients of thesethe analysis of their linewidths.

components are obtained by diagonalizing the energy matrix In a sharp contrast to the above mentioned case, the

of Eq. (1) for the nf complex. spectra of the 3o(v'=0) state reproduced in Fig(l3 are
A. ns Rydberg states (n=4-7) quite different from other spectra; three rotational lines were

Figures 2 and 3 shows the ion-dip spediigper tracg observe_d in the ion-dip spectra fdt=1. The spectral_char-
and the C¥P) photofragment yield spectidower trace for a_ctenstlcs mthate that the spectra could not be assigned to a
4so(v'=0), 5so(v'=0), 6sa(v'=0), and Ba(v'=0) single tran;mon of %o(v’=_0)eBlE+(v”=0). Kpmatsu
—BI3*(v"=0) transitions. As shown in Fig. 2, thes¢ €t al!® carried out the rotational structure analysis of these
and 5so(v' =0)—B 3 * (u”=0) ion-dip spectra show two lines, and concluded that thed&(v'=0)—B 'Y " (v"=0)
broad dips due t® andR branches, whose interval increasestransition is overlapped with thesé(v’=0)<B transition.
with J”. Actually, Komatstet al® reported the linewidth of Among three ion-dips in the Fig.(8), the ion-dips at the
the 4so and 5o (v’ =0)—B 'S " (v”=0) transition to be lower energy side were broader than other two ion-dips.
17 and 15 cm?, respectively. It was also found that the They assigned these dips to tRebranch of the Bo(v’
widths are independent of. The results for the widths, =0)«—B(v"=0) transition, while theR branch of the
strongly suggested that these states are subjected to prediso (v’ =0)«—B(v"=0) transition was observed only &t
sociation. =0. The dip observed dtv;=23 140 cm ! was assigned to

Downloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



7890 J. Chem. Phys., Vol. 114, No. 18, 8 May 2001 Okazaki, Ebata, and Mikami

(a) (b) Ion-dip spectra

Ton-dip spectra 6dn(v'=0,7J")

Tso(v'=0,J")

656 (v'=0,J") Q R

C (3P) yield spectrum

Q
| T ||R C (3P) yield spectrum | T IR

P
mi R
P
f T T T T T T T T T T T T 1 [ T T T T T T T T T T T T 1
21820 21840 21860 21880 21900 2920 21940 23080 23100 23120 23140 23160 23180 23200
hv, Wavenumber / cm! hv, Wavenumber / cm-l

FIG. 3. nso—B 3" (v"=0) ion-dip spectra of CQuppe) and CEP) photofragment yield spectrdower. (& 6so(v’=0), (b) 7sa(v'=0) and
6d(v’'=0) states. Hatched peaks were assigned to g’ =0) states.

the Q branches of the &= (v’'=0)—B(v"=0) transition. surements of do(v'=0), reported the predissociation rate
The third line in the ion-dip spectrum, which shows blue- constant up td=26; theJ<5 levels have a constant rate of
shift with J”, was assigned to thd&R branches of the (1.2+0.2)x10's™ !, and theJ=8 and 12 levels have the
6dw(v'=0)«B(v”"=0) transition. This anomalous inten- largest predissociation rate constants. We also estimated the
sity distribution was thought to be due to thed?'S " (v’ predissociation rate constant from the®BJ yield spectrum
=0)—6dw (v’ =0) interaction. Thus, the GP) yield of Fig. 4b). The rate constant is given by the expression
spectrum obtained in the present work was assigned accorg=27cI’, wherel” andc are the linewidth and the speed of
ing to their analysis. The hatched peaks in théR)(yield light, respectively. In general, the observed linewidths are
spectrum were assigned to tReandR branches of the§o  associated with not only the predissociation but also the in-
state. The other peaks were assigned td3fedR branches strumental linewidths of the laser used. It has been shown

to the &= state. that the observed linewidth is expressed’by
B. nd Rydberg states (n=3-5) (Avg)?
. . Av  =Avgps A . (2
Figure 4 shows the GP) photofragment yield spectra Vobs
of (& 3do(v'=0), (b) 4do(v'=0), and(c) 5do(v'=0)
—B13*(v"=0) transitions. It is noticed that thedé-(v’ Here Av_, Avg, and Avy,s are the naturalLorentziar),

=0) spectrum exhibits well resolved branches, but the othelaser(Gaussiaj and observed linewidths, respectively. The
two are broad and rotationally unresolved. The broadness afbtained linewidthA v, of Fig. 4(b) is 0.83 cm?, leading to

the o(v'=0) and Ho(v'=0) spectra is known to be the predissociation rate constant of X.50''s % which

due to the fast predissociation. Eidelsbetgal*® reported  agrees very well with that of Eikengt al. At this stage, we
that the predissociation rates of the two states afésio, do not have a reasonable explanation why the predissociation
and only the C{P) yield spectrum of do(v'=0) shows rate of the 4lo is much slower than theddr and o The

the sharp rotationally resolved spectrum among tiuker difference may come from the potential crossing between the
states. Eikemat al,” who has carried out the linewidth mea- Rydberg and the dissociative state, as it was found in the
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FIG. 4. C@P) photofragment yield spectra ofa) 3do(v'=0), (b)

4do(v'=0), and(c) 5do (v’ =0)«B 3" (v"=0) transition.

case of thens series. Further analyses for different vibra-

tional levels are necessary to find the mechanism.

C. np Rydberg states (n=4-8)
The higher members of thep Rydberg series with

=1 were observed by Ebatt al’® for n=8 to IP,_; by

Rydberg states of CO 7891

using triple resonant excitation with vibrational autoioniza-
tion detection. For the =0 level, on the other hand, thep
states were observed by ion-dip spectroscopy for the states
up to 7p.%° In the present work, we examined th@ Ryd-

berg states by the photofragment yield spectroscopy, and car-
ried out the rotational analysis for thgp(v =0) states with
n=4-8.

Figure 5a) shows the C{P) photofragment yield spec-
trum of the $(v'=0)—B:S"(v”"=0) transition. The
4poK1S™ and 4o LI states are observed at the total
energies of 103054 cnt (hv,=16138cm ') and 103271
cm ! (hv,=16355cm ), respectively. Ther and 7 com-
ponents of the g state are well separated in this region, and
the 3d« L’ MI(v'=1) state is observed in the middle of the
two components. The separation between kh& ™ and
L 1 statesC(=Ty—Ts), is 217.2 cm™. Figure 3b) also
shows simulated spectra, which are obtained by using the
rotational constants reported by Drabbeisall® and the
group of Ubachg®

As shown in Fig. 5, the simulated spectrum of k&> *
state is in good agreement with the observed, indicating that
the predissociation rate of the'3, * state is independent of
J. Drabbelset al1° determined the predissociation rate con-
stant ofK 13" state to be (2.220.13)x10'°s ™! at low J.

In addition, Eikemaet al.” reported that the predissociation
rate constant is unchanged uple 20.

On the other hand, the simulated1—B 3" absorp-
tion spectrum does not agree with the observetP(yield
spectrum, because tligbranch of the simulated spectrum is
much stronger than that observed. The result indicates that
the predissociation rate of the levels associating with@he
branch is expected to be much smaller than those with the
P/R branches or that there exists an another dissociation
channel which competes with the 1Y) + O(°P) dissocia-
tion channel. Actually, there are two predissociation chan-
nels which are energetically possible in this energy region.
Thatis CEP)+ O(P) and C&D) + O(®P) channels, and the
latter is spin-forbidden from the I1 state. These dissocia-
tion channels can not be discriminated from either the ion-
dip measurement or the linewidth measurement. To confirm
the dissociation channel, we observed théDL)( photofrag-

(a) 3dn L' M (v'=1)
4o KI1ZH(v'=0) Q
R dpn LTI (v'=0)
P R 0123
4321 01234 P "I'I'I R
432 01234

(b)

I

FIG. 5. (a) C(°P) photofragment yield spectrum and
(b) simulated absorption spectrum of the
4po K12 (v'=0), 3dw L’ M(v'=1), and
4pm L MI(v'=0)«B 3 *(v”"=0) transition.

I I T T T T I T T T T | T T T T I T T T T | T T T

16100 16150 16200 16250 16300
hv, Wavenumber / cm-!

16350
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(a) Ton-dip spectra sponds tchw, of 20420 and 20500 cnt. Komatsuet al*
Spr(v'=0)  Sprn(v'=0) has carried out the rotational structure analysis of these lines,
PQR PQP and reported thaB’ =1.37 cmi ! for the lower energy state
and B'=1.57cm ! for the upper state, which are much
smaller than that of thB state 8”=1.94cm ). As seen in

Fig. 6(a), the P, Q, and R branches shift to red with the
increase ofl in both states. In the €P) yield spectrum, the
peaks at thérv,=20420 and 20 497 ciht were assigned to
the R heads, and thP andQ branches are overlapped in the
red side. Eikemat al.’ reported the predissociation rate con-
stant of H7 to be k,>3x10's™! for the higher energy
state andk,=2.7x10"s! for the lower state. They also
reported that the predissociation rate constant of the lower
energy states was independentloffhough they observed a
sharp'>* state in the region between the thd states, we
could not observe the state either in the ion-dip spectra or the
photofragment yield spectrum, and the existence of-thé

p state remains unclear.

Figure 7 shows the GP) vyield spectra of the(a)
6p(v'=0), (b) 7p(v'=0), and (c) 8p(v'=0)
—B13*(v"=0) transitions. Thepo—pm energy separa-
tions of the § and 7 states are reported to be 35.8 and 52.0
cm™ ! by Komatsuet al,’® and we simulated the spectra for
the 6p, 7p(v'=0)—B>*(v"=0) transitions by using
those values. For thegfv ' =0), we determined thpo—pm
energy separation to be 16.4 chby fitting the simulated
spectrum to the observed one. Different from tipe Ryd-
berg states witm=<5, the 6—& states are switched into
Hund’s casgd), and the calculation of the rotational struc-
FIG. 6. (a) ion-dip spectra anb) C(3P) photofragment yield spectrum of tures was carried out by tHheuncoupling Hamiltonian of Eq.
the Spm(v'=0) and Ho(v'=0)—B'="(v"=0) transition. Hatched (1). The simulated absorption spectra of thegestates are

E)eexatl)ks in the ion-dip spectra belong to unidentified transition of (€& illustrated in the lower part of Fig. 7, in which the rotational

5ps(v'=0)

(b) C (3P ) yield spectrum

rT I TTTTTTTTT l TTTTTTTTT I LIS L I UL
20200 20300 20400 20500
hv, Wavenumber / cm’!

branches are labeled by tfe “N"AJ,, expression. Differ-
ent from the 4 state, the calculated spectra reproduce very
ment and its yield spectrum, which will be discussed in thewell the observed ones and the predissociation rates of these
next section. np states are independent dfand thee/f parity. These
Figure @b) shows the C{P) photofragment yield spec- results suggest that both thé & and theD’ 13, * repulsive
trum of the (v’ =0J")«B '3 *(v”=0J") transition, be-  states are acting as the dissociative states, which correlate to
ing compared with the ion-dip spectifdig. 6@]. The the CEP)+O(P) channel.
5po(v’'=0) state is observed at the total energy of 107 174
cm ! (hv,=20258cm?t). In the 5po'S'(v'=0)
—BX*(v"=0) CCP) yield spectrum, it is seen that tie
branch is broader and much stronger thanRH@anch. This
anomalous intensity of th branch can be understood by In order to investigate the dissociation pathways of
comparing the ion-dip spectra. As seen in Fitg)6a broad 4pa L I(v'=0) in detail, we analyzed the éR,'D) and
peak is observed dtr,~20240cm ! in the ion-dip spec- O(3P) photofragments generated from the state. The genera-
trum, which locates at 20 cri to the lower frequency side tion of the C£D) fragment provides a direct evidence of the
of the R branch. This broad peak is observed even in thalissociation to the D)+ O(®P) channel. Since the P)
transition from the)”=0 level of theB state, indicating that is the common product for the éR)+O(P) and the
the broad state has tHél character. Thus, the overlapping C(*D)+O(3P) channels, the GP) yield spectrum provides
of the broad band makes thie branch stronger than the  us with the overall dissociation yield irrespective to the chan-
branch. Eikemaet al.” reported the predissociation rate of nel. Figure 8 shows the €P), C(*D), and OFP) photo-
S5po to be (3.4:2.0)x10Ys ! for J=0 and (1.8-0.5) fragment yield spectra of the II(v'=0) and L’ TI(v’
x10's™1 for J=1. This J-dependence indicates that the =1)—B 13 (v”=0) transitions. As seen in Figs(a&8 and
predissociation occurs via heterogeneous perturbatioB(b), the relative intensity of th&) branch to theP or R
through the repulsivéll state. branch of the C{P) and C{D) vyield spectra for the
In the region of the pm(v'=0)—B X" (v”=0) tran- L I(v'=0) state are quite different with each other; e
sition, two IT—!3* transitions are observed at the total branch is weaker than the and R branches in the Cp)
energy region of 107 340 and 107 420 thwhich corre-  yield spectrum and the reverse is seen in théDJ(yield

D.4pw LMI(v'=0), and 3d=w L' 'II(v'=1) Rydberg
states
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FIG. 7. (Uppeh C(®P) photofragment yield spectra aritbwer) simulated absorption spectra of tk@ 6p(v’=0), (b) 7p(v'=0), and(c) 8p(v'=0)
—B13*(p"=0) transition.

spectrum. Figure @) shows the simulatedlI—3* spec-  For the spin-forbidden channel, we assumed that the disso-

trum, which is convoluted from Fig.(B) by using the re- ciation rate constant i-independent, since the spin—orbit

ported linewidth!® As was described above, the®®( is the  coupling does not include thedependent term. Thug, is

common product for the two channels and the simulatedhe sum of the two channels, that is,

113" spectrum of Fig. &) well reproduces the GP) e kS KT .

yield spectrum of Fig. &). 0=KotKo- ®)
The disagreement of the observed®B) and CED)  The intensities of each channel are given by

fragment yield spectra with the simulated one can be ex- K

plained by assuming that the branching ratio of the two chan- | (c(3p))= SJ,J,,X—S, (6)

nels depends on the parity adaf theL *II(v' =0) state. In kstkr

the I3 transition, the upper levels of th@ branch  gng

belong to thef-symmetry and those of the andR branches

to the eesymmetry. So, we tried to reproduce the observed 1(C(*D)) =S,/ ;X kr @)

photofragment yield spectra of Figs(a@and 8b) by using kstky'

different dissociation rate constants for the different symmey, ;o Sy is the L 1T (v' =0)—B 3 * (v”=0) transition

try (or parity) components to the two dissociation Channels'intensity. Drabbelt al. reported thak,=1.9x 1° s~ and

In this process we used the total dissociation rate constar;ktJ:l_z>< 10°s"L. By changing thek! as a parameter, we

(k=kst k.T) to. b.e the value reported by Drabbalsal™® obtained the best fitting of all photgfragment yield spectra,

The predlssomatlon rate constant _for #symmetry compo- when we assumetd§= 0.5x10°s ! and kg: 1.4x10°s 1.

nentis expressed by a sum of héndependent and depen- 4 ingets in Figs. @ and 8b) show the simulated spectra

dent terms, as expressed as follows: by using Egs.(6) and (7), and the simulated spectra well
ké=ko+k;J(J+1). (3)  reproduced the observed ones. It shows that the predissocia-

. l 12 — . R .
On the other hand, the predissociation rate constant for thtéon of thel "11(v"=0) state to the spin-forbidden channel

: . competes with that to the spin-allowed channel with the
f-symmetry component is expressed byJandependent bl
term comparable rate constant.

The L' MI(v'=1)«B!S"(v”=0) transition is ob-
kf=Kkg. (4) served at the total energy of 103211 ¢m (hv,
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4p7t L IH ( v'=0 ) 16330 16360 16390

(b) C ('D)
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16390 FIG. 8. Photofragment yield spectra of the
3dw L' M(v'=1) and $p=MI(v'=0)«BZ"(v"
=0) transitions observed ki) C(°P), (b) C(*D), and

3 O(®P) photofragments(d) Simulated absorption spec-
() O CP) trum of L’ (v’ =1) andL TI(v'=0)—B S * (v”
=0) transitions. The insets i@ and (b) show the
simulated spectra by including the ¥),'D) yield (see
text).

(d) Simulation

IIIII|II|IIIIII]IIIIIIIII|IIII|IIII|IIIIIllII|IIHIHII||III|IIII|

16260 16280 16300 16320 16340 16360 16380

hv, Wavenumber / cm-!

=16295cm ). Though theL’ TI(v’=1) and L I(v’ Here, o is the absorption cross section of théH(v’:O)
—0) states are separated by only 60 ¢mthey are quite B =" (v”=0) transition| is thev, power.A; andA, are
different with respect to the rotational structures and the linethe detection efficiencies of the &) and C{D) atomic
widths. First, the reported rotational constarB  fragments, ¢4, and ¢,,, are the dissociative quantum
—=1.7966cm ! of L' M[I(v'=1) is much smaller than that Yields of the CP) and C{D) channels forL *II(v' =0),
of LI(v'=0) (B=1.9796cm1).® Second, as illustrated respectively. The CP)/C(*D) branching ratio for
in Fig. 8(d), the relative intensities of the ) and CD) L 'TI(v’'=0) is expressed b,/ dyy,, . Which is equal to
yield spectra agree with the simulated spectrum, in whickkg/kg for thef-symmetry component. So, we compared e
neither J- nor parity-dependence is assumed. We tried tdranch intensity of the &p) yield spectrum with that of the
estimate the branching ratio to the¥®) and C£D) chan- C(*D) yield spectrum. Th& branch intensity ratio has the
nels for theL’ TI(v'=1) state from the relative intensities following relation:

of the rotational branches between the'll(v' =1) and the

L II(v'=0) states. In the CP) and CED) yield spectra,

the observed photofragment intensities(C(°P)) and 1(C(3P)) A0l dapr AKS
I(C(*D)), of L II(v'=0) are expressed by (C(D)) Al 6, = A (10
1(CCP))=A101 ¢upn, 8

L , Similarly, in the case of thé’ II(v' =1) dissociation, the
I(C("D))=Ax0l dyp. - (9 intensity ratio of theQ branch is given by
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Rydberg states of CO 7895

FIG. 9. (a) lon-dip spectra(b) C(®P) photofragment
yield spectrum, andc) simulated absorption spectrum
of the 4f(v'=0)«B!3*(v”"=0) transition. The
peaks marked by asterisks in the®@] yield spectrum
are assigned t@ branchegqsee text

19160 19180 19200 19220 19240 19260 19280

hv, Wavenumber / em’!

1'(CCP)) A1o'l daar  Arky
I"(C(D) ~ Ao’ I dhay  AKD
Here, ¢’ is the absorption cross section of thé TI(v’
=1)«B!3*(v"=0) transition,¢sy, and ¢34, are the dis-
sociative quantum yieldsk(?/ and kg' are the predissociation
rate constants of P) and CED) channels for." I (v’
=1), respectively. The intensity ratio &f' II(v'=1) is
also expressed by that &f'IT(v’=0) with the following
relations:
I'(C(°P)) _1'(C(°P)) I(C(°P))
I'(C(*D))  I(C(°P)) 1(C('D))
_17(CCP)) 1(C(*D)) Arks
~1(CCP)) 1(C('D)) AkY
Here, Eq.(10) is used in the second step. In E42), the

ratio I’ (C(®P))/1(C(®P)) andI(C(*D))/1'(C(*D)) are ob-
tained to be 4.0 and 1.0, respectively, by comparing@he

11

12

19300

branch intensities of the @P) yield and C{D) yield spec-
tra for the L' II(v'=1) and theL II(v'=0) states of
Figs. 8a) and 8b). Finally, from the result of Eqg11) and
(12), the branching ratio of GP) to C(*D) of L' (v’
=1) is obtained,

kS 4.0c3
= : (13
k' ko

wherek3/k} is already obtained to be 1.4. The total predis-
sociation rate ofL’ I(v'=1) is obtained to bek +k’
=(2.7+0.9)x10''s ! from the rotational linewidth
measurementsand the estimated predissociation rate con-
stants to the GP) and CED) channels ofL’ II(v'=1)
are 1.6<10"s ! and 1.2x 10*s™ 2, respectively.

Though the reason of such a large difference of the pre-
dissociation rate constants between the two states is still un-
clear, either the difference in the vibrational qguantum num-
ber or in the angular momentum of the Rydberg orbital
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FIG. 10. (a) lon-dip spectra(b) C(P) photofragment
yield spectrum, andc) simulated absorption spectrum
of the 5f(v'=0)«B!Z*(v”"=0) transition. The
peaks marked by asterisks in the®€j yield spectrum
are assigned t@ branchegqsee text
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might be responsible. As to the repulsive valence statesjalues of thenf states, and determined the ionization poten-
O’Neil and Schaeféf calculated potential curves of the va- tial of the v=0 level. In addition, they suggested that the
lence states with the different spin manifold. Among them, itpredissociation rate constants of teesymmetry levels are

is seen that the 3T and 233~ states, both of which corre- much larger than those of tHesymmetry levels. They con-
late to the CtD)+ O(®P) channel, are crossing at the bot- cluded that the predissociation of thé state occurs via the
tom of the potential curves of the Rydberg states. Therefore)’ 13 * state which perturbs only the-symmetry compo-
these states are candidates for the dissociative states. To findnt of thev =0 level. In the present work, we observed the
more information of the repulsive state, we tried to detecthf(v’'=0)«—B 3" (v”=0) transition by the C{P) yield
C('D) fragment at higher Rydberg states with different vi- spectroscopy and compared the spectra with the simulated

brational levels. However, we could not detect the' Ty

fragment from other Rydberg states, indicating only the

L' MI(v'=1) and theL II(v’'=0) are strongly coupled to
the spin-forbidden CD)+ O(®P) channel.
E. nf Rydberg states (n=4-7)

The rotational analysis of the=0 level of the 4 —6f
states was first carried out by Komatstal > They reported

ones by using-uncoupling model, Eql).

Figure 9a) shows the ion-dip and(B) the CEP) pho-
tofragment yield spectra of theffo'=0)«—B 3" (v”=0)
transition. Figure &) shows the simulated rotational struc-
ture with solid lines for thee-symmetry component and dot-
ted lines for thef-symmetry one. The spectrum in Fig.c®
was simulated by usingTy=106107cm?! and C
=5.7cm %, which were determined by Komatsti al'® The

that the long range force model reproduces well the termiotational branches are labeled EK/ “N"AJ, and the as-

Downloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 114, No. 18, 8 May 2001 Rydberg states of CO 7897

6f(v'=0,0) =BTt (v'=0,J"
(a) lon-dip spectra A ) ¢ )

2R, O, Op P53 2R, Tso(v'=0,J")

J'=3

(b) C (*P ) yield spectrum

FIG. 11. (a) lon-dip spectra(b) C(°P) photofragment
yield spectrum, andc) simulated absorption spectrum
of the 6f(v'=0)«B!3*(v”"=0) transition. The
peaks marked by asterisks in the®€] yield spectrum
are assigned t@ branchegqsee text

(c) Simulation
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signment are shown in the figure. The simulated rotationat:(3p) y|e|d spectra can be interpreted on the basis of the
structures reproduce the observed®®Y yield spectrum nature of the ion-dip spectra; the dip intensity is proportional
well, while the intensity in highew, region is slightly dif- {5 the product of therf— B3 * transition intensity and the

ferent because of the overlapped transitions of different eleGsreissociation rate of the upper state. If the predissociation
tronic states. In Fig. 9, a difference between the ion-dip SpeGe4ta of then f Rydberg state is small, CO molecules pumped

t_rt;(rgn a(r)l S thzngzg) yiglrgni%ee?;r;kise dagpegsetgtr,issljgze tzzrto the Rydberg state with the intense laser (300 wJ) are
" bé’inte?w,se in thézéP) yield spectrum.yAs seen in Ig?g ionized by absorbing additional photons prior to the predis-

9(a), since only theP and R branchese-symmetry compo- sociation. In such a case the dip becomes weak or disappears.
nen’ts) are strongly observed in the ion-dip spectra, Komats n the phqtpfragment yield spectroscopy, on the other hand,
et al. suggested that only thesymmetry components selec- € intensities of; (30 1)) andw; (50 wJ) are adjusted to be
tively predissociate. Based on the selection rule for the per/e"Y Weak, so that the dissociation rate is expected to be
turbation,AJ=0 and =+« =, they reported the #state pre- much larger than the ionization rate. Thus, théR®)(frag-
dissociates to theD’ 3" state. In the C{P) fragment Ments are detected even if the dissociation rate is small.
spectrum of Fig. @), however,Q branches(f-symmetry These results lead to the conclusion that in tHév4=0)
components are observed with comparable intensities toRydberg state, both the andf-symmetry components pre-
other branches. Thus, it is concluded that freymmetry dissociate and the rate of tleesymmetry is larger than that
levels are also subject to dissociate if(#' =0). The dif- of the f-symmetry components, in agreement with Komatsu
ference of the relative intensities between the ion-dip and thet al.
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Figure 10 showsa) the ion-dip andb) the CEP) yield  the predissociation rate constant of thé &ate is smaller
spectra of the § states. The spectral simulation was carriedthan that of the So(v'=1) state.
out by the same procedure as thestate, which is shown in Figure 11a) shows the ion-dip and 1) the CEP)
Fig. 1Q0c). The values of Ty=108601cm! and C vyield spectra of the §uv’'=0). Simulated spectrum are
=3.7cm ! were used for the simulation. As shown in the shown in Fig. 11c), for which the values of Ty
figure, the simulated spectrum reproduces the observed109957cm?! and C=1.6cm® were used. Athv,
C(®P) yield spectrum similar to thef4v ' =0) state. Similar ~23020cm?, broad bands are overlapped with théR,
to the case of the 4state, it is seen that the’Q,, °Q,, and  branches in both the ion-dip and the®@] yield spectra. In
2Q_, branchedmarked by an asterisks in the &) yield the ion-dip spectra, thB andR branchege-symmetry com-
spectrunj are missing in the ion-dip spectra. Thus, it is alsoponent$ dominate, while theQ branches are completely
concluded that the-symmetry components dissociate fastermissing. In contrast, th& branches were observed very
than that of thé-symmetry. weak in the CEP) yield spectrum. As seen in the calculated
At hy~21760cm?, the P branches of the & (v’ spectrum of Fig. 1(c), on the other hand, the intensities of
=1) state are overlapped with thé(®'=0) state. As seen °Q, and 2Q_, branches are comparable to tReand R
in the figure, the linewidths of thefSstate are sharper than branches. Thus, different from thd 4nd 5 states, the pre-
those of So(v’'=1), whose predissociation rate constantdissociation of thee-symmetry component is more dominant
was estimated to bk,=3.7x10"'s 11> It shows that the than that of thef-symmetry component in thefv’=0)
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FIG. 13. (a) C(°P) photofragment yield spectrum aio) two-color ionization spectrum of CO in the energy region from the &thte to ionization threshold.

state, indicating that the interaction of thé(6'=0) state  the O¢D) atom is also important for the investigation of the

with the D’ 'S valence state is much stronger than thepredissociation mechanism of higher Rydberg states of CO.

4f(v'=0) and 5(v'=0) states. As seen in the lowest trace of Fig. 12, the intensity of the
C(CP) vyield spectrum suddenly drops aboves,
~26080cm?t, which is ~30 cm! lower than IR at

F. Higher Rydberg series converging to the ionization 113025 cm? (hv,=26109cm'). This sudden drop was

limit found to be due to the field ionization by an external electric

Figure 12 shows the @P) vield spectra in the energy field. T2$3(jzecrease of IP by the external field is expressed as

region from (v’ =0) to ionization threshold, | In the  follows:
figure, almost all the bands are assigned to the Rydberg se- A=qF2 (14)
ries converging to the adiabatic ionization energyg.IP
Among them, thenp series are clearly identified up 1@
~30. Since the intermediate state is fixed to the™" =) 12 . : .
350 B 13 (v"=0) state, thew’ =0 levels of thenp states ™ /(V/cm)™< by calculating a purely Coulombic potential.

. . 3 .
may predominantly appear because of the atomic like selecE'gure 13 shows a comparison of the"€] yield spectrum
tion rule of Al=*1 and the propensity rule afv =0 for and_ the tvx_/o-color lonization spectrum (.)f an the 1Ry
the Rydberg—Rydberg transition. In general, the linewidth OI;%Q'\C;/n' Wr_]r'ﬁh VCV? _observed ;t the ;Z[[Ol'ed ;glgSZtrerj?th of
the high Rydberg state becomes sharper at larglere to the cm. the lon was observe V2 cm

=1
reduction of the interaction between the repulsive valencéﬂnd the appearance of the C@n was 30 cm* lower than

state and the Rydberg orbitals, and also due to the stron?e ionization threshold. An estimated shift of the ionization
’ otential by using Eq(14) is A=—33 cm !, which agrees

A(R’—N")=0 rotational transition at high Rydberg state. : o

However, the observed rotational spectrum of each Rydber eII.\{wth the appearance energy of CGO_” in Fig. 13b). In
state is not as simple as seen in the figure. For exampte, 1 ddition, the intensity drop .Of the €R) yield spectrum and
and 1p~18p(v'=0) series show complicated rotational the appearance (_)f the COjon occur at_ the same; fre-
structures, and the linewidth ofp@u’ =0) is much broader qugncy._ Thus, it is co_ncluded that the _|nten3|ty drop of the
than that of §(v'=0) [Fig. 7(c)]. The broadness off@may C(P) weld_spgctr_um in the energy region below 18 due

be attributed to a large predissociation rate constant for thif® the field ionization.

state, and the similar feature was also seen in thé&v 9

=1) I(_avelj13 One of the possibilities of such a large predis- |\, ~oncLUSION

sociation in this region is due to opening of an additional

dissociation channel, since the dissociation threshold of the In this work, we observed the Rydberg series converging
C(*D)+O(*D) channel is 111029 cit corresponding to to the CO (X 2% 7) ion in the region of 88—97 nm by C and
v,~24133cm?’. Actually, Rosenetal® observed the O fragment atoms yield spectra and the ion-dip spectra. The
C(*D)+0O(*D) channel by using the dissociative recombi- observed spectra were also compared with the simulated
nation between an electron and COThus, the detection of spectra based on tHeuncoupling model. Anomalous inten-

Here, A is the shift of the ionization potential arfe is the
external electric field strength and is given to be—4
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