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In a series of spectroscopic work of the Rydberg states of CO, we present the rotational analysis
thev50 and 1 levels of the singletns, np, nd andn f-Rydberg states~n54–7!. The spectra were
measured by ion-dip spectroscopy with triple resonance excitation via the 3ss:B 1S1 or the
3ps:C 1S1 state. All the spectra were rotationally well resolved and the term value, quantum
defect and the rotational constant were obtained for each state. Through the analysis of the rotatio
structure, the coupling between the Rydberg electron and the ion core has been investigated. For
np-Rydberg states, a switching from Hund’s case~b! to ~d! was clearly observed with the increase
of n. A significant perturbation was observed in the 6pp 1P and 7pp 1P states and it is suggested
that these states are perturbed by the state with the same symmetry. For then f-Rydberg states, the
observed electronic energy was well analyzed by the long range force model and the prec
ionization potential was obtained. The Rydberg↔valence and inter-Rydberg states interactions were
also investigated. For thens-Rydberg states, the interaction matrix element with the repulsive state
was estimated from the measurement of linewidth of the rotational levels. The potential curve of t
repulsive state to whichns-Rydberg states predissociate was also determined. Selectiv
predissociation was found for thee-symmetry levels both in thev50 and 1 levels of then f-Rydberg
state. A strong interaction between thev50 levels of the 6d- and 7s-Rydberg states was
observed. ©1995 American Institute of Physics.
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I. INTRODUCTION

Carbon monoxide~CO! is the secondary most abundan
molecules after H2 in the interstellar medium. Because of the
importance of the dissociation in the vacuum ultraviolet re
gion, the absorption spectrum and the dissociation have be
extensively studied in the region of 90–115 nm.1–7 Letzelter
et al.measured the absorption cross section and obtained
dissociation yield.1 They concluded that the photodissocia
tion of CO proceeds after the excitation to discrete states.
this energy region, most of the discrete states are the R
berg states and therefore the investigation of energy leve
absorption cross sections and the interactions with valen
states are of special importance. Especially, it is thought th
theD8 1S1 valence state play an important role for the dis
sociation of the high Rydberg states.8,9 In ab initio calcula-
tions, the 3ss:B 1S1 and D8 states are strongly coupled
with each other, resulting in a double minimum adiabat
state ~BD8!.8 Tchang-Brillet et al. calculated the
B 1S1–D8 1S1 homogeneous interaction in detail by the
close coupling method and obtained the potential curve
theD8 state in the region close to theB state.9 However, the
interaction in the higher Rydberg states has not been inv
tigated yet. Especially, it is very important to investigate th
Rydberg-D8 interaction in the region of 100 000–110 000
cm21, since the interaction causes the predissociation.

Many experiments based on one-photon absorption sp
troscopy have been performed to analyze the rotational str
ture and to determine the absorption cross section.1–5 Eidels-
berget al.observed the high resolution absorption spectra
four isotopic species of CO.3–5 Also many laser spectro-
scopic measurements have been extensively performed.
togalvanic spectroscopy has been applied to measure
2420 J. Chem. Phys. 103 (7), 15 August 1995 0021-9606/9Downloaded¬19¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subject¬
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inter-Rydberg transitions.10–13 Four wave mixing
spectroscopy14,15 and different resonantly enhanced multi
photon schemes have been applied.16–18Recently, high reso-
lution spectroscopy was performed by using an extrem
ultraviolet laser source with narrow band,19–21 and by
fluorescence depletion method.22 Our group reported the
triple-resonant spectroscopic study of the Rydbe
states.23–25 In this spectroscopy, CO molecules are firs
pumped to the well known lower Rydberg states, such as
3ssB 1S1 or 3psC 1S1 state, by two-color double reso-
nance excitation and the third laser pumps the excited C
molecules to the higher Rydberg states. Since we meas
the spectrum from a single rotational level of th
B 1S1(C 1S1) state and the inter-Rydberg transition favor
theDv50 propensity, the higher Rydberg←B(C) absorption
spectrum is greatly simplified. In our previous papers, w
measured thev51 level of thens, np, nd, andn f-Rydberg
states forn>4 in the energy region of 108 000–115 00
cm21 and analyzed their rotational structure. Term value
and rotational constants were obtained for each sta
Through the detailed analysis of the rotational structure
many interaction such as Rydberg–Rydberg and Rydbe
valence interactions were investigated. It was found that t
e-symmetry component of then f-Rydberg states predissoci-
ates much faster than thef -symmetry component and it was
suggested that then f-Rydberg state predissociates throug
theD8 valence state.25

In the present paper, we report the extended study to
v50 level of the Rydberg states and describe a comparis
with the v51 level. Figure 1 shows the energy diagram o
the Rydberg states whose rotational structures have been
lyzed already or analyzed in the present experiment. In th
work, the analyses of four Rydberg series,ns, np, nd, and
5/103(7)/2420/16/$6.00 © 1995 American Institute of Physicsto¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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2421Komatsu et al.: Rydberg states of CO
n f with n54–7 andv50 are presented. For the 4s–6s-
Rydberg states, the interaction with the repulsive state
their predissociation were investigated by the measurem
of the linewidth. The interaction between the Rydberg el
tron and the ion core was investigated on the basis
l -uncoupling model for thenp and then f-Rydberg states
The interaction between thend-Rydberg and the (n11)s-
Rydberg state is also discussed.

II. EXPERIMENT

The experimental setup for ion-dip spectroscopy w
triple resonant excitation was described in a previo
paper.25 Briefly, jet-cooled CO was excited to a single rov
brational level~v950 and 1,J9! of the 3ssB 1S1 or the
3psC 1S1 state by double resonant excitation through
A 1P ~v54! state with two laser beams~n1,n2!. Part of the
CO molecules excited to theB(C) state are further ionized
by absorbing additional photons ofn1 or n2. This ion signal
is used for monitoring the CO population in theB ~or C!
state. Third laser~n3! is introduced to excite CO in theB
state to the higher Rydberg states. Since most of the Ryd
states are predissociative, the CO molecules excited to
Rydberg states immediately dissociate, leading in a deple
of the ion signal. Therefore, by scanning the third laser f
quency while monitoring the ion signal, the ion-dip spectru
is obtained, representing the transition to the high Rydb
from theB(C) state.

The three dye lasers~one Lambda Physik FL2002 an
two Molectron DL14! were simultaneously pumped by
XeCl excimer laser~Lambda Physik EMG 103 MSC!. The
second harmonics of the dye laser~FL2002! was used asn1
for the two-photon excitation of CO to theA 1P~v54! state.

FIG. 1. Energy level diagram of the Rydberg states of CO whose rotati
structures were analyzed. Thick solid lines indicate the states which w
analyzed with triple resonant spectroscopy.
J. Chem. Phys., Vol. 103Downloaded¬19¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subject
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Typical n1 laser pulse energy was 300mJ. The second dye
laser ~DL 14! was used asn2 for the B

1S1–A 1P(v54)
transition and its typical power was 4mJ. Both the laser
beams were introduced coaxially in the same direction into a
vacuum chamber. The output of the third dye laser,n3, was
counterpropagated to the two laser beams. The three las
beams were focused byf5250 mm lenses 15 mm down-
stream of a pulsed nozzle. Pure CO gas was expanded in
the vacuum chamber through the nozzle having a 400mm
orifice. The generated ions by the REMPI were repelled by
an electric field of 4 V/cm and detected by an electron mul-
tiplier ~Murata Ceratron!. The ion signal was amplified and
integrated by a boxcar integrator~Par 4400/4420! connected
with a personal computer. Though the frequency of the three
dye lasers were calibrated by a calibrated double monochro
mator and their accuracy was 1 cm21, the rotational energy
levels of theB ~andC! was adopted from those obtained by
absorption spectrum.3,26

III. RESULTS AND DISCUSSION

A. 4ss, 5ss, and 6 ss Rydberg states ( v50 and 1)

In the previous paper, the rotational analyses of thev51
level of thens-Rydberg states withn>5 were reported. The
rotational analysis of thev50 level has been presented only
for a few states. For the 4ss(v50) state, Ogawa and Ogawa
obtained the term valueTe from the rotationally unresolved
spectrum.6,7 Very recently, the 4–6ss(v50) states were re-
investigated and the rotational structure of the 6ss(v50)
state was analyzed by Eidelsberget al.4 However, they men-
tioned that the absorption spectra of the~0-0! bands of the
4ss 1S1 and 5ss 1S1 states were diffuse and the rotational
structures were not analyzed. In the present experiment, th
rotational structures of the 4ss–7ss states ~v50! were
clearly resolved, demonstrating the ability of triple resonant
ion-dip spectroscopy.

Figure 2 shows the triple resonant ion-dip spectrum of
the 4ss 1S1(v850,J8)←B 1S1 ~v950, J950–4! transi-
tion. The n3 frequency is in the range of 14 450–14 650
cm21, which corresponds to the total energy of 101 370–
101 570 cm21. As can be seen in the figure, a single dip at
J950 and two dips at J9>1 are observed for the
4ss 1S1(v850)←B 1S1(v950) transition and no other
transition is seen in this energy region. These dips are easil
assigned to theP and R branches characteristic to the
1S1←1S1 transition. The total energy of the rotational levels
of 4ss(v50) is obtained by adding the observedn3 fre-
quency to the energy of theB 1S1(v50) intermediate state.
Straight line was obtained by plotting total energy level
againstJ(J11) and the term value (TS) and the rotational
constant (B) for the 4ss 1S1(v50) state were obtained to
be 101 454 cm21 and 2.0 cm21, respectively, which are listed
in Table I. As is seen in the table, the term value is in a good
agreement with the value reported by Ogawa and Ogawa,6,7

which was obtained from the rotationally unresolved absorp-
tion spectrum. Another important point in the spectrum is the
broadness of the rotational lines. The rotational linewidth of
the spectrum shown in Fig. 2 is as large as 17 cm21, which
was independent ofJ within the experimental error limit.

al
ere
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2422 Komatsu et al.: Rydberg states of CO
The broadness is due to the fast predissociation to a repul
state. The interaction between thenss-Rydberg and the re-
pulsive valence state will be discussed later.

The ion-dip spectra of the
5ss 1S1(v850,J8)←B 1S1(v950,J9) transition is ob-
served atn3;19 470 cm21 in Fig. 3. Though the rotational
lines are well resolved, they are also broad as was seen in
4ss(v50)←B 1S1(v950) spectra. The rotational energ

FIG. 2. Triple resonant ion-dip spectra of CO showing th
4ss 1S1(v50,J8)←B 1S1(v50,J9) transition.
J. Chem. Phys., Vol. 103,Downloaded¬19¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subject¬
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levels of the 5ss(v50) state are plotted in Fig. 4, from
which the values ofTS5106 386 cm21, d50.934, and
B52.01 cm21 were obtained for 5ss(v50). TS of 5ss(v
50) agrees well with the value reported by Starket al.2 The
rotational constant of 5ss(v50) is slightly larger than that
of the ion core~1.9772 cm21!.27

Figure 5 shows the ion-dip spectra of th
6ss(v850,J8)←B 1S1(v950,J9) transition together with

FIG. 3. Triple resonant ion-dip spectra of CO showing the 4f (v50,J8),
W 1P(v52,J8), and 5ss 1S1(v50,J8)←B 1S1(v50,J9) transitions.
n
TABLE I. Term value~TS!, rotational constant (B), quantum defect~d!, vibrational energy spacing betwee
v50 and 1 (DG), and difference (dG) of DG of thenss Rydberg states from that of CO1.a

nss v TS ~cm21! B ~cm21! d DG ~cm21! dG ~cm21!

Previous valuesb

TS ~cm21! B ~cm21!

3ssc 0 86 916.18 1.948 18 0.950 86 916.18c 1.948 18c

1 88 998.32 1.921 90 0.954 2082 2102 88 998.32c 1.921 90c

4ss 0 101 454 2.00 0.920 101 456d •••
1 103 691 1.92 0.913 2237 153 103 691.3d 1.920 3d

5ss 0 106 386 2.01 0.934 106 383e •••
1 108 678 1.89 0.901 2292 1108 108 678.0c 1.905 0c

6ss 0 108 793 2.14 0.908 108 788c 2.14c

1 111 028 2.01 0.877 2235 151 ••• •••
7ss 0 110 049 1.30 0.928 ••• •••

1 112 275 2.15 0.884 2226 142 ••• •••

aCO1 X 2S1; DGi52184 cm21.
bThese values were obtained by the one-photon absorption spectra.
cReference 4.
dReference 6.
eReference 37.
No. 7, 15 August 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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2423Komatsu et al.: Rydberg states of CO
other transitions. P and R branches of the
6ss 1S1←B 1S1 transition are easily identified a
n3;21 880 cm21 and the plot of energy levels vsJ(J11) is
shown in Fig. 6. For 6ss(v50), TS5108 793 cm21,
d50.908, andB52.14 cm21 are obtained. The rotationa
constant of 6ss(v50) agrees well with that reported by
Eidelsberget al.4 and it is larger than that of the ion core
The linewidth of 6ss(v50) is 3.8 cm21, which is narrower
than the linewidth of 4ss(v50) and 5ss(v50). This indi-
cates that the predissociation rate of 6ss(v50) is slower
than 4ss(v50) and 5ss(v50).

From the values ofTS for v50 and those forv51 pre-
viously obtained, the energy difference,DG,

DG5TS~v51!2TS~v50!, ~1!

was obtained for eachns state. We introduce the following
value,dG, which represents the difference fromDG of the
CO1 ion;

dG5DG2DGi . ~2!

HereDGi ~52184 cm21! is DG of CO1 in the ground state
anddG is related to the distortion of the potential curve o
the Rydberg state from that of the ion core. The obtainedDG
anddG are also listed in Table I. As can be seen in Table
DG of the 4–6ss states are larger than that of the ion cor
On the other hand,dG of 3ss:B 1S1, the lowest member of
the nss state, is2102 cm21. The potential distortion is
thought to occur by the interaction with the repulsive sta
such as theD8 1S1 valence state. For theB 1S1 state,
Tchang-Brilletet al. calculated the interaction with theD8

FIG. 4. Plot of the energy levels of the 4f (v50), W 1P(v52), and
5ss 1S1(v50) states vsJ(J11). s, Observed levels;1, calculated en-
ergy levels obtained byl -uncoupling model~see text!.
J. Chem. Phys., Vol. 103,Downloaded¬19¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subject¬
f
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,

state by using two-state diabatic model.9 For theB 1S1 state,
theD8 potential curve crosses at the bond length longer th
the equilibrium position of theB state. On the other hand, the
positive dG values for then>4 states indicate that the re-
pulsive potential curve crosses at their equilibrium bon
length or at even shorter position.

The potential curve distortion of thenss-Rydberg states
is also recognized in the transition intensity of the Rydbe
(v8)←3ssB 1S1(v950) ion-dip spectrum. Though
Rydberg–Rydberg transitions are usually governed by
strongDv50 propensity, we found that theDvÞ0 transition
also occurs in thenss 1S1(v8)←3ssB 1S1(v9) transi-
tion. For example, in Fig. 5, the
5ss 1S1(v851)←3ssB 1S1(v950) transition is clearly
observed at lower frequency side of the
6ss 1S1(v850)←3ssB 1S1(v9) transition. We found
that the similarDvÞ0 transition is also observed in the spec
trum reported in the previous paper;28 weak dips due to the
6ss 1S1(v850)←3ssB 1S1(v951) transition are ob-
served at 110 cm21 higher frequency side of the
5ss(v51)←3ssB 1S1(v951) transition. TheseDvÞ0
transitions are thought to occur due to the potential cur
distortion of thenss states by the perturbation of the repul
sive state. In the next two sections, we will discuss the inte
action between thenss state and the repulsive state from th
observed rotational linewidth and its dependence on prin
pal quantum number and on vibrational level.

FIG. 5. Triple resonant ion-dip spectra of CO showing the 5f (v50,J8),
5ss 1S1(v51,J8) and 6ss 1S1(v50,J8)←B 1S1(v50,J9) transitions.
No. 7, 15 August 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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2424 Komatsu et al.: Rydberg states of CO
B. Linewidth of the 4 ss–6ss(v50 and 1) Rydberg
states

As was pointed previously, the rotational linewidth
thenss(v50) state depends onn. We should also point ou
that we did not see the rotational level (J) dependence on th
other hand. Since the broadening of thenss states occurs
due to the predissociation to the repulsive state, the inte
tion matrix element and the potential curve of the repuls
state can be obtained from the analysis of the linewidth
the ion-dip spectrum, however, a careful examination is n
essary to obtain the true linewidth,G, because the dip is ofte
broadened by the saturation effect due to an intense l
pulse energy, which was described in the previous paper.25 In
this section we discuss the quantitative estimation of the l
width of the Rydberg states.

Very recently, the fluorescence dip spectra of t
Rydberg←B 1S1(v950) transitions of CO were reporte
by Drabbelset al.22 In the fluorescence dip spectrum, the
estimated the linewidth by using the two-level scheme. In
present paper, we also used the two-level scheme of thB
and high Rydberg states. The difference between
fluorescence-dip and the ion-dip methods is whether
measures the fluorescence intensity or ionization intensit
monitor theB state population. Figure 7 shows the excitati
schemes in the case whethern3 is resonant~n3 on! to the high
Rydberg state or is not resonant~off!, respectively. In the
present experimental condition, the ionization of theB state
molecules occurs mainly byn1. Therefore, in the case thatn3
is not resonant to the transition~off-resonant, case a!, theB

FIG. 6. Plot of the energy levels of the 5f (v50), 5ss 1S1(v51) and
6ss 1S1(v50) states vsJ(J11). s, Observed levels;1, calculated en-
ergy levels obtained byl -uncoupling model.
J. Chem. Phys., Vol. 103Downloaded¬19¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subject
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state molecules are ionized byn1 or decay with the rate of
kT . In this case, the rate equation is given by

d@B#/dt52~kT1sI 1!@B#. ~3!

Here, [B] is the time dependent population in theB state,s
is the ionization cross section of theB state, andI 1 is then1
power in unit of cm22 s21. Then the total ion intensity is
given by

@ion#off5E
0

t

$sI 1@B#%dt5
sI 1@B#0
kT1sI 1

3$12exp@2~kT1sI 1!t#%. ~4!

Here, @ion#off is the total ion intensity in the case thatn3 is
off-resonant, [B] 0 is the initial population in theB state, and
t is then3 laser irradiation time, respectively.

In the case thatn3 is resonant to the Rydberg state~case
b!, the rate equations are given by

d@B#/dt52~kT1sI 11s8I 3!@B#1s8I 3@R#, ~5a!

d@R#/dt5s8I 3@B#2~s8I 31sI1kdiss!@R#. ~5b!

Here [R] is the population in the Rydberg state,s8 is the
cross section of the Rydberg←B transition,kdiss is the pre-
dissociation rate of the Rydberg state. We assumed thatkdiss
is much larger than the radiative decay rate, which is reaso
able because none of the Rydberg states withn>4 emits
fluorescence.I 3 is the power of n3 and I is the total
(I5I 11I 21I 3) power in unit of cm22 s21. In Eq. ~5!, n3
contributes to both absorption and stimulated emission b
tween theB and Rydberg states. The decay of the Rydbe
state molecules is governed by the predissociation and t
ionization. In this case, the total ion intensity is given by

@ion#on5E
0

t

$sI 1@B#1sI @R#%dt

5
sI 1@B#0$a12s8I 32Ac21~2s8I 3!

2%

2~as8I1b!

3~12exp$2@a12s8I 3

1Ac21~2s8I 3!
2#t/2%!, ~6!

where

FIG. 7. Excitation scheme used to calculate the relative absorption cro
section of the high Rydberg←B 1S1 transition.kT is the total decay rate of
theB state.kdiss is the predissociation rate of theB state.s is the ionization
cross section ands8 is the Rydberg←B absorption cross section.I 1 and I 3
are then1 andn3 laser powers andI (5I 11I 21I 3) is the total laser powers.
, No. 7, 15 August 1995¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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2425Komatsu et al.: Rydberg states of CO
a5~kT1sI 1!1~kdiss1sI !,

b5~kT1sI 1!3~kdiss1sI !, ~7!

c5~kT1sI 1!2~kdiss1sI !.

Here @ion#on is the total ion intensity whenn3 is resonant to
the Rydberg state. When then3 power is zero ~I 350!,
@ion#on5@ion#off in Eq. ~6!. When I 3Þ0, the depletion is ob-
tained by comparing@ion#on with @ion#off . We first introduce
the ionization ratio,R~5@ion#on/@ion#off!, which represents
the ion-dip spectrum. In the calculation,R was calculated as
a function ofI 3 for given values ofkdiss. For the calculation,
the ionization cross section was set to 10218 cm2, which was
adopted from the ionization cross section of theA state of
NO,29 while the Rydberg←B transition cross section was se
to 10216 cm2. The decay rate of theB state of CO~Ref. 22!
is reported to be 3.33107 s21. The photon density of then1
laser was set to 331025 cm22 s21, which was estimated from
the laser pulse energy, pulse length~10 ns!, and the beam
waist at the focusing point. The photon density of then2 laser
was set to 431023 cm22 s21 and that ofn3 was varied from
431023 cm22 s21 to 431024 cm22 s21. We found that for a
given value ofs, R becomes constant whenkdiss is equal to
or larger than 1011 s21 under the sameI 3. Therefore,R be-
comes independent ofkdiss whenkdiss>1011 s21. This result
agrees with the relationship between the linewidth and
fluorescence depletion given by Drabbelset al.22 In the high
Rydberg states of CO, the predissociation rate is equal to
larger than the order of 1011 s21 and therefore the relation o
kdiss@kT , s8I 3, and sI is a reasonable assumption in th
present experimental condition. Then, the terms in Eq.~7! is
simplified toa5kdiss, b5(kT1sI 1)3kdiss, andc52kdiss.
From Eqs.~4! and ~7!, R is given by

R5@ion#on/@ion#off5kT /~s8I 31kT!, ~8!

which depends simply ons 8I 3 andkT . To evaluate the ab-
sorption cross sections8 of the Rydberg←B transition, we
next introduce the inverse ionization ratio,

R215@ion#off /@ion#on5~s8/kT!3I 311, ~9!

which linearly increases withI 3 when the Rydberg state is
predissociative. To confirm this relationship, we measur
the I 3 dependence ofR21 under the condition that the
Rydberg←B transition is not saturated.

Figure 8 shows the plot of R21 of the
5ss(v50)←B 1S1(v50) transition againstI 3. As is seen
in the figure, the linear dependence is obtained and the in
sect is equal to 1, which agrees with Eq.~9!. From Eq.~9!,
we may obtain the absolute absorption cross section,s8, if
we know the values ofkT and I 3. However, an accurate
estimation of the laser pulse energy at the ion-dip region
very difficult, so we obtained the relative value ofs8 instead.
Therefore, R21 spectrum corresponds to the relativ
Rydberg←B absorption spectrum and the linewidth can b
obtained from the spectrum.

In Figs. 9~a! and 9~b! are plotted theR and theR21

spectra of the 5ss(v50), W 1P(v52), and
4 f (v50)←B 1S1 ~v50, J950! transitions. The lifetime of
the W 1P(v52) state was recently obtained to b
J. Chem. Phys., Vol. 103,Downloaded¬19¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subject¬
e
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8.3310210 s.21 Therefore, Eqs.~9! and ~10! are also appli-
cable for theW 1P(v52) state. The linewidthG~FWHM!
for theW 1P(v52) and 5ss(v50) states obtained from
the R21 spectrum was 1 cm21 and 15 cm21, respectively.
The lifetime,t, is deduced from the widthG by

t5k2151/~2pGc!. ~10!

FIG. 8. Plot of the inverse ionization ratio,R21, vs n3 laser power for the
5ss(v50)←B 1S1(v50) transition.

FIG. 9. ~a! Ionization ratio (R) spectrum and~b! Inverse ionization ratio
~R21! spectrum of the 4f (v50), W 1P(v52) and
5ss(v50)←B(v50,J950) transitions.
No. 7, 15 August 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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2426 Komatsu et al.: Rydberg states of CO
Here,c is the speed of light. Since the linewidth of then3
laser is 1 cm21, the lifetime of theW 1P(v52) state was
obtained as a maximum value to be 5.3310212 s and the
predissociation rate to be smaller than 1.931011 s21. The
lifetime and the predissociation rate of 5ss were obtained to
be 0.35310212 s and 2.831012 s21, respectively. It should be
noted that this is the value of the single rotational line a
therefore it is more accurate than the value estimated fr
the absorption spectrum in which many rotational lines a
overlapped.

By the same procedure, the values ofG of other nss
Rydberg states were obtained. Figure 10 shows theR21 spec-
tra of the 4–6ss~v850 and 1,J851!←B 1S1~v50 and 1,
J950! transitions. It is clear that the linewidth depends o
not only the principal quantum number but also on the vib
tional level. The linewidth of 4ss(v50) is almost same as
that of 5ss(v50), while the linewidth of 6ss(v50) is nar-
rower. On the other hand, all the rotational lines becom
narrower atv51. Obtained values ofG and lifetimes for the
4ss–6ss~v50 and 1! states are listed in Table II.

C. Interaction between 4–6 ss and repulsive valence
state

The line broadening observed for thenss-Rydberg
states occurs due to the predissociation to the repulsive
lence state. Among the several repulsive states, theD8 1S1

state has been believed to be responsible for the predisso
tion of the nss-Rydberg states.4 As seen in the previous
section, the linewidth depends significantly on the princip
quantum number and on vibrational level. Therefore, we c
culated the interaction matrix element from the observ
linewidth and investigated the repulsive potential curve
which CO in the Rydberg state predissociates. The inter
tion between the bound~nss-Rydberg! and the continuum
states is determined by30

Hv,J;E,J5^C1,v,JuHuC2,E,J&

5^f1~r ,R!xv,J~R!uHuf2~r ,R!xE,J~R!&. ~11!

HereHv,J;E,J is the interaction matrix element andH is the
coupling operator for predissociation.C1,v,J andC2,E,J are
the total wave functions,f1(r ,R) andf2(r ,R) are the elec-
tronic wave functions, andxv,J(R) and xE,J(R) are the
eigenfunctions in the bound and continuum states, resp
tively, wherexE,J(R) is energy-normalized. In the diabati
representation, the electronic matrix element is independ
of R, or varies linearly withR. And the matrix element
Hv,J;E,J is separated into two parts,

Hv,J;E,J5^f1~r ,R!uHuf2~r ,R!&^xv,J~R!uxE,J~R!&

5He^xv,J~R!uxE,J~R!&. ~12!

The linewidth ~G! can be expressed by the Fermi Golde
Rule formula and from Eq.~12! it is given as,

Gv,J52puHv,J;E,Ju252puHeu2u^xv,J~R!uxE,J~R!&u2,
~13!

where u^xv,J(R)uxE,J(R)&u
2 is the differential Franck–

Condon factor with theE21 dimension~cm!. In Eq. ~13!, He

varies slowly with energy. IfHe is assumed to be constant i
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a given electronic state, the variation ofG with v is governed
by the differential Franck–Condon factor. We applied th
diabatic representation Eq.~12! to the interaction between
the 4–6ss ~v50,1! states and the repulsive state. From E
~13!, the ratio ofG of v50 to that of v51 in the given
electronic state is equal to the ratio ofu^xv,J(R)uxE,J(R)&u

2,
that is

G~v51!

G~v50!
5

u^x1,J~R!uxE8,J~R!&u2

u^x0,J~R!uxE9,J~R!&u2
~14!

with the assumption of the invariantHe in the state. In the
calculation, the potential curves of the 4–6ss states were
assumed to be the same with that of the ion core~ve52214.2
cm21, vexe515.16 cm21, and r e51.115 Å!. The potential
curve of the repulsive state was assumed to be expresse
an exponential function. The wave functions,xv,J(R),
xE,J(R), were calculated by using a numerical integratio
method. Energy normalization of the continuum wave fun
tion was performed so that their asymptotic amplitudes a
normalized to 0.2788~m/E!1/4 in units of cm21 Å, wherem is
the reduced mass of CO in amu andE is the asymptotic
kinetic energy in unit of cm21.31 Parameter fitting of the
function was carried out so as to reproduce the observed r
betweenv50 and 1 for the 4ss–6ss states. The best resul
was obtained when the repulsive potential curve is expres
as V(R)52.7613109 exp(210.8R) in unit of cm21. The
relative energy between the bottom of the 4ss potential
curve and the asymptotic value of the repulsive state was
to be 10 759 cm21. The calculated differential Franck–
Condon factors are listed in Table II and Fig. 11 shows t
diabatic potential curves obtained for the repulsive state a
the 4–6ss states in the energy region from 9 800 to 11 20
cm21.

As is seen in Fig. 11, the potential curve of the repulsi
state crosses near the bottoms of the 4ss and 5ss potential
curves. Therefore, the Franck–Condon factor significan
changes fromv50 to 1, which is in good agreement with th
observed vibrational dependency ofG of the two states. On
the other hand, the repulsive potential curve crosses at
inner position of the 6ss potential curve and the vibrationa
dependence ofG is rather small, which also agrees well wit
the observed result.

It is not clear whether the repulsive state investigated
the present work is theD8 state or not. TheD8 state potential
curve at the lower energy region was obtained by Tchan
Brillet et al. from the analysis of theB–D8 interaction. We
also calculated the Franck–Condon factors between the 4s–
6ss states and theD8 state reported by them and the resul
are listed in Table II. As seen in the table, the Franck
Condon factors calculated by using their potential functi
are very small and the ratios obtained do not reproduce
observed vibrational dependency ofG. These discrepancies
are due to that theD8 potential curve reported by them
crosses at the bond length much longer than the equilibri
position.

There may be two possibilities to explain the disagre
ment. First is that theD8 potential curve reported by them is
not accurate at high energy region. Second is that the po
tial curve obtained in the present work is not assigned to
, No. 7, 15 August 1995¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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Dow
FIG. 10. Inverse ionization ratio spectra of~a! nss(v50)←B(v50) and~b! nss(v51)←B(v51) transitions.
J. Chem. Phys., Vol. 103, No. 7, 15 August 1995nloaded¬19¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subject¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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Downloaded¬19
TABLE II. Calculatednss↔repulsive state Franck–Condon factors, observed linewidths~Gobs!, lifetimes ~t!,
and ratios ofGobs betweenv50 and 1 levels.

4ss 5ss 6ss

FC factor
~1025 cm!

Gobs

~cm21!
t

~10212 s!
FC factor
~1025 cm!

Gobs

~cm21!
t

~10212 s!
FC factor
~1025 cm!

Gobs

~cm21!
t

~10212 s!

v50 5.8a 0.00b 17 0.31 6.3a 0.004b 15 0.35 5.1a 0.02b 3.8 1.4
v51 1.5a 0.03b 4.5 1.2 0.85a 0.39b 1.9 2.7 2.4a 0.87b 2.4 2.2
v50/v51 3.8a 0.0b 3.8 7.5a 0.01b 7.9 2.1a 0.02b 1.6

aFor the repulsive potential curve,V(R)52.7613109 exp~210.8R! cm21.
bFor the repulsive potential curve,V(R)51.39393109 exp~29.1348R! cm21 ~Ref. 9! were used~see text!.
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D8 state but to other repulsive state. According to the cal
lation by O’Neil et al., the second excited1P state is repul-
sive and crosses with the Rydberg states at shorter b
length than theD8 state.32 Very recently, Hiyama and Naka
mura also obtained the second1P potential curve byab initio
calculation and reported that the potential curve closely
sembles with the potential curve obtained in the pres
work.33 Therefore, it is possible that the repulsive curve o
served in the present experiment is not theD8 state but the
second excited1P state.

We also obtained the electronic matrix elementHe for
each state, by substituting the observedG and the calculated
u^xv,J(R)uxE,J(R)&u

2 value into Eq.~13!, which is listed in
Table III. As can be seen in Table III,He is in the magnitude
of a few hundreds wave number and decreases with the
crease ofn. SinceHn

e is thought to depend on~n* !23/2,
which is the scaling factor of the Rydberg orbital, the val
Hn
e3(n* )3/2 will be the same for the 4ss–6ss states, if a

single repulsive state is involved for the predissociation.
Table III are also listed the values ofHn

e3(n* )3/2, which are
roughly the same. This result indicates that only a sin
repulsive state is responsible for the predissociation of
nss-Rydberg states. For the complete analysis of
Rydberg-valence interactions, the theoretical treatment w

FIG. 11. Diabatic potential energy curves of thens-Rydberg and the repul-
sive states. Solid curve,V(R)52.7613109 exp(210.8R) cm21, dashed
curve,V(R)51.39393109 exp(29.1348R) cm21 ~see Ref. 9!. R is in units
of angstrom. The origin of the energy is chosen to be the minimum of
ground state potential.
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the close coupling method and MQDT method may be ne
essary.

D. 5p , 6p , and 7 p Rydberg states ( v50)

In the previous paper, we reported term values, rotation
constants, and the energy differences between thes andp
components of thev51 level of the 5–7p Rydberg states
observed by the ion-dip spectroscopy. For thev50 level,
both thes andp components were rotationally analyzed fo
the states up to 5p in the one-photon absorption spectrum4

However, only thes component has been observed for 6p(v
50) and none of the analysis has been performed for 7p(v
50). Very recently, Ubachs and co-workers observed t
resonance enhanced MPI spectra of thev50 level of the 5p
and 6p states.20,21 However, only thes-component was ro-
tationally resolved and the rotational analysis of th
p-component has not still been done. In the present work,
observed the 5p–7p(v50) states by ion-dip spectroscopy
and carried out their rotational analysis.

Figure 12 shows the ion-dip spectra of th
5p(v850,J8)←B 1S1(v950,J9) transition. The dips at
n3;20 260 cm21, which are overlapped with a broad dip, ar
assigned to the P and R branches of the
5ps 1S1(v850)←B 1S1(v950) transition. The term
value and the rotational constant was obtained by plotti
total energy level vsJ(J11) and TS5107 175 cm21,
d50.669, andB52.07 cm21 were obtained for 5ps(v50),
which are listed in Table IV.

The assignment of the 5pp 1P(v50) state is rather
complicated. Two1P←X 1S1 bands were observed in the
one-photon absorption spectrum in the region of the 5pp(v
50) state and their rotational constants are anomalou
small ~1.517 and 1.650 cm21!.4 In the ion-dip spectrum, we
also observed two groups of theP, Q, andR branches at
n3;20 410 cm21 and;20 490 cm21, as shown in Fig. 12.
They are assigned to the same1P←1S1 transitions observed
in the absorption spectra.4 Both the two P, Q, and R

he

TABLE III. Electronic matrix element,He, and (n* )3/2He for the 4–6s
s↔repulsive state interaction.n* is the effective principal quantum number.

4ss 5ss 6ss

He ~cm21! 220 180 110
(n* )3/2He ~cm21! 1200 1490 1270
, No. 7, 15 August 1995¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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2429Komatsu et al.: Rydberg states of CO
branches shade to red with the increase ofJ9 andB51.37 for
the lower electronic state and 1.54 cm21 for the upper state,
which are smaller than those reported. The best way to
termine which state will be the 5pp 1P state is to examine
L-type doubling. However, the observedL-type splitting
were found to be smaller than the spectral linewidth ofn3
laser~1 cm21!. Therefore, the experiments with narrow ban
lasers are necessary for the assignment of the 5pp(v50)
state.

Figures 13 and 14 show the ion-dip spectra of the

FIG. 12. Triple resonant ion-dip spectra of CO in the region of t
5p(v50,J8)←B 1S1(v50,J9) transition.
J. Chem. Phys., Vol. 103,Downloaded¬19¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subject¬
e- 6p~v850,J8!←B 1S1~v950,J9!

and

7p~v850,J8!←B 1S1~v950,J9!

transitions, respectively. As shown in the figures, the 6p and
7p states~v50! are rotationally well resolved and othe
states were not observed in these energy regions. Since
6p and 7p states can be classified to the Hund’s case~d!, the

FIG. 13. Triple resonant ion-dip spectra of CO in the region of th
6p(v50,J8)←B 1S1(v50,J9) transition.
lso
TABLE IV. Molecular constants of the observednps 1S1(v50) andnpp 1P(v50) states. For comparison, term values reported by three groups are a
given. All the values of the 4ps andpp states are adopted from Eidelsberget al. ~Ref. 4!.

n TL ~cm21! d B ~cm21! C ~cm21! DG ~cm21! dG ~cm21!

Reported term value~cm21!

Ogawaet al.b Eidelsberget al.a Eikemaet al.c

4a ps 103 054.07 0.683 1.92 2204 120 103054 103054.07 103054.71
pp 103 271.3 0.646 1.98 217.2 2134 250 103272 103271.3

5 ps 107 175 0.669 2.07 2178 26 107162 107174.1 107174.44
pp 107 336 0.608 1.37 161.0 2152 234 107215 107335.0
pp 107 413 0.582 1.54 238.5 2075 2109 107401.9

6 ps 109 173 0.663 1.70 2176 28 109185 109172.79 109173.68
pp 109 209 0.638 1.84~2.14!d 35.8 2188 14 109204 109202

7 ps 110 299 0.656 1.82 2177 27 110310
pp 110 350 0.595 1.74~1.92!d 52.0 2157 227 110331

aReference 4.
bReference 6.
cReference 20.
dRotational constants for both of theP1 andP2 components are given.
No. 7, 15 August 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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2430 Komatsu et al.: Rydberg states of CO
rotational branches are labeled by theN
18–N9DJL8 expres-

sion. Here,N9 andN18 are the angular momenta of theB
state and the ion core, respectively, andL8 is the projection
of the angular momentum of the Rydberg electron onto
rotational axis of the high Rydberg state. The rotational e
ergy levels in the 6p and 7p states~v50! are shown in Figs.
15 and 16, respectively. The rotational energy levels w
analyzed by thel -uncoupling model as was described in pr
vious papers.25 TS , d, B, andC(5TL–TS) for the 6p(v
50) and 7p(v50) states are listed in Table IV. The calcu
lated energy levels are also plotted in Figs. 15 and 16. T
value of the effective angular momentum of the Rydbe
electron,l , was obtained to be 0.8 from the analysis of th
rotational structure of thenp state. Ebataet al.also reported
l50.8 for both the 8p(v51) and 9p(v51) states24 and the
smaller value ofl than unity for the 5–7p(v51) was also
reported.25 Therefore, almost all thenp-Rydberg states
seems to be mixed with other electronic states having a
electronic angular momentum, such asns-Rydberg states or
valence states.

In the v51 level of thenp-Rydberg state which was
reported in the previous paper,25 it was found that theS–P
energy separation~5C! decreases withn and a linear rela-
tionship was obtained betweenC andn23, as expected from
the Rydberg formula. TheC value decreases generally wit
the increase ofn, which reflects thel -uncoupling, that is, a
switching from Hund’s case~b! to ~d!. In the v50 level

FIG. 14. Triple resonant ion-dip spectra of the 7p(v50,J8)
←B 1S1(v50,J9) transition of CO.
J. Chem. Phys., Vol. 103,Downloaded¬19¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subject¬
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studied in the present work, however, a deviation from this
relationship was found. TheC value for the 6p(v50) state
obtained in the present experiment is 36 cm21. We also ob-
tainedC533 cm21 from the reported term values by Eidels-
berg et al.,4 which agrees well with the present results. By
the same procedure, we obtainedC551 cm21 for 7p(v50)
and it is larger than that of 6p(v50). This means that the
l -uncoupling is more extensive in 6p than in 7p. The
anomalousl -uncoupling is clearly seen in Figs. 13 and 14;
the separation among the0R1,

0P21, and
0Q0 branches of

6p(v50) is much smaller than that of 7p(v50). Therefore,
theC–n23 relationship is not held in thev50 level, which
is different from thev51 level.

The anomalous behavior of thev50 level of thenp-
Rydberg states are also recognized when we plot the qua
tum defect vs 1/n*2, so-called Edle´n plot. Heren* ~5n–d! is
the effective principal quantum number. In Fig. 17,~a! and
~b! show the Edle´n plots for thenps and npp ~v50,1!
states, respectively. As seen in the figure, whiledps de-
creases smoothly withn* in both v50 andv51 levels, a
significant deviation is seen fordpp of thev50 level of 7pp
and 5pp. The result indicates that thenpp states are per-
turbed at 5p–7p states. Since bothe and f -symmetry com-
ponents are perturbed, the perturbing state may have th
same symmetry, that is1P. This state is either the second1P
state discussed in the previous section or theW 1P state. For
theW 1P state, up to thev53 level was observed by one-
photon absorption.4 The vibrational spacing is irregular and

FIG. 15. Plot of the energy levels of the 6p(v50) Rydberg state vs
J(J11). s, Observed levels;1, calculated energy levels by using the
l -uncoupling model~see text!.
No. 7, 15 August 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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2431Komatsu et al.: Rydberg states of CO
the lifetime becomes short atv>1. Cooper and Kirby re-
portedab initio calculation and suggested the strong intera
tion between theW 1P state and the 3ppE 1P state.34

E. 4f , 5f , and 6 f (v50) Rydberg states

1. Rotational structure, energy levels, and
perturbations

The analysis of thev51 levels of the 4f –9f Rydberg
states were carried out in previous papers.24,25 In those stud-
ies, it was found that the electronic energy of thef -Rydberg
states is well reproduced by the long range force model a
the ionization potential of thev51 level, IP~v51!, was de-
termined. It was also found that below IP~v50! the predis-
sociation rate of thee-symmetry levels is much larger tha
that of thef -symmetry levels. It was suggested that the p
dissociation of thef -Rydberg state occur by the interactio
with the D8 1S1 state which perturbs only thee-symmetry
level. For thev50 levels of then f-Rydberg states, none o
the spectroscopic study has been reported yet and we
tended the similar study to thev50 levels of the 4f –6f
Rydberg states.

The ion-dip spectra of the
4 f (v850,J8)←B 1S1(v950,J9) transition are observed a
n3519 200–19 250 cm21, which are shown in Fig. 3 and
also in Fig. 18 in an expanded scale. Similar to t
np(v851,J8)←B 1S1(v951,J9) transition, the rotational
branches are labeled byN

18–N9DJL8 and the assignment o

FIG. 16. Plot of the energy levels of the 7p(v50) Rydberg state vs
J(J11). s, Observed levels;1, calculated energy levels by using th
l -uncoupling model.
J. Chem. Phys., Vol. 103,Downloaded¬19¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subject¬
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the rotational lines is given in Fig. 18. As seen in the figure
the spectra atn3519 220–19 250 cm21 are overlapped by
other transitions which are marked by asterisks. Thes
marked rotational lines could not be assigned to transitions
the upper state and was assigned to theP,Q, andR branches
to theA 1P(v52,J8) state induced by the stimulated emis-
sion from theB state.

The energy levels of the 4f (v50) state are plotted in
Fig. 4. The observed levels are classified into eachL ~50,
61,62, and63! components. By the same treatment as wa
done in previous papers,25 the rotational levels were ana-
lyzed by comparing with the calculated levels which were
obtained by using basis sets of Hund’s case~b! ~l -uncoupling
model!. The values ofTS5106 107 cm21 andC55.7 cm21

were obtained for 4f (v50) by fitting with calculated energy
levels. Here,C is the difference of the electronic energy
expressed in terms of Hund’s case~b! limit, that is
C5(TL2TS)/L

2. From the term value and the ionization
potential which will be discussed later, the quantum defec

FIG. 17. Edlén plot for thenp-Rydberg states~v50 and 1!. The quantum
defects ofn53 and 4 were obtained by Eidelsberget al. ~Ref. 4! andn58
and 9 by Ebataet al. ~Ref. 24!. D, v50 ands, v51. ~a! Edlén plot for the
npS1, J50 level. Solid line was calculated by setting the slope to be
20.318 and the intersect to be 0.657.~b! Edlén plot for thenpp 1P2, J51
level. Solid line was drawn by setting the slope20.199 and the intersect to
be 0.626.
No. 7, 15 August 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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2432 Komatsu et al.: Rydberg states of CO
was obtained to bed50.017. These values are listed in Tab
V.

The ion-dip spectra of the 5f (v50)←B 1S1(v50)
transition are shown in Fig. 5 and that of th
6 f (v50)←B 1S1(v50) transitions is shown in Fig. 19
As shown in Fig. 6 and 21, both the transitions are rotati
ally well resolved and the assignments were performed
the same procedure done for the 4f (v50)←B 1S1(v50)
transition. The energy levels of the 5f (v50) and 6f (v50)
states are shown in Figs. 7 and 22, respectively. From
analysis of rotational structure and by the comparison w
the calculated energy levels,TS5108 601 cm21, d50.020,
andC53.7 cm21 were obtained for the 5f (v50) state and
TS5109 957 cm21, d50.020, andC51.6 cm21 for the 6f (v
50) state.

FIG. 18. Triple resonant ion-dip spectra of CO in the region of
4 f (v50,J8),←B 1S1(v50,J9) transition.

TABLE V. Molecular constants of the observedn f~v50 and 1! Rydberg
states of CO.

n f v TS ~cm21! d C ~cm21! DG ~cm21! dG ~cm21!

4 f 0 106 107 0.017 5.7
1 108 289 0.018 6.1 2182 22

5 f 0 108 601 0.020 3.2
1 110 783 0.021 3.7 2182 22

6 f 0 109 957 0.020 1.6
1 112 141 0.019 1.8 2184 0
J. Chem. Phys., Vol. 103,Downloaded¬19¬Nov¬2008¬to¬130.34.135.83.¬Redistribution¬subject¬
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As to the predissociation, we obtained the similar resu
for the v50 level with that of thev51 level reported
previously.25 As seen in Figs. 6, 20 and 21, almost all the
intense dips appeared in the 4f , 5f , and
6 f (v50,J8)←B 1S1(v50,J9) spectra were assigned to
the transitions to the oddL components which belong to
e-symmetry. Transitions to the evenL components~f -
symmetry! are observed very weakly. For example, In th
4 f (v50)←B 1S1(v50,J9) spectra, the0Q0~2! line and
the 22Q2 branch in the spectra ofJ953–5 is very weak. In
the 5f (v50)←B 1S1(v50,J9) spectra, the intensities of
the22Q2 and

2Q22 branches are also much weaker than tha
predicted. In the 6f (v50) state, thef -symmetry compo-
nents are completely missing. Therefore, the predissociati
rate of thee-symmetry component is much larger than tha
of the f -symmetry component both in thev50 and 1 levels
and it may be concluded that theD8 state is responsible for
the predissociation.

In addition to the interaction with theD8 valence state,
we found several local perturbations for then f-Rydberg
states. For example, the intensity of the4R23 branch of the
5 f (v50)–B(v50) transition~Fig. 5! is anomalously strong
at J953. As seen in Fig. 6, the intensity anomaly can b
understood by the fact that theJ854 level of theL523
component of 5f (v50) is perturbed by the 5ss 1S1(v51)
state. On the other hand, perturbation in the 5ss 1S1(v51)
state was already reported in the previous paper though
perturbing state was not identified.25 Both theL523 com-
ponent of the 5f (v50) state and the 5ss 1S1(v51) state
belong to thee-symmetry and it is identified that both states
are perturbing each other atJ;4.

2. Ionization potential of CO 1(v50)

Though then f-Rydberg states are perturbed by theD8
valence and other Rydberg states, the energy levels are
sentially well described by the long range force model as w

FIG. 19. Triple resonant ion-dip spectra of CO in the region of th
6 f (v50,J8) and 7s–6d(v50)←B 1S1(v50,J9) transitions.
No. 7, 15 August 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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2433Komatsu et al.: Rydberg states of CO
reported for thev51 level previously. In this model, the
deviation from the hydrogenic Rydberg formula is calculate
as the perturbation by the ion core having the quadrupo
moment and the polarizability. This treatment was succes
fully applied to thev51 level of the 8f , 9f -Rydberg state
and the ionization potential,T` ~v51!, the polarizability of
the core,a, and the quadrupole moment of the core,Qzz,
were obtained.24 The calculated energy levels well repro
duced the observed ones of the lower Rydberg states~4 f and
5 f !.25

For thev50 level of then f states, the same model was
applied. In the present case,T`(v50)5113 02562 cm21,
a5962 a.u., andQzz50.9660.08 a.u. were obtained by us-
ing the observed values ofTS andC of the 5f (v50) and
6 f (v50) states. Here,a andQzz are the polarizability and
the quadrupole moment of the core, respectively. The calc
lated values for 4f (v50) by using these value are
TS5106 106 cm21 andC55.9 cm21, which agree very well
with the observed ones. Very recently, Konget al.35 obtained
the rotationally resolved PFI-ZEKE spectrum of thev50
level of CO1~X 2S1! and obtainedT`5113 025.661.5 cm21

and the present value shows excellent agreement with th
result. In one-photon absorption spectrum, the convergen
limit of the v50 series,T`5113 02962 cm21, was obtained
by Ogawa and Ogawa. The values ofa andQzz are almost
the same with those obtained for then f(v51) states.24

FIG. 20. Plot of the energy levels of 7s–6d(v50) mixed state and the
6 f (v50) state vsJ(J11). s, observed;1, calculated energy levels by
using thel -uncoupling model. In the calculation, the interaction between th
7s state with the 6f state is not included~see text!.
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F. Interaction among the 7 s 8s(v50), 6dp(v50), and
6f (v50) states

Since the quantum defect ofnss states isd5;0.9, the
7ss 1S1(v850,J8)←B 1S1(v950,J9) transition is ex-
pected to occur at 100 cm21 higher energy side of the
6 f (v50)←B 1S1(v950,J9) transition. In Fig. 19, the
7ss 1S1(v850,J8)←B 1S1(v950,J9) transition is ob-
served atn3523 100–23 150 cm21. As can be seen in the
figure, however, three rotational dips are observed in th
spectra ofJ9>1 and they spread widely withJ9. Therefore,
the structure cannot be assigned to the simp
7ss 1S1(v850,J8)←B 1S1(v950,J9) electronic transi-
tion. From the rotational analysis described below, it wa
found that this anomalous rotational structure is due to
strong mixing among 7ss(v850), 6ds(v850) and
6dp(v850) states. In Fig. 19, three dips are observed
n3523 100–23 150 cm21 and they spread widely with the
increase ofJ9. As was described in the previous paper, th
nss state strongly mixes with the (n21)ds state and the
mixed state interacts with the (n21)dp state byL-type
doubling. The interaction changes not only the energy leve
but also the transition intensity. In the present case, th
7ss(v50) state mixes with the 6ds(v50) state to form
the mixed 7s8s 1S1 state. This state interacts only with the
P1 component of the 6dp 1P state. Therefore, the rotational
constant of theP2 component is almost equal to that of the
ion core, while the rotational constant of either the1S1 or the
P1 state becomes larger and the other becomes smaller th
that of the ion core depending on which state is higher
energy. Among the three dips observed a
n3521 300–23 200 cm21, the dip shifting to red withJ9 is
broader than other two dips. We assigned this dip to theP
branch of the 7s8s 1S1(v850,J8)←B 1S1(v950,J9)
transition because the ion-dip spectra of the othernss states
were broad. On the other hand, theR branch corresponding
to the 7s8s←B transition is missing. The dip observed a
n3523 140 cm21 is assigned to theQ branch to theP2 com-

e

FIG. 21. Triple resonant ion-dip spectra of showing 6f (v50,J8) and
7s–6d(v50)←3psC 1S1(v50,J9) transitions.
No. 7, 15 August 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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2434 Komatsu et al.: Rydberg states of CO
ponent of the 6dp 1P state. The third dip at
n3523 150–23 180 cm21 which shifts to blue withJ9 is as-
signed to theR branch to theP1 component of the 6dp 1P
state.

To investigate further the rotational structure of th
mixed states we observed the similar ion-dip spectra
changing the intermediate state from 3ssB 1S1(v50) to
3psC 1S1(v50) which is shown in Fig. 21. As was ex
pected from the selection rule ofD l561, intense dips are
observed for thens, nd(v850)←3psC 1S1(v950) tran-
sitions. However, the relative intensity is quite different fro
the spectrum of Fig. 19. The broadR branch of the
7s8s(v50)←3psC 1S1(v950) transition is observed a
n3;18 130 cm21. On the other hand, correspondingP
branch is missing in Fig. 21. For the 6dp(v50) state, theP
andQ branches are seen atn3;181 30 cm21, while theR
branch shifts to blue withJ9. The energy levels obtaine
from Figs. 21 and 23 agree well and they are shown in F
20. By the strongl -uncoupling, both the 6dp 1P1 and1P2

components are widely separated. The obtained values
B52.49 cm21 and B51.99 cm21 for 6dp 1P1 and 1P2,
respectively, andB51.3 cm21 for 7s8s. The rotational con-
stant for1P2 component is almost the same as that of the
core.TP5110 062 cm21 and d6dp520.083 for the 6dp(v
50) state andTS5110 049 cm21 and d7s8s50.928 for
7s8s(v50). The value ofd6dp for 6dp(v50) is smaller
than that for 3dp(v50)(d3dp520.0244).4

It is expected that the angular momentuml of the 6d-
Rydberg electron is much smaller than 2 because of thes–
6d mixing. To investigate the 7s8s 1S1–6dp 1P interac-
tion, we applied the analysis similar to that used for t
3ds–3dp perturbation of NO done by Huber an
Miescher.36 The difference of the energy betwee
6dp 1P1(Ep8 ) and 7s8s 1S1(ES8 ) states is expressed b
following equation:

~Ep8 2ES8 !254a2J~J11!1C2, ~15!

where the parametera is given by

a252B2l ~ l11!. ~16!

So, by plotting (Ep8 –ES8 )
2 againstJ(J11), a can be ob-

tained from the slope. Figure 22 shows the plot
(Ep8 –ES8 )

2 vs J(J11) for the 7s8s(v50)–6dp(v50) in-
teraction. From the value of the slope~77 cm22!, a is ob-
tained to be 4.4 cm21, which is much smaller thana56.86
cm21 of the pured-Rydberg state. Calculated energy leve
by using the obtained value ofa are also plotted in Fig. 20
which agree well with the observed energy levels.

It was also found that the mixed 7s8s 1S1(v50) state
is further perturbed locally by the 6f (v50) Rydberg state.
As shown in Fig. 20, theJ54 and 5 levels of the 7ss(v50)
state deviate from the energy levels calculated by consi
ing the 7s–6d mixing described above. On the other han
the L523 component of the 6f (v50) state significantly
shifts to red atJ854 from the levels calculated without in
cluding the perturbation. As was described in previous
pers, similar local perturbation betweenn f and (n11)s was
also reported for thev51 level by Ebataet al.24
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G. W 1P(v52) state

Besides the Rydberg states converging to the grou
state of CO ion, we observed another transitions in the io
dip spectrum. In Fig. 3, the intense dips are observed
tween the 4f (v50) and 5ss(v50) states. They are as
signed to the P, Q, and R branches of the
W 1P(v852,J8)←3ssB 1S1(v950,J9) transition. The
W 1P state was observed in the one-photon absorpt
spectrum4 and by REMPI with an extreme-ultraviolet lase
source.21 Also, the same transition was observed by fluore
cence depletion spectroscopy.22 TheW 1P state is the first
member of thenss Rydberg series converging to theA 2P
excited state of the CO1, andW 1P←B 1S1 is the allowed
transition corresponding to 1p→5s with fixed 3ss. By the
measurement of the linewidth,J dependent predissociation i
reported.21,22

IV. CONCLUSION

By using ion-dip spectroscopy with triple-resonant exc
tation, four Rydberg states~ns, np, nd, andn f ! with v50
and 1 were observed and their rotational structures were a
lyzed. It was found that the energy levels of then f-Rydberg
states are well explained by the long range force model a
that thee-symmetry components selectively predissociat
through the interaction with theD8 valence state. The inter-
action between thens-Rydberg and a repulsive state wer
also analyzed, and the interaction matrix element and
potential curve of the repulsive state was obtained in t
energy region of 98 000–112 000 cm21. We cannot con-
clude, however, that whether the obtained repulsive poten
curve is due to theD8 state at this moment. In addition to th

FIG. 22. Plot of (EP8–ES8)
2 vs J(J11) for the

7s8s 1S1(v50)–6dp 1P1(v50) mixed states.
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2435Komatsu et al.: Rydberg states of CO
Rydberg-valence interaction, the Rydberg–Rydberg inte
tion was found. Thends state mixes with the (n11)ss
state to form the admixture state which interacts with
ndp state byL-type doubling. The local interaction betwee
the (n11)ss state and then f-state were also observed. F
the future work, the detection of the photofragment, that i
and/or O atom, would be an important investigation to rev
the mechanism and the dynamics of the predissociating
dberg states.
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