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In a series of spectroscopic work of the Rydberg states of CO, we present the rotational analysis of
thev =0 and 1 levels of the singlets, np, nd andnf-Rydberg stategn=4-7). The spectra were
measured by ion-dip spectroscopy with triple resonance excitation via $heB3'S" or the

3po:C 3" 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 rotational
structure, the coupling between the Rydberg electron and the ion core has been investigated. For the
np-Rydberg states, a switching from Hund'’s cébgto (d) was clearly observed with the increase

of n. A significant perturbation was observed in the®II and 7+ I states and it is suggested

that these states are perturbed by the state with the same symmetry. RéfRlgdberg states, the
observed electronic energy was well analyzed by the long range force model and the precise
ionization potential was obtained. The Rydbergalence and inter-Rydberg states interactions were
also investigated. For thes-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 the
repulsive state to whichns-Rydberg states predissociate was also determined. Selective
predissociation was found for tleesymmetry levels both in the=0 and 1 levels of thaf-Rydberg

state. A strong interaction between tlwe=0 levels of the @8- and 7%-Rydberg states was
observed. ©1995 American Institute of Physics.

I. INTRODUCTION inter-Rydberg  transition®*  Four wave mixing
spectroscopy'*® and different resonantly enhanced muilti-
Carbon monoxidéCO) is the secondary most abundant photon schemes have been appfi&d® Recently, high reso-
molecules after Hin the interstellar medium. Because of the ution spectroscopy was performed by using an extreme-
importance of the dissociation in the vacuum ultraviolet re-ultraviolet laser source with narrow bahti?* and by
gion, the absorption spectrum and the dissociation have bedluorescence depletion meth&d.Our group reported the
extensively studied in the region of 90-115 hmLetzelter  triple-resonant  spectroscopic study of the Rydberg
et al. measured the absorption cross section and obtained tisgates’>=2° In this spectroscopy, CO molecules are first
dissociation yield. They concluded that the photodissocia- pumped to the well known lower Rydberg states, such as the
tion of CO proceeds after the excitation to discrete states. I8soB 3" or 3poC 137 state, by two-color double reso-
this energy region, most of the discrete states are the Rydiance excitation and the third laser pumps the excited CO
berg states and therefore the investigation of energy levelsnolecules to the higher Rydberg states. Since we measure
absorption cross sections and the interactions with valencine spectrum from a single rotational level of the
states are of special importance. Especially, it is thought thaB 13 (C 13 ) state and the inter-Rydberg transition favors
theD’ 3" valence state play an important role for the dis-the Av =0 propensity, the higher RydbergB(C) absorption
sociation of the high Rydberg statIn ab initio calcula-  spectrum is greatly simplified. In our previous papers, we
tions, the 30:B 13" and D’ states are strongly coupled measured the =1 level of thens, np, nd, andnf-Rydberg
with each other, resulting in a double minimum adiabaticstates forn=4 in the energy region of 108 000-115 000
state (BD').®2 Tchang-Brillet etal. calculated the cm™! and analyzed their rotational structure. Term values
B !3*-D’ '3* homogeneous interaction in detail by the and rotational constants were obtained for each state.
close coupling method and obtained the potential curve ofhrough the detailed analysis of the rotational structures,
the D’ state in the region close to thBestate’ However, the many interaction such as Rydberg—Rydberg and Rydberg-
interaction in the higher Rydberg states has not been invessalence interactions were investigated. It was found that the
tigated yet. Especially, it is very important to investigate thee-symmetry component of thef-Rydberg states predissoci-
Rydbergb’ interaction in the region of 100 000—110 000 ates much faster than tfiesymmetry component and it was
cm 1, since the interaction causes the predissociation. suggested that thef-Rydberg state predissociates through
Many experiments based on one-photon absorption spethe D’ valence staté’
troscopy have been performed to analyze the rotational struc- In the present paper, we report the extended study to the
ture and to determine the absorption cross sectioiidels- v =0 level of the Rydberg states and describe a comparison
berget al. observed the high resolution absorption spectra ofvith the v =1 level. Figure 1 shows the energy diagram of
four isotopic species of C&.° Also many laser spectro- the Rydberg states whose rotational structures have been ana-
scopic measurements have been extensively performed. Olyzed already or analyzed in the present experiment. In this
togalvanic spectroscopy has been applied to measure theork, the analyses of four Rydberg series, np, nd, and
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S d £ Typical v, laser pulse energy was 3Q4a). The second dye
P 117368) p laser (DL 14) was used as, for the B 13" —A (v =4)
v=2 v=0 v=1 v=0 v=1 v=0 v=1 v=0 v=1v=2 . . .
117000 transition and its typical power wasud. Both the laser
| . beams were introduced coaxially in the same direction into a
P a2y | . vacuum chamber. The output of the third dye lasgr,was
115000 o o . T counterpropagated to the two laser beams. The three laser
4 g
P (113025) ___E____é_t_____&’? _____ = beams were focused bf=250 mm lenses 15 mm down—.
113000 7 7 cao . stream of a pulsed nozzle. Pure CO gas was_expanded into
. 1 . = — the vacuum chamber through the nozzle having a A60
;‘3 111000 | e = sdg 5 orifice. The generated ions by the REMPI were repelled by
3) 11 _ sdn s an electric field of 4 V/cm and detected by an electron mul-
; 109000 |6 & 6 - tiplier (Murata Ceratron The ion signal was amplified and
&0 - = 3dg. i-a integrated by a boxcar integrat@ar 4400/4420Dconnected
y | 5 with a personal computer. Though the frequency of the three
L 1070004, _ . dye lasers were calibrated by a calibrated double monochro-
g . 4 4do - mator and their accuracy was 1 chthe rotational energy
= 105000 levels of theB (andC) was adopted from those obtained by
4 absorption spectrurh?®
103000 - 4—
1a ido lll. RESULTS AND DISCUSSION
101000 L — 2dn

A. 4so, 5s0, and 6 so Rydberg states ( v=0 and 1)

FIG. 1. Energy level diagram of the Rydberg states of CO whose rotational  In the previous paper, the rotational analyses ofuthel
structures were analyzed. Thick solid lines indicate the states which wergaye| of thens-Rydberg states with=5 were reported. The
analyzed with triple resonant spectroscopy. rotational analysis of the=0 level has been presented only
for a few states. For thesé(v =0) state, Ogawa and Ogawa
nf with n=4—7 andv=0 are presented. For thes46s- obtalneg?tps/term valu;ie frr]orrzlthgearotit:)onally unresolved
Rydberg states, the interaction with the repulsive state anapectr_u -~ Very recently, t_ e 4-$o(v=0) states were re-
- Ierstlgated and the rotational structure of th&r@v =0)

; 4
of the linewidth. The interaction between the Rydberg elecState Was analyzed by Eidelsbergal.” However, they men-
oned that the absorption spectra of tte0) bands of the

tron and the ion core was investigated on the basis of o+ e ) :
|-uncoupling model for thap and thenf-Rydberg states. 457 2" and S0 "X 7 states were diffuse and the rotational

The interaction between thed-Rydberg and ther(+1)s- struqtures were not analyzed. In the present experiment, the
Rydberg state is also discussed. rotational structures of the ;&—750 s't{:\tes (v fO) were
clearly resolved, demonstrating the ability of triple resonant
ion-dip spectroscopy.

Figure 2 shows the triple resonant ion-dip spectrum of
The experimental setup for ion-dip spectroscopy withthe 4so '3 *(v'=0,J")—B 'S (v"=0, J"=0-4) transi-
triple resonant excitation was described in a previoudion. The v; frequency is in the range of 14 450—14 650
paper?® Briefly, jet-cooled CO was excited to a single rovi- cm %, which corresponds to the total energy of 101 370—
brational level(v”"=0 and 1,J") of the 3s0B 3" or the 101570 cm™. As can be seen in the figure, a single dip at

3poC 137 state by double resonant excitation through the)’=0 and two dips atJ’=1 are observed for the
A I (v=4) state with two laser bearn(®,,v,). Part of the 4so '3*(v'=0)—B 3" (v”=0) transition and no other
CO molecules excited to thB(C) state are further ionized transition is seen in this energy region. These dips are easily
by absorbing additional photons of or v,. This ion signal assigned to theP and R branches characteristic to the
is used for monitoring the CO population in tige (or C) I3+ !3* transition. The total energy of the rotational levels
state. Third lasefyy) is introduced to excite CO in thB of 4sa(v=0) is obtained by adding the observes fre-
state to the higher Rydberg states. Since most of the Rydberency to the energy of tHe 1S * (v =0) intermediate state.
states are predissociative, the CO molecules excited to th®traight line was obtained by plotting total energy level
Rydberg states immediately dissociate, leading in a depletioagainstJ(J+1) and the term valueT) and the rotational
of the ion signal. Therefore, by scanning the third laser fre-constant B) for the 4so- 13" (v =0) state were obtained to
quency while monitoring the ion signal, the ion-dip spectrumbe 101 454 cm' and 2.0 cm?, respectively, which are listed
is obtained, representing the transition to the high Rydbergn Table I. As is seen in the table, the term value is in a good
from the B(C) state. agreement with the value reported by Ogawa and Odawa,
The three dye laser®ne Lambda Physik FL2002 and which was obtained from the rotationally unresolved absorp-
two Molectron DL14 were simultaneously pumped by a tion spectrum. Another important point in the spectrum is the
XeCl excimer lasefLambda Physik EMG 103 MSCThe  broadness of the rotational lines. The rotational linewidth of
second harmonics of the dye lag€1.2002 was used ag;,  the spectrum shown in Fig. 2 is as large as 17 trwhich
for the two-photon excitation of CO to the'[1(v =4) state. was independent of within the experimental error limit.

Il. EXPERIMENT
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4s0 IZ"" (V=O,J') . B12+ (V"=O, J") 4f-complex (v=0) ssolzt (v=0)
.2R3»2Qi2pl OP_qRIZP_32R_1W1H(V=2) b
\ ] PQR R
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-1
V3 Wavenumber / cm’ v3 Wavenumber / cm

F|G-1 2+ Triple, resonant ion-lsiip spectra of CO showing the k|G 3. Triple resonant ion-dip spectra of CO showing tHéw=0,J'),
4so 2" (v=0,J")B "X " (v=0,J") transition. W I(v=2,3"), and 5o 3+ (v=0,J")—B 13" (v=0,J") transitions.

The broadness is due to the fast predissociation to a repulsivevels of the So(v=0) state are plotted in Fig. 4, from
state. The interaction between thes-Rydberg and the re- which the values ofTy=106 386 cm?, 6=0.934, and
pulsive valence state will be discussed later. B=2.01 cm ! were obtained for §0(v=0). Ty of 5so(v
The ion-dip spectra of the =0) agrees well with the value reported by Statkal? The
5so 3% (v'=0,J")—B 3% (v”"=0,J") transition is ob- rotational constant of & (v=0) is slightly larger than that
served atr;~19 470 cm® in Fig. 3. Though the rotational of the ion core(1.9772 cm'%).’
lines are well resolved, they are also broad as was seeninthe Figure 5 shows the ion-dip spectra of the
4so(v=0)«—B 3" (v"=0) spectra. The rotational energy 6so(v'=0,J")—B 3" (v”=0,J") transition together with

TABLE |. Term value(Ts), rotational constantg), quantum defects), vibrational energy spacing between
v=0 and 1 AG), and difference §G) of AG of the nso Rydberg states from that of C&}

Previous valués

nso v Ty (cm™ B (cm} 8 AG (cem? G (emYy  Tgem?  BemY
3so°® 0 86 916.18 1.94818 0.950 86 916718 1.948 18

1 88 998.32 1.921 90 0.954 2082 —102 88998.32 1.92196
4so 0 101 454 2.00 0.920 101 4%6

1 103 691 1.92 0.913 2237 +53 103 691.8 1.920 8
5so 0 106 386 2.01 0.934 106 383

1 108 678 1.89 0.901 2292 +108 108 678.9 1.9050
6so 0 108 793 2.14 0.908 108 788 2.14

1 111 028 2.01 0.877 2235 +51
7so 0 110 049 1.30 0.928

1 112 275 2.15 0.884 2226 +42

3CO" X 23*; AG'=2184 cm'L,

These values were obtained by the one-photon absorption spectra.
‘Reference 4.

‘Reference 6.

®Reference 37.
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4 5f- 1 =0
106500 550 13+(v0) complex (=0) 55 15+ (vt 60 5+ (v=0)

2R32Qy 2P OP.{Ry PP37Q, P R
106400 — /

- WIIT (v=2)
=
Q
= 106300
g
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=
s L=-1
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FIG. 4. Plot of the energy levels of thef@=0), W II(v=2), and PSS L A A U O U
5so 13" (v=0) states vsl(J+1). O, Observed levelsy, calculated en- 21650 21700 21750 21800 21850 21900
ergy levels obtained biruncoupling modelsee text v3 Wavenumber / cm-!

» FIG. 5. Triple resonant ion-dip spectra of CO showing tHév5=0,J'),
other transitions. P and R branches of the 5s¢'S"(v=1,J")and6os 'S (v=0,")—B 3" (v=0,J") transitions.

6so 13T—B 3T transiton are easily identified at

v3~21 880 cm® and the plot of energy levels \§J+1) is
shown in Fig. 6. For 6c(v=0), Ty=108 793 cm?, state by using two-state diabatic modélor theB 137 state,

5=0.908, andB=2.14 cmi! are obtained. The rotational theD’ potential curve crosses at the bond length longer than
constant of 8a(v=0) agrees well with that reported by the equilibrium position of th& state. On the other hand, the
Eidelsberget al? and it is larger than that of the ion core. positive G values for then=4 states indicate that the re-

The linewidth of &o(v=0) is 3.8 cm %, which is narrower pulsive potential curve crosses at their equilibrium bond

than the linewidth of 40(v =0) and 5o (v=0). This indi-  length or at even shorter position.
cates that the predissociation rate afo§v=0) is slower The potential curve distortion of theso-Rydberg states
than 4so(v=0) and So(v=0). is also recognized in the transition intensity of the Rydberg
From the values of's for =0 and those fop =1 pre-  (v')<—3s0B '2*(v"=0) ion-dip spectrum. Though
viously obtained, the energy difference, Rydberg—Rydberg transitions are usually governed by a
strongAv =0 propensity, we found that th&v #0 transition
AG=Ty(v=1)=Ts(v=0), @) aiso occurs in thenso *3*(v')« 3s0B 137 (") transi-
was obtained for eachs state. We introduce the following tion. For example, in Fig. 5, the
value, G, which represents the difference frofG of the  5so *3*(v'=1)«3s0oB '3 *(v”=0) transition is clearly
CO" ion; observed at lower frequency side of the
G AG_AG @ 6so 'S (v'=0)—3s0B =7 (v") transition. We found

A that the similarAv #0 transition is also observed in the spec-
HereAG' (=2184 cmil) is AG of CO" in the ground state trum reported in the previous pap@mweak dips due to the
and 6G is related to the distortion of the potential curve of 6so 3" (v'=0)—3s¢B '3 *(v”"=1) transition are ob-
the Rydberg state from that of the ion core. The obtaih€l served at 110 cmt higher frequency side of the
and 6G are also listed in Table I. As can be seen in Table I,5so(v=1)«3soB 'S (v"=1) transition. TheseAv#0

AG of the 4—6&o states are larger than that of the ion core.transitions are thought to occur due to the potential curve
On the other handjG of 3so:B 137, the lowest member of distortion of thenso states by the perturbation of the repul-
the nso state, is—102 cmi®. The potential distortion is sive state. In the next two sections, we will discuss the inter-
thought to occur by the interaction with the repulsive stateaction between theso state and the repulsive state from the
such as theD’ 3" valence state. For th®'S* state, observed rotational linewidth and its dependence on princi-
Tchang-Brilletet al. calculated the interaction with the’ pal quantum number and on vibrational level.
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(a) v3 off (b)y v3on

sy sy
6so I+ (v=0) //ionization% Zionization 7
108850 Py i
ol Kdiss
—
oly , Higher Rydberg state
108800 BLr+(v=0) kr  Blzt(v-0) \kT

FIG. 7. Excitation scheme used to calculate the relative absorption cross
section of the high RydbergB > * transition.k; is the total decay rate of

the B state.kyssis the predissociation rate of tiBestate.o is the ionization
cross section and’ is the Rydberg-B absorption cross sectiohy and |5

are ther; and v laser powers anti(=1,+1,+13) is the total laser powers.

ssolzt (v=1)

108750

Total energy / cm-1

108700

state molecules are ionized by or decay with the rate of
k. In this case, the rate equation is given by

108650 - d[B]/dt= — (k+ ol 1)[B]. G

Here, [B] is the time dependent population in tBestate,o
is the ionization cross section of tigestate, and , is they,;
power in unit of cmi2s L, Then the total ion intensity is
JO+1) given by

al4[B]o

t
FIG. 6. Plot of the energy levels of thef@ =0), 5s¢ 3 (v=1) and [ion] ﬁ:f {0-| 1[B]}dt= -
° 0 kT+ ol 1

6so 13T (v=0) states vsl(J+1). O, Observed levels+, calculated en-
ergy levels obtained biruncoupling model.

X{1l—exd — (kr+al)t]}. (4)

Here, [ion],« is the total ion intensity in the case thaf is
B. Linewidth of the 4 so—6so(v=0 and 1) Rydberg off-resonant, B] is the initial population in thd state, and
states t is the v, laser irradiation time, respectively.
In the case that; is resonant to the Rydberg stdtmse

As was pointed previously, the rotational linewidth of b), the rate equations are given by

thenso(v=0) state depends an We should also point out

that we did not see the rotational levdl) (dependence on the d[B]/dt=—(kr+al,+a’13)[B]+o'lI4R], (53
other hand. Since the broadening of theo states occurs
due to the predissociation to the repulsive state, the interac- d[R]/dt=0"13[B]—(o'I3+ ol + kg [R]. (5b)

tion matrix elemer_1t and the potential curve of th_e repulsiveHere R] is the population in the Rydberg state! is the
state can be obtained from the analysis of thg I|n_eW|_dth. INross section of the RydbergB transition, kye, is the pre-
the ion-dip spgctrum, hovyever, a careful examlnqtlgn IS N€Cqissociation rate of the Rydberg state. We assumedkthat
essary to obtain the true linewidth, because the dip is often g e larger than the radiative decay rate, which is reason-

broadened by the saturation effect due to an intense 'aS%rbIe because none of the Rydberg states withd emits
pulse energy, which was described in the previous péger. fluorescence.l; is the power ofwy; and | is the total
this section we discuss the quantitative estimation of the Iine(I —1,+1,+13) power in unit of cm2s L In Eq. (5), v

width of the Rydlberghstaﬁas. ) ¢ th contributes to both absorption and stimulated emission be-
Very recently, the fluorescence dip spectra of t €ween theB and Rydberg states. The decay of the Rydberg

1\ + "__ e
bRydberg; BI > |(zvz _O?] trﬁnsmons of C(;O were reportﬁd state molecules is governed by the predissociation and the
y _Dra elset al. _In the uorescence dip spectrum, they i, hization. In this case, the total ion intensity is given by
estimated the linewidth by using the two-level scheme. In the

present paper, we also used the two-level scheme oBthe , |t
and high Rydberg states. The difference between the lion]on= O{Ull[B]+‘TI[R]}dt
fluorescence-dip and the ion-dip methods is whether one

measures the fluorescence intensity or ionization intensity to _ ol [Blofa+20' 13— Vc%+(20'13)%

monitor theB state population. Figure 7 shows the excitation B 2(ac’l +b)

schemes in the case whethaiis resonanty; on) to the high ,

Rydberg state or is not resonafuff), respectively. In the X(1—exp—[a+20'l5

present experimental condition, the ionization of Bhstate +cZH (207 15)21H/2)), ©6)

molecules occurs mainly by, . Therefore, in the case thaj
is not resonant to the transitigoff-resonant, case)athe B where
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a=(kT+ Ull)+(kdiss+ O'I),

b=(kr+al1) X (Kgisst o), (7

C:(kT+ Ull)_(kdlss+ (TI)

Here[ion],, is the total ion intensity whem; is resonant to
the Rydberg state. When the; power is zero(l;=0),
[ion],n=[ion].x in Eg. (6). Whenl;#0, the depletion is ob-
tained by comparingion],, with [ion].s. We first introduce
the ionization ratio,R(=[ion],[ion],s), which represents
the ion-dip spectrum. In the calculatioR,was calculated as
a function ofl 5 for given values okgs. For the calculation,
the ionization cross section was set to ¥bcn?, which was
adopted from the ionization cross section of thestate of
NO,?° while the Rydberg-B transition cross section was set
to 10 18 c?. The decay rate of thB state of CO(Ref. 22

is reported to be 3:810" s™%. The photon density of the,
laser was set t03810%° cm 2 s, which was estimated from
the laser pulse energy, pulse lendftd n9, and the beam
waist at the focusing point. The photon density of théaser
was set to X107 cm ?s ! and that ofv; was varied from
4x107 cm ?s 1 to 4x10%* cm ?s ™. We found that for a
given value ofa, R becomes constant whdg;. is equal to
or larger than 18 st under the samé,. Therefore,R be-

2425

inv. ionization ratio

T T T T
200 300 400 500

v3 power/ul

T
0 100

FIG. 8. Plot of the inverse ionization rati® %, vs v, laser power for the
5s0(v=0)—B 3 *(v=0) transition.

8.3x10 1% s Therefore, Eqs(9) and (10) are also appli-
cable for thew II(v=2) state. The linewidtH (FWHM)
for the W TI(v=2) and So(v=0) states obtained from
the R™! spectrum was 1 cit and 15 cm?, respectively.
The lifetime, 7, is deduced from the width' by

comes independent &, whenky =10 s™1. This result
agrees with the relationship between the linewidth and the
fluorescence depletion given by Drabbetsal?? In the high
Rydberg states of CO, the predissociation rate is equal to or
larger than the order of 1bs™! and therefore the relation of
KgisSKT, 0'l5, and ol is a reasonable assumption in the
present experimental condition. Then, the terms in(EQis
simplified to a=Kgiss, b= (k1+ ol1) XKyiss, andc= —Kg;gs.
From Egs.(4) and(7), R is given by

r=k 1=1/(2xTc). (10

W3so!II(v=2)

4f(v=0) 5561Z+(v=0)

._.
o
i S

R=[ion]on/lion]os=kr /(o' I3+ k),

®)

which depends simply oo 'l ; andk;. To evaluate the ab-
sorption cross section’ of the Rydberg-B transition, we
next introduce the inverse ionization ratio,

ionization ratio
=)
i

R™2="[ion]yg /[ion]on= (o' [ky) X 15+ 1,

(9)

which linearly increases with; when the Rydberg state is
predissociative. To confirm this relationship, we measured
the I; dependence oR™ ' under the condition that the
Rydberg—B transition is not saturated.

Figure 8 shows the plot of R™! of the
5s0(v=0)«—B 3" (v=0) transition against;. As is seen
in the figure, the linear dependence is obtained and the inter-
sect is equal to 1, which agrees with £f). From Eq.(9),
we may obtain the absolute absorption cross sectionif
we know the values ok; and I;. However, an accurate
estimation of the laser pulse energy at the ion-dip region is
very difficult, so we obtained the relative value@finstead.
Therefore, R™! spectrum corresponds to the relative
Rydberg—B absorption spectrum and the linewidth can be
obtained from the spectrum.

In Figs. 9a) and gb) are plotted tPeR and theR™*!
spectra of the S&o(v=0), W-II(v=2), and - i o )
4f(v=0)«B 3" (v=0, J"=0) transitions. The lifetime of E:ngi)gl (airjg(?{fjﬁ,:o” r%t;o R)chpECtrz(T j‘B;‘,b) '”\V,\‘fﬁsr'f(fﬂ'ii‘“on ;?,tclgo
the W1lII(v=2) state was recently obtained to be 5so(v=0)B(v=0,J"=0) transitions.

_—

b)

6 -

inv. ionization ratio

o

—IIIIIIIII|IlllIIIII]IIIIIIIII|IIIl]III

19200 19300 19400 19500

V; Wavenumber/cm-!
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Here,c is the speed of light. Since the linewidth of the  a given electronic state, the variationlofvith v is governed
laser is 1 cm?, the lifetime of theW II(v=2) state was by the differential Franck—Condon factor. We applied the
obtained as a maximum value to be 8B) ' s and the diabatic representation E12) to the interaction between
predissociation rate to be smaller than 21®' s™X. The the 4—60 (v=0,1) states and the repulsive state. From Eq.
lifetime and the predissociation rate od& were obtained to  (13), the ratio of ' of v =0 to that ofv=1 in the given
be 0.35¢10 *2s and 2.8 10" s, respectively. It should be electronic state is equal to the ratio [¢f, ,(R)| xe.,(R))|%,
noted that this is the value of the single rotational line andhat is

therefore it is more accurate than the value estimated from 5

the absorption spectrum in which many rotational lines are Fw=1 _ [x10(R)xe s(R))| (14)
overlapped. F(w=0) [(xo0s(R)xers(R)I?

By the same procedure, the valueslofof other nso
Rydberg states were obtained. Figure 10 showfHespec-
tra of the 4—8c(v'=0 and 1,J'=1)«B =% (y=0 and 1,
J"'=0) transitions. It is clear that the linewidth depends on
not only the principal quantum number but also on the vibra
tional level. The linewidth of 4o0(v=0) is almost same as
that of 5sa(v =0), while the linewidth of 80(v=0) is nar-
rower. On the other hand, all the rotational lines becom
narrower at =1. Obtained values df and lifetimes for the
4sg—-6so(v =0 and ] states are listed in Table II.

with the assumption of the invariaht® in the state. In the
calculation, the potential curves of the 4s¢6 states were
assumed to be the same with that of the ion daxg=2214.2
cm }, weX,=15.16 cm?, andr,=1.115 A. The potential
‘curve of the repulsive state was assumed to be expressed by
an exponential function. The wave functiong, ;(R),
e.3(R), were calculated by using a numerical integration
ethod. Energy normalization of the continuum wave func-
tion was performed so that their asymptotic amplitudes are
normalized to 0.2788/E)**in units of cm* A, wherepu is
the reduced mass of CO in amu akdis the asymptotic
C. Interaction between 4—6 so and repulsive valence kinetic energy in unit of cm.3! Parameter fitting of the
state function was carried out so as to reproduce the observed ratio
The |ine broadening observed for thesO-_Rydberg betWeemZO and 1 fOI’ the 40—6so states. The best result
states occurs due to the predissociation to the repulsive viias obtained when the repulsive potential curve is expressed
lence state. Among the several repulsive statespth&s*  as V(R)=2.761x10° exp(~10.8R) in unit of cm™*. The
state has been believed to be responsible for the predissoci&lative energy between the bottom of thes4 potential
tion of the nso-Rydberg state$.As seen in the previous Curve and the asymptotic value of the repulsive state was set
section, the linewidth depends significantly on the principato be 10759 cm'. The calculated differential Franck—
guantum number and on vibrational level. Therefore, we cal€ondon factors are listed in Table Il and Fig. 11 shows the
culated the interaction matrix element from the observedliabatic potential curves obtained for the repulsive state and
linewidth and investigated the repulsive potential curve tothe 4—6o states in the energy region from 9 800 to 11 200
which CO in the Rydberg state predissociates. The interaccMm "

tion between the bounthso-Rydberg and the continuum As is seen in Fig. 11, the potential curve of the repulsive
states is determined &Y state crosses near the bottoms of tlser4énd %o potential
curves. Therefore, the Franck—Condon factor significantly
Hy 5207 (W, 0l HIW 2 g ) changes frony =0 to 1, which is in good agreement with the

=(p1(r,R)x, 5(R)|H|o(r R xe 5(R)).  (1D) observed vibrational depen_dency]bfof the two states. On
} ] . ) ] the other hand, the repulsive potential curve crosses at the

HereH, ;e is the interaction matrix element amdlis the  jnner position of the 60 potential curve and the vibrational
coupling operator for predissociatioW., , ; andW, e ; are  gependence df is rather small, which also agrees well with
the total wave functionsg,(r,R) and ¢,(r,R) are the elec- inhe observed result.
tronic wave functions, and, ;(R) and xg ,(R) are the It is not clear whether the repulsive state investigated in
eigenfunctions in the bound and continuum states, respegne present work is thB' state or not. Th®' state potential
tively, where g ;(R) is energy-normalized. In the diabatic e at the lower energy region was obtained by Tchang-
representation, the electronic matrix element is independergijiet et al. from the analysis of th&—D' interaction. We

of R, or varies linearly withR. And the matrix element 5|59 calculated the Franck—Condon factors between she 4

H, 4:e,0 is separated into two parts, 6so states and th®' state reported by them and the results
H, 3.2 5=(1(r,R)|[H| 62(r,R) ) X0 2(R) | xe 5(R)) are listed in Table Il. As seen in the table, the Franck—
Condon factors calculated by using their potential function
=H%x, 3(R)|xe,2(R)). (12 are very small and the ratios obtained do not reproduce the
The linewidth (I) can be expressed by the Fermi GoldenObserved vibrational dependency bf These discrepancies
Rule formula and from Eq(12) it is given as, are due to that thdd' potential curve reported by them

crosses at the bond length much longer than the equilibrium
T, 3=27|H, 5e00°=27H?(x, s(R) | xeo(R)IZ, position.
(13 There may be two possibilities to explain the disagree-
where |<)(N(R)|)(EJ(R)>|2 is the differential Franck— ment. First is that th®' potential curve reported by them is
Condon factor with th& ~* dimension(cm). In Eq.(13), H®  not accurate at high energy region. Second is that the poten-
varies slowly with energy. IH® is assumed to be constant in tial curve obtained in the present work is not assigned to the
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FIG. 10. Inverse ionization ratio spectra @ nso(v=0)«B(v=0) and(b) nso(v=1)«B(v=1) transitions.

Downloaded-19-Nov-2008-t0-130.34.135.89- KR n Vahnka3- Noalp LRAHIUSH LAy right:~see-http://jcp.aip.org/icp/copyright.jsp



2428 Komatsu et al.: Rydberg states of CO

TABLE Il. Calculatednso<«repulsive state Franck—Condon factors, observed linewidtfg), lifetimes (7),
and ratios ofl,,s betweernv =0 and 1 levels.

4so 5s0 6so
FC factor gy T FC factor gy T FC factor gy T
10°%cm (em™® (10%s) (10%cm (em) (10¥%s (10°cm (ecm™Y (109
v=0 5.8 0.00 17 031 6.8 0.004 15 035 5% 002 38 1.4
v=1 1.8 0.09 45 1.2 0.88 0.39 1.9 2.7 2.4 087 24 2.2
v=0/v=1 3.8 0.0 3.8 7.8 0.0P 7.9 2.2 0.0 16

3For the repulsive potential curv¥/(R)=2.761x10° exp(—10.8R) cm™ %,
bFor the repulsive potential curvi(R)=1.3939<10° exp(—9.134&R) cm ! (Ref. 9 were usedsee text

D’ state but to other repulsive state. According to the calcuthe close coupling method and MQDT method may be nec-
lation by O’Neil et al, the second excitel state is repul- essary.
sive and crosses with the Rydberg states at shorter bond
length than théd’ state3? Very recently, Hiyama and Naka-
mura also obtained the secofid potential curve byab initio
calculation and reported that the potential curve closely re-  In the previous paper, we reported term values, rotational
sembles with the potential curve obtained in the presengonstants, and the energy differences betweervtlagd
work 32 Therefore, it is possible that the repulsive curve ob-components of the =1 level of the 5—p Rydberg states
served in the present experiment is not fhestate but the observed by the ion-dip spectroscopy. For theO level,
second excitedI state. both thes and = components were rotationally analyzed for
We also obtained the electronic matrix elemetftfor ~ the states up toin the one-photon absorption spectrim.
each state, by substituting the obserfednd the calculated However, only ther component has been observed f@(6
[(xo.5(R)| xe.5(R))|? value into Eq.(13), which is listed in  =0) and none of the analysis has been performed fifv7
Table Ill. As can be seen in Table IH¢ is in the magnitude =0). Very recently, Ubachs and co-workers observed the
of a few hundreds wave number and decreases with the ifeésonance enhanced MPI spectra ofdhe0 level of the P
crease ofn. Since H® is thought to depend ofn*) 32  and 6 states*' However, only thes-component was ro-

which is the scaling factor of the Rydberg orbital, the valuetationally resolved and the rotational analysis of the
HEX (n*)%2 will be the same for the gr—6sc states, if a  7-component has not still been done. In the present work, we
single repulsive state is involved for the predissociation. Inobserved the p—7p(v=0) states by ion-dip spectroscopy
Table Il are also listed the values B x (n*)%2 which are ~ and carried out their rotational analysis.
roughly the same. This result indicates that only a single Figure 12 shows the ion-dip spectra of the
repulsive state is responsible for the predissociation of th&p(v'=0,J")—B =¥ (v"=0,J") transition. The dips at
nso-Rydberg states. For the complete analysis of thevs~20 260 cni*, which are overlapped with a broad dip, are
Rydberg-valence interactions, the theoretical treatment witi@ssigned to the P and R branches of the
5po 13 *(v'=0)—B '3 *(v"=0) transition. The term
value and the rotational constant was obtained by plotting
total energy level vsJ(J+1) and Ty=107 175 cm?,

D. 5p, 6p, and 7 p Rydberg states ( v=0)

s 6=0.669, andB=2.07 cm * were obtained for pa(v=0),
1 650X . . ;
1150004 N/ which are listed in Table V.
L /5selzh The assignment of the par TI(v=0) state is rather
- 1 4sa 5t complicated. Two'Tl—X 3% bands were observed in the
E 1100004 one-photon absorption spectrum in the region of therfv
) =0) state and their rotational constants are anomalously
S small (1.517 and 1.650 ci).? In the ion-dip spectrum, we
;L; 105000 also observed two groups of the, Q, and R branches at
K v3~20 410 cm* and ~20 490 cm?, as shown in Fig. 12.
\ They are assigned to the safi&—3" transitions observed
100000 1 \\ in the absorption spectfaBoth the two P, Q, and R
) I 1 ) -
1.0 1.1 1.2 1.3
R (A) TABLE IlI. Electronic matrix elementH®, and (*)%?H® for the 4—6
o—repulsive state interaction? is the effective principal quantum number.
FIG. 11. Diabatic potential energy curves of theRydberg and the repul- Asq 5s0 6s0
sive states. Solid curveY(R)=2.761x10° exp(—10.8R) cm !, dashed
curve,V(R)=1.3939x10° exp(— 9.134&R) cm ! (see Ref. @ Risinunits ~ H® (cm™) 220 180 110
of angstrom. The origin of the energy is chosen to be the minimum of the(n*)3/2H® (cm™?) 1200 1490 1270

ground state potential.
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5po'z+ 5pnTl?  Spm'TI? 6p Rydberg (v'=0,J") <~ B1Z+(v"=0,J")
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2Py R, 0P ; 0Q, R
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FIG. 12. Triple resonant ion-dip spectra of CO in the region of the
5p(v=0,J")—B 3" (v=0,J") transition.
FIG. 13. Triple resonant ion-dip spectra of CO in the region of the
6p(v=0,J")—B 3" (v=0,J") transition.

branches shade to red with the increasd"adindB=1.37 for

the lower electronic state and 1.54 chfor the upper state,

which are smaller than those reported. The best way to de-

termine which state will be thefsr U1 state is to examine and

A-type doubling. However, the observetitype splitting , , " "

were found to be smaller than the spectral linewidthvgf 7p(v'=0,3")—B X7 (v"=0,")

laser(1 cmi ). Therefore, the experiments with narrow bandtransitions, respectively. As shown in the figures, tipeafid

lasers are necessary for the assignment of the(d=0) 7p states(v=0) are rotationally well resolved and other

state. states were not observed in these energy regions. Since the
Figures 13 and 14 show the ion-dip spectra of the 6p and 7p states can be classified to the Hund'’s caiethe

6p(v'=0,J")—B =% (v"=0,J")

TABLE IV. Molecular constants of the observego 13 *(v=0) andnp TI(v=0) states. For comparison, term values reported by three groups are also
given. All the values of the gdo and p# states are adopted from Eidelsbetgal. (Ref. 4.

Reported term valuécm %)

n T, (em™ 8 B (cm™) C(em?) AG(em?Y 686G (emY) Ogawaet al® Eidelsberget al*>  Eikemaet al®

42 po 103 054.07 0.683 1.92 2204 +20 103054 103054.07 103054.71
pm 103 271.3 0.646 1.98 217.2 2134 -50 103272 103271.3

5 po 107 175 0.669 2.07 2178 -6 107162 107174.1 107174.44
pm 107 336 0.608 1.37 161.0 2152 —-34 107215 107335.0
pm 107 413 0.582 1.54 238.5 2075 —-109 107401.9

6 po 109 173 0.663 1.70 2176 -8 109185 109172.79 109173.68
pm 109 209 0.638 1.842.14¢ 35.8 2188 +4 109204 109202

7 po 110 299 0.656 1.82 2177 -7 110310
pm 110 350 0.595 1.741.92d 52.0 2157 27 110331

aReference 4.

PReference 6.

‘Reference 20.

YRotational constants for both of ti&" andII~ components are given.
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7p Rydberg (v'=0) « B1Z+(v"=0) 109300

2Py RO 9Qy 7R

109280

109260

109240

109220

Total energy / cm-!

109200

109180~

109160

0 10 20 30 40
JJ+1)

L e e SN
23360 23400 23440 23480
-1
v3 Wavenumber / cm FIG. 15. Plot of the energy levels of thepfy=0) Rydberg state vs
J(J+1). O, Observed levels;+, calculated energy levels by using the

FIG. 14. Triple resonant ion-dip spectra of thep(3=0,J') |-uncoupling mode{see text

—B 3" (v=0,J") transition of CO.

studied in the present work, however, a deviation from this

rotational branches are labeled by tWe"N"AJL/ expres- relationship was found. Th€ value for the (v =0) state
sion. Here,N” andN*" are the angular momenta of tf®  obtained in the present experiment is 36 ¢mVe also ob-
state and the ion core, respectively, dridis the projection tainedC=33 cri * from the reported term values by Eidels-
of the angular momentum of the Rydberg electron onto théerg et al,* which agrees well with the present results. By
rotational axis of the high Rydberg state. The rotational enthe same procedure, we obtain@e:51 cm * for 7p(v=0)
ergy levels in the § and 7p statedv =0) are shown in Figs. and it is larger than that of v =0). This means that the
15 and 16, respectively. The rotational energy levels weré-uncoupling is more extensive inp6than in 7. The
analyzed by thé-uncoupling model as was described in pre-anomaloud -uncoupling is clearly seen in Figs. 13 and 14;
vious paper$® Ty, 6, B, and C(=T,-Ty) for the 6p(v  the separation among tHR,, °P_;, and °Q, branches of
=0) and H(v=0) states are listed in Table IV. The calcu- 6p(v=0) is much smaller than that ofp{lv =0). Therefore,
lated energy levels are also plotted in Figs. 15 and 16. Théhe C—n" 2 relationship is not held in the=0 level, which
value of the effective angular momentum of the Rydbergis different from thev =1 level.
electron,|, was obtained to be 0.8 from the analysis of the = The anomalous behavior of the=0 level of thenp-
rotational structure of thap state. Ebatat al. also reported Rydberg states are also recognized when we plot the quan-
|=0.8 for both the ®(v=1) and P(v=1) state&* and the tum defect vs Ti*?, so-called Edle plot. Heren* (=n-4) is
smaller value ofl than unity for the 5—B(v=1) was also the effective principal quantum number. In Fig. 1@ and
reported® Therefore, almost all thenp-Rydberg states (b) show the Edle plots for thenpo and npm (v=0,1)
seems to be mixed with other electronic states having a lowtates, respectively. As seen in the figure, whilg de-
electronic angular momentum, suchrasRydberg states or creases smoothly with* in both v=0 andv=1 levels, a
valence states. significant deviation is seen fd, . of thev =0 level of 7pm

In the v=1 level of thenp-Rydberg state which was and . The result indicates that thepn states are per-
reported in the previous paperjt was found that th&—IT  turbed at H—7p states. Since bota and f-symmetry com-
energy separatiof=C) decreases witim and a linear rela- ponents are perturbed, the perturbing state may have the
tionship was obtained betwe€handn 3, as expected from same symmetry, that {1. This state is either the secofd
the Rydberg formula. ThE value decreases generally with state discussed in the previous section orMhd81 state. For
the increase oh, which reflects thé-uncoupling, that is, a the W I state, up to the =3 level was observed by one-
switching from Hund’s caséb) to (d). In the v=0 level  photon absorptiofi.The vibrational spacing is irregular and
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FIG. 16. Plot of the energy levels of thep{w=0) Rydberg state vs 0.68 3
J(J+1). O, Observed levels;+, calculated energy levels by using the ’ ; 005 ! o 030
I-uncoupling model. : 0.10 15 :
1/n*2

the lifetime becomes short at=1. Cooper and Kirby re-
portedab initio calculation and suggested the strong interacF'G: 17. Edle plot for thenp-Rydberg statesu =0 and 3. The quantum

. defects ofn=3 and 4 were obtained by Eidelsbergal. (Ref. 4 andn=8

tion between thav 11 state and the BrE I state* and 9 by Ebatat al. (Ref. 24. A, v=0 andO, v=1. (a) Edlen plot for the
np2?, J=0 level. Solid line was calculated by setting the slope to be

E. 4f, 5f, and 6 f(v=0) Rydberg states —0.318 and the intersect to be 0.6%@) Edlen plot for thenpz 11~, J=1
level. Solid line was drawn by setting the slop®.199 and the intersect to

1. Rotational structure, energy levels, and be 0.626.

perturbations

The analysis of the =1 levels of the 4—9f Rydberg

states were carried out in previous papérs.in those stud-  the rotational lines is given in Fig. 18. As seen in the figure,
ies, it was found that the electronic energy of faiBydberg  the spectra at;=19 220-19 250 cit are overlapped by
states is well reproduced by the long range force model angther transitions which are marked by asterisks. These
the ionization potential of the=1 level, IRv=1), was de-  marked rotational lines could not be assigned to transitions to
termined. It was also found that below(iP=0) the predis-  the upper state and was assigned toRh&, andR branches
sociation rate of the-symmetry levels is much larger than to the A I(v=2,J') state induced by the stimulated emis-
that of thef-symmetry levels. It was suggested that the presjon from theB state.
dissociation of thef-Rydberg state occur by the interaction The energy levels of thef4v=0) state are plotted in
with the D’ 'S state which perturbs only the-symmetry  Fig. 4. The observed levels are classified into ech=0,
level. For thev =0 levels of thenf-Rydberg states, none of +1 +2 and=+3) components. By the same treatment as was
the spectroscopic study has been reported yet and we eYone in previous papefs,the rotational levels were ana-
tended the similar study to the=0 levels of the 4-6f  |yzed by comparing with the calculated levels which were
Rydberg states. obtained by using basis sets of Hund’s césgl-uncoupling
The ion-dip spectra of the mode). The values offy=106 107 cm®* andC=5.7 cm'*
4f(v'=0,0")—B '2"(v"=0,J") transition are observed at were obtained for &v = 0) by fitting with calculated energy
v3=19 200-19 250 cAT, which are shown in Fig. 3 and |evels. Here,C is the difference of the electronic energy
also in Fig. 18 in an expanded scale. Similar to theexpressed in terms of Hund's cad®) limit, that is
np(v'=1,0")—B 3" (v"=1,J") transition, the rotational C=(T,—Ty)/A2 From the term value and the ionization
branches are labeled bV"N"AJL, and the assignment of potential which will be discussed later, the quantum defect
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FIG. 18. Triple resonant ion-dip spectra of CO in the region of the
4f(v=0,J"),—B 3 ¥ (v=0,") transition.

was obtained to bé6=0.017. These values are listed in Table
V.

The ion-dip spectra of the f§v=0)«B '3 *(v=0)
transition are shown in Fig. 5 and that of the
6f(v=0)—B 3" (v=0) transitions is shown in Fig. 19.
As shown in Fig. 6 and 21, both the transitions are rotation
ally well resolved and the assignments were performed b
the same procedure done for th&(d=0)—B =" (v=0)
transition. The energy levels of thd @ =0) and & (v=0)

Komatsu et al.: Rydberg states of CO
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FIG. 19. Triple resonant ion-dip spectra of CO in the region of the
6f(v=0,J") and B—6d(v=0)—B =" (v=0,J") transitions.

As to the predissociation, we obtained the similar result
for the v=0 level with that of thev=1 level reported
previously?® As seen in Figs. 6, 20 and 21, almost all the
intense  dips appeared in the f4 5f, and
6f(v=0,J")—B 3% (v=0,J") spectra were assigned to
the transitions to the odil components which belong to
e-symmetry. Transitions to the eveh components(f-
symmetry are observed very weakly. For example, In the
4f(v=0)—B =" (v=0,J") spectra, the’Qy(2) line and
the ~2Q, branch in the spectra aF'=3-5 is very weak. In
the 5f(v=0)—B 3" (v=0,J") spectra, the intensities of
the ~2Q, and®Q_, branches are also much weaker than that
predicted. In the 6(v=0) state, thef-symmetry compo-
nents are completely missing. Therefore, the predissociation
rate of thee-symmetry component is much larger than that

of the f-symmetry component both in the=0 and 1 levels
¥nd it may be concluded that ti®' state is responsible for

the predissociation.
In addition to the interaction with thB' valence state,

states are shown in Figs. 7 and 22, respectively. From thg. tound several local perturbations for tiné-Rydberg
analysis of rotational structure and by the comparison withites For example, the intensity of the_, branch of the

the calculated energy level3s=108 601 cm?, §=0.020,
andC=3.7 cm ! were obtained for the v =0) state and
Ty=109 957 cm*, 5=0.020, andC=1.6 cm * for the 6f (v

=0) state.

TABLE V. Molecular constants of the observed(v=0 and 3 Rydberg
states of CO.

nf v Tg(em? § Cm? AG(em?YH 6G (emh
4f 0 106 107 0.017 5.7
1 108 289 0.018 6.1 2182 -2
5f 0 108 601 0.020 3.2
1 110783 0.021 3.7 2182 -2
6f 0 109 957 0.020 1.6
1 112 141 0.019 1.8 2184 0

5f(v=0)-B(v=0) transition(Fig. 5 is anomalously strong

at J"=3. As seen in Fig. 6, the intensity anomaly can be
understood by the fact that th¥ =4 level of theL=—-3
component of 5(v =0) is perturbed by thedr 'S (v=1)
state. On the other hand, perturbation in tise-33 " (v =1)

state was already reported in the previous paper though the
perturbing state was not identifiéd Both theL=—3 com-
ponent of the 5(v=0) state and thesr '3 " (v=1) state
belong to thee-symmetry and it is identified that both states
are perturbing each other at-4.

2. lonization potential of CO *(v=0)

Though thenf-Rydberg states are perturbed by thé
valence and other Rydberg states, the energy levels are es-
sentially well described by the long range force model as was
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FIG. 21. Triple resonant ion-dip spectra of showind(#=0,J") and
£ =3 7s—6d(v=0)—3pcC =" (v=0,J") transitions.

1099501 F. Interaction among the 7 s'o(v=0), 6da(v=0), and

6f(v=0) states

0 10 20 30 40 Since the quantum defect afso states is6=~0.9, the
7s0 137 (v'=0,J")—B 3 *(v"=0J") transition is ex-
J(J+1) R y
pected to occur at 100 cm higher energy side of the
6f(v=0)—B 3" (v”=0,J") transition. In Fig. 19, the
FIG. 20. Plot of the energy levels ofs76d(v=0) mixed state and the 7g. 12+(v’=0,J’)<—B 12+(v"=0,J”) transition is ob-

TS v ) omervd, calelted energy evls by served ati=23 100-23 150 o As can be Seen in the
7s state with the 6 state is not includedsee text figure, however, three rotational dips are observed in the

spectra of)"=1 and they spread widely with”. Therefore,

the structure cannot be assigned to the simple
reported for thev=1 level previously. In this model, the 7so 3" (v'=0,J")—B =" (v”"=0,J") electronic transi-
deviation from the hydrogenic Rydberg formula is calculatedtion. From the rotational analysis described below, it was
as the perturbation by the ion core having the quadrupoléound that this anomalous rotational structure is due to a
moment and the polarizability. This treatment was successstrong mixing among 3§o(v’'=0), 6do(v'=0) and
fully applied to thev =1 level of the &, 9f-Rydberg state 6dw(v'=0) states. In Fig. 19, three dips are observed at
and the ionization potentiall, (v=1), the polarizability of = 1,=23 100-23 150 cm' and they spread widely with the
the core,a, and the quadrupole moment of the co,,, increase of)”. As was described in the previous paper, the
were obtained* The calculated energy levels well repro- nso state strongly mixes with then(-1)do state and the
duced the observed ones of the lower Rydberg stdteand mixed state interacts with then{-1)ds state by A-type
5f).% doubling. The interaction changes not only the energy levels

For thev =0 level of thenf states, the same model was but also the transition intensity. In the present case, the

applied. In the present cas&, (v=0)=113025-2 cm !, 7so(v=0) state mixes with the do(v=0) state to form
a=9+2 a.u., andl,,=0.96+0.08 a.u. were obtained by us- the mixed &'c 3" state. This state interacts only with the
ing the observed values dfy andC of the 5f(v=0) and  II" component of the 6 1 state. Therefore, the rotational
6f(v=0) states. Hereq andQ,, are the polarizability and constant of thdI™ component is almost equal to that of the
the quadrupole moment of the core, respectively. The calction core, while the rotational constant of either tBé or the
lated values for #(v=0) by using these value are II" state becomes larger and the other becomes smaller than
Ty=106 106 cm* andC=5.9 cm %, which agree very well that of the ion core depending on which state is higher in
with the observed ones. Very recently, Koeigal *° obtained  energy. Among the three dips observed at
the rotationally resolved PFI-ZEKE spectrum of the=0  »;=21 300—23 200 cm, the dip shifting to red with)” is
level of CO'(X 23 ") and obtained’,,.=113 025.6:1.5cm®  broader than other two dips. We assigned this dip toRhe
and the present value shows excellent agreement with theimanch of the & o '3%(v'=0,J')—B =" (v"=0,J")
result. In one-photon absorption spectrum, the convergendeansition because the ion-dip spectra of the otigr states
limit of the v =0 seriesT..=113 029-2 cm %, was obtained were broad. On the other hand, tRebranch corresponding
by Ogawa and Ogawa. The values®@fndQ,, are almost to the &' o« B transition is missing. The dip observed at
the same with those obtained for thé(v=1) states’ 1;=23 140 cm ! is assigned to th€ branch to thd1~ com-
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ponent of the 6= 'l state. The third dip at
13=23 150—23 180 cm® which shifts to blue with)” is as-
signed to theR branch to thd1™ component of the 7 11
state.

To investigate further the rotational structure of this

mixed states we observed the similar ion-dip spectra by

changing the intermediate state fronse®B '3 ¥ (v=0) to
3poC 13 *(v=0) which is shown in Fig. 21. As was ex-
pected from the selection rule dfl =+1, intense dips are
observed for thes, nd(v’'=0)—3poC 3 (v”=0) tran-
sitions. However, the relative intensity is quite different from
the spectrum of Fig. 19. The broa® branch of the
7s' o(v=0)—3poC 3 ¥ (v"=0) transition is observed at
v;~18 130 cml. On the other hand, correspondirg
branch is missing in Fig. 21. For thelG(v =0) state, the?
and Q branches are seen aj~181 30 cm?, while theR
branch shifts to blue with)”. The energy levels obtained

from Figs. 21 and 23 agree well and they are shown in Fig.

20. By the strond-uncoupling, both the & 11" and 1~

components are widely separated. The obtained values are

B=2.49 cm* and B=1.99 cm ! for 6d= 1" and 1",
respectively, an®=1.3 cm ! for 7s’¢. The rotational con-

stant for'II” component is almost the same as that of the ion

core. T;=110 062 cm* and &4, =—0.083 for the @l (v
=0) state andTy=110049 cm® and &, ,=0.928 for
7s'o(v=0). The value of&;y, for 6dm(v=0) is smaller
than that for 8l7(v=0)(834,= —0.0244)*

It is expected that the angular momentuirof the 6d-
Rydberg electron is much smaller than 2 because of the 7
6d mixing. To investigate the & o 13" —6d 11 interac-
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FIG. 22. Plot of Ep—-Es)? vs JWJ+1) for the

7s'o 13 (v=0)-6d7 1" (v=0) mixed states.

G. W I(v=2) state

Besides the Rydberg states converging to the ground

tion, we applied the analysis similar to that used for thestate of CO ion, we observed another transitions in the ion-

3do—-3d7 perturbation of NO done by Huber and
Miescher®® The difference of the energy between
6dw MI*(E)) and & o 'S *(Ef) states is expressed by
following equation:

(EL—E{)?=4a%3(J+1)+C?, (15
where the parameter is given by
a?=2B?l(1+1). (16)

So, by plotting E,—E{)? againstJ(J+1), @ can be ob-
tained from the slope. Figure 22 shows the plot of
(EL-E{)? vs J(J+1) for the &' (v =0)-6dm(v=0) in-
teraction. From the value of the slogé7 cm ), « is ob-
tained to be 4.4 cmt, which is much smaller than=6.86
cm ! of the pured-Rydberg state. Calculated energy levels
by using the obtained value of are also plotted in Fig. 20,
which agree well with the observed energy levels.

It was also found that the mixeds7o 13 " (v=0) state
is further perturbed locally by thef6v =0) Rydberg state.
As shown in Fig. 20, thd=4 and 5 levels of the So-(v =0)

dip spectrum. In Fig. 3, the intense dips are observed be-
tween the 4(v=0) and So(v=0) states. They are as-
signed to the P, Q, and R branches of the
W HI(v'=2,3")«3seB '3 *(v"=0,J") transition. The

W I state was observed in the one-photon absorption
spectrurft and by REMPI with an extreme-ultraviolet laser
source?! Also, the same transition was observed by fluores-
cence depletion spectroscoffyThe W 11 state is the first
member of thenso Rydberg series converging to tiAe?I1
excited state of the CQ andW 'I1—B 37 is the allowed
transition corresponding tod—5¢ with fixed 3so. By the
measurement of the linewidth,dependent predissociation is
reported??

IV. CONCLUSION

By using ion-dip spectroscopy with triple-resonant exci-
tation, four Rydberg state®s, np, nd, andnf ) with v =0
and 1 were observed and their rotational structures were ana-
lyzed. It was found that the energy levels of theRydberg
states are well explained by the long range force model and

that the e-symmetry components selectively predissociates

state deviate from the energy levels calculated by considethrough the interaction with thB’ valence state. The inter-

ing the /&—6d mixing described above. On the other hand,action between th@s-Rydberg and a repulsive state were
the L=—3 component of the §v=0) state significantly also analyzed, and the interaction matrix element and the
shifts to red atl’=4 from the levels calculated without in- potential curve of the repulsive state was obtained in the
cluding the perturbation. As was described in previous paenergy region of 98 000—112 000 ¢ We cannot con-
pers, similar local perturbation betwerfiand (h+1)swas clude, however, that whether the obtained repulsive potential
also reported for the =1 level by Ebateet al?* curve is due to th®’ state at this moment. In addition to the
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