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Observation of the high excited ns and nd Rydberg series
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The two-color double resonance multiphoton ionization and fluorescence dip spectra due to
the transitions from various rotational levels of the D22+ (v = 1) state of NO to its high
Rydberg states have been measured. Coherent vacuum ultraviolet (VUV) light generated by
four wave mixing in Hg was used in the first excitation step. The ns(v = 1) and nd(v=1)
Rydberg series with 7 < n < 32 were observed. The rotational analysis for the d Rydberg series
indicates that only the [T~ component appears in the MPI spectra. A large dependence of the
rotational constant upon  for the nd 11~ Rydberg states was found and interpreted in terms of
dl1~-dA~ mixing. An anomalous intensity distribution was also found for the rotational
branches of the ns Rydberg states in the transition from the D *Z* state. The anomaly is

explained by the ns—(n — 1)d mixing.

I. INTRODUCTION

Nitric oxide has been a pet molecule of spectroscopists
and subject to numerous studies for many years. Among
them, the high resolution vacuum-ultraviolet abosorption
studies by Miescher and co-workers'™'° had elucidated de-
tailed features of this molecule in a wide energy range. In
general, the detailed study of high Rydberg states of a mole-
cule is very difficult by ordinary one-photon absorption
spectroscopy because of spectral congestion due to overlap-
ping of various transitions. To explore these states, two-col-
or multiphoton spectroscopy has been found to be very use-
ful for its high selectivity.''~'® Using this technique, the high
ns(v =0,1),np(v = 0,1)nd(v = 0), and nf(v = 1) Rydberg
series of NO have been observed viathe 4 22+ (Refs. 11-15)
and C>II (Refs. 16-18) states, and the detailed analysis has
been performed. But there are still many unexplained phe-
nomena. One of these is concerned with the observation of
the d Rydberg state (v =1).

In previous papers,''~'* we have reported the two-color
multiphoton-ionization (MPI) spectra of NO molecule via
the 4 22 (3s0) (v = 1) state, and observed the ns, np, and
nf(v = 1) Rydberg series. The appearance of the np series in
the transition from the 3so state is readily understood from
the selection rule of A/ = + 1. On the other hand, the ap-
pearance of the ns and nf'series was interpreted as a result of
the admixture of p and d characters in the 4 2+ (3s0)
state.'~?! If we admit the admixture, we also expect the ap-
pearance of d Rydberg series, which results from the small p
character in the 4 state. However, in spite of the strong tran-
sition to the high #s Rydberg series, no d Rydberg series was
found. The absence of the d Rydberg series might be due to
the predissociation of the d Rydberg state (v = 1) molecule
or to the interference effect originated from s — d mixing.
We have no reasonable explanation for the above phenome-
non as yet.

The high excited nd Rydberg states of v = 0 has been
observed by Seaver et al.,'® Fredin et al.,'"” and Pratt!® in
their two-color MPI measurements via the C II state and
was analyzed in detail especially by Fredin et al. But, the nd
Rydberg states of v = 1 have never been observed. The pur-
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pose of the present study was to observe these states. The
experimental scheme is depicted in Fig. 1. We have observed
the high Rydberg states of NO above the ionization limit by
using the D 2™ (v = 1) state as an intermediate state in the
two-color MPI or fluorescence dip measurement. The
D237 state which we chose as the intermediate state is the
3po Rydberg state, therefore strong transition to the d Ryd-
berg state is expected. Due to the similarity of the potential
curves of the Rydberg states, the Franck—Condon factor is
large for the transition from the v = 1 intermediate state to
the v = 1 Rydberg state. Thus, we expect the strong appear-
ance of the nd Rydberg states belonging to v = 1 by employ-
ing the D2+ (v = 1) state as an intermediate state. The
selection of the D 23 * state has also an advantage to simplify
the transition and to perform parity selected excitation.
The D 23+ (v = 1) state lies at 55 550 cm ™/, that is, in
the vacuum ultraviolet region. To excite the molecule to the
D state with UV laser light, the two-photon excitation is
required, then we have to increase laser power. In that case,
it is difficult to avoid subsequent one-photon absorption
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FIG. 1. Schematic diagram of VUV-visible double resonance excitation of
NO.
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from the D state, which produces a strong ionization signal.
This situation makes the double reasonance experiment very
difficult. To overcome the difficulty, we used coherent vacu-
um-ultraviolet laser light generated by four wave mixing in
Hg vapor.’*?® The VUV light generated by different fre-
quency mixing of two laser lights (vyyy = 2v,—v,) excites
NO molecules in a supersonic free jet to a specific rovibronic
level of the D state by one-photon absorption. Tunable laser
light of v is used to excite the D state molecule to a higher
Rydberg state lying above the ionization limit. The NO mol-
ecule in the Rydberg state thus prepared immediately au-
toionizes and produces the ion. By this double resonance
method, we could observe intense transitions to both the ns
and nd Rydbergstates from the D >Z+ state. A detailed rota-
tional analysis will be shown for the 8¢ Rydberg state taken
as an example. It was found that the rotational constant of
the nd Rydbergstate increases with an increase of the princi-
pal quantum number #. As to the transition to the ns 23"
state, the intensity distribution in the P and R branches was
also found to vary with ».

We also observed the same transitions from the D 23+
state to the higher Rydberg states by fluorescence dip spec-
troscopy in which the transitions are detected by the dip of
the fluorescence from the D 22+ state. It was found that the
relative intensities of the bands in the fluorescence dip spec-
trum are different from those in the MPI spectrum. The
difference provides us with information on the predissocia-
tion of the high excited Rydberg molecule, which supple-
ments the results reported in a previous paper.'®

Il. EXPERIMENTAL

A Nd-YAG laser (Quantel YG 581-10) pumped three
dye lasers simultaneously. The first dye laser (v,) (Quantel
TDL 50 with Rhodamine 6G dye) was pumped by second
harmonic (532 nm) of the YAG laser. Its output was fre-
quency doubled and the frequency was fixed on the two-
photon transition of 6d 'D,~6s 'S, of Hg (280.29 nm). The
second and third dye lasers (v,, v;) were pumped by third
harmonic (355 nm) of the YAG laser. The output of the
second dye laser (Molectron DL14 with DCM dye) was
introduced coaxially with the v, laser beam by a dichroic
mirror. The two laser beams were focused into a stainless
steel oven containing Hg vapor and Kr buffer gas. The oven
was the heat-pipe-type and the same as that described by
Tsukiyama et al.>* The coherent VUV light was generated by
difference frequency mixing (vyyy = 2v; — ¥,) in the oven.
The best condition for this mixing process was described by
Hilbig et al.** The generated VUV light was introduced into
a vacuum chamber through a MgF, window to excite NO in
a supersonic free jet. The NO gas seeded in 2 atm He was
expanded through a pulsed nozzle of 0.4 mm orifice into the
vacuum chamber (background pressure = 2 X 10~° Torr).
The wavelength of the VUV light was fixed to a selected
rotational line of the D 2=+ « X 2II (1,0) transition. The
third laser light (v;) (Molectron DL14 with Coumarin
480,500 dyes) was introduced into the chamber counterpro-
pagated to the VUV light and was scanned to probe the high
Rydberg states. The ions produced by autoionization of the
high Rydberg state molecules were brought into a detector
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chamber by a repeller at an electric field of 12 V/cm and
were detected by an electron multiplier (Murata ceratron).
The signal was amplified by a current amplifier (Keithly
427) and averaged by a boxcar integrator (Parr model No.
4402/4420). In the fluorescence dip measurement, the flu-
orescence from the D 23 state to the ground state was mon-
itored at right angles to both the laser beams by a solar blind
photomultiplier (Hamamatsu R166UH) after passing
through an interference filter centered at 235 nm.

lll. RESULTS AND DISCUSSION

A. Gross feature of the spectra and rotational analysis
of the 84 Rydberg state

Figure 2 shows the MPI spectrum of the D *X* « X 1
(1,0) transition of NO which was obtained by excitation of
the molecule to the D state by one-photon absorption of the
tunable VUY light followed by ionization of the D state mol-
ecule by the absorption of the UV light of a fixed frequency
(v,). The VUV light was weak enough to avoid the multi-
photon ionization by this light alone. Since the NO mole-
cules in a jet are well cooled, the individual rotational lines
are resolved as seen in the figure. The rotational temperature
was estimated to be 14( + 3) K, and the rotational levels
were observed up to N = 4. We chose an isolated rotational
line belonging to P,, or R,, branch for the excitation to the
selected rotational level in D 227 (v = 1) with vyyy.

Figure 3 shows the two-color MPI spectrum obtained
by selecting the J = 1.5 (N = 1) level of the D?Z* (v = 1)
state with the VUV light and by scanning the frequency of
the probing visible laser light of v;. Two Rydberg series, both
of which converge to the vertical ionization threshold
(NO*,p=1) at 77070 cm ™' (v, + vyyv ), clearly appear
in the spectrum. One of the series coincides with the high ns
Rydberg series (v = 1) which was observed in the two-color
MPI spectrum via the 4 227 state. Therefore, it can be as-
signed to the ns Rydberg series (v = 1). On the other hand,
another series does not coincide with the np or nf series
which appears in the same two-color MPI spectrum via the
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FIG. 2. (VUV + UV) MPI spectrum of the D 2=+ «— X [ (1-0) band of
NO in a supersonic free jet.
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FIG. 3. Two-color MPI spectrum of NO due to the transition from the
D3 w=1),J=15(N=1) level.

A state.'®'? This series can be assigned to the high nd Ryd-
berg series(v = 1) because of its strong intensity as expected
for the transition from the intermediate D 2% (3po) state.
The quantum defect of the series is — 0.046, supporting the
above assignment. In addition to the high ns and nd series, a
very weak f Rydberg series and a few unassigned peaks were
observed in the region from n = 7 to n = 10. The transitions
to the high nd Rydberg states are easily staturated by ordi-
nary laser power. Under the unsaturated condition, the MPI
intensity of the nd state is about 5 times stronger than that of
the corresponding ns state. According to the calculations by
Kaufmann et al.'® and by Viswanathan et al.,>' the D23+
Rydberg state is of almost pure p character. Therefore, the
strong intensity of the high ns and nd series and very weak
intensity of the fseries in the spectrum taken via the D state
are readily understood. This is in contrast to the spectrum
taken via the 4 23 (3s0) state, where the high ns and nf
series appeared strongly against the expectation. In the pres-
ent measurement, we observed the nd Rydberg states
(v=1) from n=7 to n =32 and the ns Rydberg states
(v=1) from n = 8 to n = 24. The energies of the observed
nd Rydberg states are listed in Table I.

The rotational energy levels belonging the the ns and nd
Rydberg states can be obtained from the two-color MPI
spectra measured by exciting various rotational levels in the
D3+ (v = 1) state with the VUV light. Figure 4 shows the
two-color MPI spectra due to the transitions from various
rotational levels in the D state to the 9s(v=1) and
8d(v = 1) Rydberg states. Here, J denotes the total angular
momentum and N the total angular momentum apart from
spin in the D state which belongs to Hund’s case (b). The
rotational analysis of the ns Rydberg states was already de-
scribed in previous papers.'*'* Two peaks of the s Rydberg
state in the spectrum of N > 0 correspond to the transitions
AN = 4 1. Thetransition to the d Rydberg state from the D
state gives a sharp strong peak when N>1 in the D state.
Weak peaks on the lower frequency side of the d Rydberg
peaks in the spectra of N =1 and 2 are assigned to the f
Rydberg states. In the spectrum of N = 0, only a weak and
broad band can be seen instead of the strong peak. The rea-
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TABLEI Energy of the d Rydberg series measured by pumping theJ = 1.5
(N =1) level in the D22+, v = 1 state (55 573.3cm ™).

n Energy/cm™'
7 74 866.5
8 75 381.8
9 75735.8
10 75988.9
11 76 179.1
12 76 320.3
13 76 432.0
14 76 520.2
15 76 592.3
16 76 650.6
17 76 698.0
18 76 739.2
19 76 774.8
20 76 804.0
21 76 828.3
22 76 850.0
23 76 869.7
24 76 887.1
25 76 902.1
26 76 915.2
27 76 927.1
28 76 937.7
29 76 947.3
30 76 954.6
31 76 962.6
32 76 969.4
9s 8dm- Iom
R
P 45 4

35 3
2 2
s 1
Y, o

19700
L'3 WAVENUMBER /cm™

19800

FIG. 4. Two-color MPI spectra due to the transitions from various rota-
tional levels of the D 22 (v = 1) state to the 9s(v = 1), 8d(v = 1) states. J
and N denote the rotational quantum number of the D state.
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son for this will be discussed later. For the assignment of the
strong peak of 84, we need additional information beside the
spectra of Fig. 4. For this purpose, we measured the two-
color MPI spectrum due to the transition from the C2II
(v=1) to the 8d Rydberg states. Since the C Il state is the
3pm Rydberg state, we can expect strong appearance of the
nd Rydberg states in the spectrum. Figure 5 shows the two-
color MPI spectra due to the transitions to the 8¢ Rydberg
state from various rotational levels in the C state. The C*I1
state lies only 900 cm~! below the D 23+ state and can be
easily excited by the VUV light. In the transition from the
C?II(v = 1) state, the two components of the 84 Rydberg
state, 847 and 849, appear in the spectra and they can be
assigned by analogy with the analysis of the two-color MPI
spectra due to the transition nd — C*II (0,0) made by Fredin
et al.'” In particular, the 7 component can be unequivocally
assigned by the fact that only two lines (Q and R) were
observed in the transition from N =1 level in the D23+
(v = 1) state, but three lines (P,Q, and R for AN= — 1,0,
and 1) in the transition from the level of N> 1. It was found
that absolute frequencies (v, + v,,, } of the observed Q lines
exactly coincide with those of the strong 84 peaks in the two-
color spectra via D 22+ shown in Fig. 4. Therefore, the indi-
vidual 84 peaks in the spectra due to the transitions from
D237 (1,1) are assigned to the Q branch (AN = 0) of the
dm component. Moreover by considering the parity selection
rule,”® we can specify the symmetry of the d Rydberg state.
Figure 6 shows a schematic diagram of the transitions. Due
to the one-photon parity selection rule + <> —, Pand R

2h

20600

20700
V3 WAVENUMBER /cm™

FIG. 5. Two-color MPI spectra due to the transitions from various rota-
tional levels of the C*[1(v» = 1) state to the 84 Rydberg state.
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FIG. 6. Parity selectivity of the one-photon allowed *T1 X transition. The
solid line (Q branch) shows the transition to the I1~ component, and
dashed to the [1* component.

branches appear for the transition to the II™ component,
and Q branch for the II ™ component. The fact that only the
Q branch appears in the transition from the D state shows
that thed Rydbergstateisassigned todI1 ™. This assignment
becomes possible because of the parity selected excitation
from the D 22+ state. The absence of d =+ and d [1* com-
ponents will be discussed later.

B. /uncoupling in the high d Rydberg states

In general, high Rydberg states of a diatomic molecule
are characterized by / uncoupling, that is, transition from
Hund’s case(b) to case(d).”> With the increase of principal
quantum number, orbital angular momentum becomes
more and more uncoupled with the molecular axis. As a
result, the 2, I1, and A components which are defined by the
projection of / onto the molecular axis (4), mix each other (/
uncoupling). The rotational wave function of pure case(b)
is given by '*2¢

Ot =2"V2(INALAY +IN, — 41, — A)), (1)
where A is the absolute value of 1. The rotational part of the
Hamiltonian is given by

H,=B{N*-N?+12-12—(N,1_,I,N )}

(2)
From the Egs. (1) and (2), the energy matrix in terms of the
case(b) basis set is obtained as shown in Table II. We see
immediately from the form of the matrix that the A* com-
ponents (£*,IT* and A™*) do not interact with the A~ com-
ponents (II™ and A7). This is the parity selection rule for

TABLE II. Energy matrix of d Rydberg state (/=2). H, =T%
4+ B [N(N+1)4+6—2A%], Hyy, =H,,,
=2B, [(N— 1) (N+2)]'? Hy5 = Hy,, =2B, [AN(N+ D]'2

(A=2) (A=1) (A=0) (A=1 (A=2)
AT n+ z* n- A~
AT H, H,, 0
n+ HI|A Hll HIIZ 0
z* 0 Hgyy, Hy
= H, Hyy
0
A~ H,, H,

J. Chem. Phys., Vol. 90, No. 12, 15 June 1989
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perturbation.? This result is very important in the analysis
of the spectra obtained in this work.

The / uncoupling provides several characteristic fea-
tures to the spectra of NO. One of these is the anomalous
behavior of the rotational constant of the high Rydberg
state. Based on the rotational levels of the d II~ Rydberg
state, the rotational constant for the Rydberg state of each
principal quantum number is obtained from a plot of the
energy levelsvs N(N —+ 1). Figure 7 shows such a plot for the
8d I1~ state as an example. The rotational constants ob-
tained for various nd I1~ Rydberg states are listed in Table
I11. Figure 8 shows a plot of the rotational constant vs princi-
pal quantum number #n. The rotational constant increases
rapidly with the increase of n. A similar change of rotational
constant was found also for the high ns Rydberg states as was
reported by Anezaki et al.'> and by Miescher.'® In the case of
the ns 23+ states, the rotational constant decreases with the
increase of n. Such a change of rotational constant arises
from the change of rotational energy caused by / uncou-
pling.'®!*'"27 The anomalous behavior of the rotational
constant of the ns 2 state was explained as a consequence
of the interaction between the (n — 1)d II™* state and the
(n — 1)d 2+ state which is mixed with the ns =7 state.
However, as described above, this interaction does not affect
the d I1~ component. The d I~ component can interact
only with the d A~ component by / uncoupling. From the
energy matrix in the Table I, the term value of the perturbed
d 11~ component is given by

lel' =%(H||' +HA )+.15_\[(Hn _HA' )2+4Hfm-
3)

The unperturbed energies of the d I[I™ and dA™ states in
terms of the quantum defects are

75450 8dTT™ (v=1)

B,=2.20 cm™

Energy /cm™

754 00

To=75377.6cmi’

~s

o

e e LA S B B s {

0 10 20 30
N(N+1)

FIG. 7. Plot of the rotational energy levels of the 8d II~ component vs
NN+ D).

TABLE III. Rotational constants of the d [1~ Rydberg series.

n B, /cm™! B, /cm™!
7 2.10 2.11
8 2.20 2.18
9 2.25 2.25
10 2.32
11 2.34 2.38
12 2.37 2.43
13 243 2.48
Hy=IP,——R L prNv+D, (@
1l v (n _ 61..[__ )2 v s
R
Hy, =IP,———— +B NN+ 1), 5
a TEYISE ( (5)

where IP, is the vertical ionization potential corresponding
to the energy of the v = 1 state of the ion. B " is the rota-
tional constant of the NO™ ion in the v = 1 state. R is the
Rydberg constant, and 8;;- and §,- are the quantum de-
fects. We calculated the energy terms of Eq. (3) upto N =5
for each n by using B, = 1.97 cm™!, §,- = — 0.045,
8,- =0.112,2 and R = 109 735.3 cm L. Then, the value of
B, was calculated by the first-order regression analysis with
respect to N(IN + 1). The calculated B, are listed in Table
IIT and also shown by the curve in Fig. 8. The good agree-
ment between the observed and calculated values indicates

z.sﬁ

24

2.3

22

ROTATIONAL CONSTANT /cm™

By
g
n

1 ! l | 1 T
7 8 g9 10 1 122 13

N PRINCIPAL QUANTUM NUMBER

FIG. 8. Plot of rotational constant of the 4 I1~ component vs 7.
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that the » dependence of the rotational constant arises from
the interaction of the 4 I ~ state with the d A~ state.

] uncoupling causes also an anomalous intensity distri-
bution. The intensity distribution of the rotational branches
in the transitions to the high ns Rydberg states from the
D *3+ stateis quite different for different principal quantum
number ». For n = 7-10, two peaks corresponding to the P
and R branches appear in the spectra as is seen as an example
for the 9s Rydberg state in Fig. 4. However, for higher n
( = 11-24) the Pbranch is missing completely as is shown in
Fig. 9.

Huber? had reported a similar missing of the P branch
line in the emission spectrum due to the transition from the
H?2Z%(3do) to the D *Z *state. He interpreted this to be a
result of the interference effect between the H 2% (3do)
state and the nearby H '’I1 (3dr) state which mix by /uncou-
pling. The transition moment 4 forthe >3+ —»D?Z* tran-
sition is given by

A=Cd, +C'A,,, (6)

where A,, and A,, are unperturbed transition moments
from the 3do and 3d states to the D 22 * state, and Cand C’
are coefficients. The absolute values of the two terms of
Eq.(6) are nearly equal. But, the two terms have opposite
sign for P branch line but the same sign for R branch line.
Consequently the transition moment for the P branch line
almost vanishes, and only the R branch line is observed.

The absence of the Pbranch line in the high ns Rydberg
states with #>12 in the transition from the D 3 state may
also be explained by a similar interference effect between do
and dr states, which is caused by the / uncoupling. The ns
Rydberg orbital of NO is known to strongly mix with
(n = 1)do orbital due to the nonspherical field of the core.?’
The (n — 1)do character in the ns Rydberg state increases
with the increase of n because the energy difference between
the ns and (n = 1)do states decreases with the increase of n.
As aresult of the increase of the do character, the intensity of
the P branch line becomes weak with the increase of n and
finally vanishes for n> 12 by the interference effect similar to
that considered by Huber.

nd 2d

s 1d
us
R
0c*, vl s R
J=215 (N=2) R

T L [ T | ! | T i
20800 20800
V; WAVENUMBER / cm™

FIG. 9. Two-color MPI spectrum for the transition from the D?T*
(v=1), N =2 level. The P branches of the transition to the 12s, 135, and
14s states are absent.

C. The two-color fluorescence dip spectra

Because of the parity selection rule, transition to the
d 1~ component from the N = 0 level of the D 23 ™ state is
prohibited (see Fig. 6). However, in the two-color MPI
spectrum due to the transition from the N = 0 level in the
D23* (v =1) state (Fig. 4), we observed broad and weak
peaks around the position of 84. These peaks should be as-
signed to the states other than the d Il "state. A similar
broad and weak MPI peak is also seen near the sharp peak of
the nd I1~ component in the spectrum due to the transition
from N>1 level in the D state. The presence of the broad
peak around d I1™ is more clearly seen in the two-color flu-
orescence dip spectra which are shown in Fig. 10. The figure
shows the fluorescence dip spectra of the 84— D2+ (1,1)
transition from the N=0 and N=1 levels in the
D?3* (v =1). These dip spectra were obtained by monitor-
ing the fluorescence from the D *=* state. Note that because
of large power of the probing laser light (v;) the transition to
the 84 Rydberg state is saturated. The depth of the broad dip
is almost the same order in magnitude as that of the 8211~
component. Since the depth of the fluorescence dip directly
reflects the absorption cross section, the transition moment
associated with the broad dip will be almost the same as that
associated with the dI1~ state. The broadness suggests that
the state associated with the broad dip has a very fast relaxa-
tion process such as predissociation. The candidates for such
states are the d X and the d IT™ components. If the broad
peak is assigned to the d *2* and d *II* components, the
interacting dissociative state should be of 2 or IT* symme-
try by noting the parity selection rule for perturbation.

Finally, we would like to make a comment on the results
of the two-color MPI spectrum via the 4 23 (3s0) state
reported in previous papers''™'* and their relation with the
present study. In previous papers, we showed that the MPI
spectrum from the A4 22" (3s0) state exhibits the high ns, np,
and nf Rydberg series. The appearance of the high ns and nf
states which is against the Al = + 1 selection rule was inter-
preted as a result of the admixture of the p and d characters
in the 4 23 * (3so) state. If we admit the admixture, we also

(A) (8)
100+ | . 1004
Iy, W Ity

8d 8d
o+ o
8f
mPI MP!
T T T T ] ! |
19800 19820 19800 19820

Vy; WAVENUMBER /eni! Yy WAVENUBER /em™

FIG. 10. Two-color MPI and fluorescence dip spectra due to the transition
from the D23+ (v=1), (A) N=0, (B) N=1 level to the 8d Rydberg
region.
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expect the appearance of the high nd Rydberg series besides
ns, np, and nf series in the two-color MPI spectrum via the
A *Z™ state. However, we could not find even trace of the nd
Rydberg series. In addition, the p character in the 4?2 %
state is estimated to be less than 1%.'"' This small p char-
acter seems to be contrary to the strong appearance of the
high ns states in the MPI spectrum from the 4 22% (3s0)
state. This is a question we have had since then.

In the present work we measured the two-color MPI
spectrum via the 3po (D 22 ™) state and observed the transi-
tions to the high ns and nd I1™ states with the nearly equal
intensities. Taking into account this result, the p character in
the 4 22 * (3s0) state should give the ns and nd Rydberg
series with comparable intensities in the two-color MPI
spectrum. Therefore, even if 4 23 * (3s0) has a small p char-
acter, this p character is not directly involved in the observa-
tion that the ns series appears strongly and the nd series is
absent. Then, the reason which explains the observation
should be found in the final state of the transition instead of
the intial 4 23 state. If we assume a considerable p charac-
ter in the high ns Rydberg states, the strong appearance of
these ns states can be explained. Moreover, the absence or
extremely weak intensity of the nd series is also understood
by this assumption. The calculation by Viswanathan et al.'
shows that the 450 and 5so have more p character than that
of the 4 23 * (3s0) state, supporting the assumption. There-
fore, we conclude that the high ns Rydberg state has a con-
siderable p character, which makes the forbidden
ns—A 2% (3s0) (Al = 0) transition strongly allowed.

V. CONCLUSIONS

The two-color double resonance MPI and fluorescence
dip spectra of NO due to the transitions from the
D23 % (v=1) state have been measured, and the ns(v = 1)
and nd(v = 1) Rydberg series with high principal quantum
number n have been observed. The transition was well char-
acterized by the normal A/ = + 1 selection rule, proving the
pure po character of the D 22 * state. The rotational analysis
showed that the nd Rydberg state appearing in the MPI
spectrum is assigned to the d II™ component. The other
components, d 2 (v =1) and d 17 (v=1), seem to ap-
pear in the fluorescence dip spectra and they are broadened
by predissociation. A large dependence of the rotational con-
stant upon principal quantum number for the nd I1™ com-
ponent was found and was explained based on the / uncou-
pling. Anomalous intensity of the rotational branch of the ns
Rydberg state in the transition from the D *2 ™ state as inter-

6999

preted as a result of interference effect between the do char-
acter in the s Rydberg state and the dr state.

The present work is the first demonstration of the two-
color MPI measurement using coherent VUV light. This
shows validity of application of the coherent VUV light gen-
erated by frequency mixing for the study of high excited
molecule.
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