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Photofragment NO excitation spectrum of NO* ions has been studied in the wavelength range of
278-328 nm, where the parent®" ions were state-selectively prepared at )hél'[l,zyg,z(OOO)

levels by[3+1] multi-photon ionization of jet-cooled O molecules at 360.55 nm. The spectrum
was attributed completely to the?S " «—X 21'13,2'1,2(000) electronic transition of )O*. Totally 47
vibronic bands associated to 24 vibrational levels of Af&, * state were identified in the present
work, most of which were observed for the first time. The sufficient spectroscopic data made it
possible to investigate the Fermi-resonance betweem ttaad v, vibrational modes at tha 23, *

state. Based on the assignment, the spectral constants df4Bé state, such as vibrational
frequencies, anharmonic constants, and Fermi interaction constant, were determined with relatively
high reliability and precision. €2003 American Institute of Physic§DOI: 10.1063/1.1624596

I. INTRODUCTION A23* state, especially levels higher than tt800) level.

The N.O* molecular ion plavs an important role in the Since the vibrational frequencies of tA&¢>. * state have the

. h No it is the int pd'yt i th P tion bfand relation3v3~2v1~4v? as determined py several indepen-
lonosphere as 1LIs the intermediate in tne reaction dent works>'®1° Fermi-resonance couplings are expected to
N,,>?and thus has been investigated by a lot of experimen- '

. . r among vibrational levelsVg,V,,V V=1V
tal techniques, such as fluorescence emission specttim, ic;:l\]/ )a aﬁdg W b_azt\c; aV ESS Iﬁl,owzévegz, t(hel Fe,rr;i-
fast ion beam laser spectroscoffylBLAS),*71 laser in- 3 1o =v2 s ’

duced fragmert’ and photoelectron spectroscdy? Ex- resonance interaction as well as the anharmonic effect of the
g ' P P Y- A23* state have not yet been investigated, presumably due

tigi'r\:g_sf;?g('%‘;‘] h::s ht:\e/znresggl?a r(;n;intocgrf lee)l(ec;trg(r:l_lgo the insufficiency of available spectroscopic data. In this
g ’ y P P study, we prepared JO* at the vibrational ground level of

troscopic features arising from various interactions, such ag . 'v'211" ciate through[3+1] resonance-enhanced multi-

the spin—orbit splitting, Renner—Teller '”ff?fé!?ffg and thephoton resonant ionizatio(REMPI) of neutral NO mol-

Fermi-resonance couplings in the’ll state. PP ecules, and excited the generategON ions to theA 23"
The first electronically excited state of,®@", A<X ™, . = X
) g . state with another laser. By monitoring the NG@ragments
however, has not been studied sufficiently and systemaUcaIIyrom the dissociation of D (A 22+) and scanning the ex-
compared to the electronic ground state. Up to now, the Vibitation laser in the wavelength range of 278-328 nm, a
brational structure oA 23" state has not yet been investi- ’

gated in detail. Previous emission studies have showed th otofragment excitation spectrufRHOFEX was obtained.

except for ground vibrational level, all the excited vibrational e PHOFEX spectrum reveals many new vibronic bands,
P 92 n ' ; o which were not observed in previous studies, therefore,
levels of A<X™" state undergo a predissociation process

therefore, only a limited number of the lowest vibra’[ionalmak(.aS the a35|g|jments more rehaple, and enables us to de-
levels ha,lve been investigated via fluorescence emissiotr(1armlne the Fermi-resonance couplmgs as well as the spgctral
10 - 11-16 . : constants about the 78" state with relatively high preci-
spectroscopy: *Larzilliere et al have investigated sev- _.
eral lowest levels of thé 25 * state in detail with highly >
resolved rovibrational FIBLAS spectroscopy. Very recently,
Ng and co-worker$ performed a vacuum ultraviolet pulsed
field ionization-photoelectroPFI-PB study, and have ob-
served some new vibrational levels of tAé3 " state. The experimental setup has been described in detail
Despite of extensive works regarding tK&éII state and previously?® Briefly, the N,O™ ions were prepared by the
several lowest vibrational levels of te?S, ™ state, there has frequency doubled output of a dye laser through-1]
been very few reports about the high vibrational levels of theREMPI of jet-cooled NO molecules, and then were excited
to theA23 " electronic state by another dye laser. The pho-
dAuthor to whom correspondence should be addressed. Electronic maifofragment ions, NO, were detected by a home-made time-
slliu@ustc.edu.cn of-flight (TOF) mass spectrometer.

II. EXPERIMENT
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The jet-cooled NO molecules were produced from su- [
personic expansion of JO/He (20%) gas mixture through a N0
pulsed nozzle with duration of 2Q@s and orifice diameter of I
0.5 mm into a main vacuum chamber. The chamber was

)

NO”

pumped by two turbo-molecule pumgg500 I/9, which & : ST X ]
were backed up by two mechanical pum@® and 15 I/s, § [ 4, _ X8
respectively. The stagnation pressure was kept-& atm, z ]
and the operating pressures in the chamber was abou®
1x10 ¢ Torr. - e J N
Two dye laser§PRSC-LG-18 and PRSC-LG-24, Sipah n
7 8 9 10 11 12 13 14 15

pumped simultaneously by the second harmonic output of a

Nd:YAG laser(PRO-190, Spectra Physjcsvere employed

in this experiment. The frequency doubled output of one dyéIG. 1. The TOF mass spectrum with) only the photoionization laser at

laser,~3 mJ/pulse, was used as the ionization light source tG80-55 nm:(b) only the excitation laser at 305.82 nm afg) both the
Tv2 . . - ionization and excitation lasers overlapped temporally and spatially with

generate HO™ (X “II) ions by focusing perpendicularly on each other. The }0* ions in(a) and(c) were generated Vig8+1] REMPI

the N,O molecular beam with a quartz lens o300 mm.  of N,O molecules by the ionization laser, and the N®ns in (c) were

The wavelength of the ionization laser was fixed at 360.5%roduced from dissociation of J@* ions by the excitation laser. The pulse

nm which corresponds to the three photon resonant Rydbe grgigs of the ionization laser and_dissociation laser were optimized and

transition of NO, 3Rr YT X135 2425The frequency aintained at-3 and~1 mJ, respectively.

doubled output of another dye laserl mJ/pulse, counter-

propagating with the ionization laser and focused with a

quartz lens off =600 mm, was operated in the wavelength

range of 278—-328 nm to excite,®" ions from theX ?I1

state to theA 23, * state.

Time-of-flight (us)

ubsequent nonresonant two-photon ionization of neutral NO
from the dissociation of D (3po Il). This means we
could achieve soft ionization to prepare pureQN ions.
Scheperet al?® showed in their REMPI-photoelectron study

f The tp’;(gu_ceol ions, |gctludtmg p%r]e”tzhw 'O”Sda”$OFthat the NO* ions produced vig3+1] REMPI at 360.55
ragmen lons, were detected with a home-made nm are populated totally at the vibrationless electronic

mass spectrometer. The ion signals were amplified with round state, i.e.X 2I1,,(000) andX ?I14,(000). Despite
pre-amplifier, and the mass-resolved data were collected e mechaniém in detail, we could certainly prepare exclu-
averaging the amplified signals for selected mass speciesﬁVe and state-selectivez,lﬂ* ions in theX 2[1(000) state
with boxcar averager&Stanford SR25)) and interfaced to a with minimum fragment NO by using a lens with middle
PC for data storage. During the experiment, the intensities ocus length and optimizing the pulse energy of ionization
both lasers were monitored simultaneously with two photo

diod d th length of th itation | Jaser at~3 mJ.
e o e e By introducing another laser to excite the prepared

brated simultaneously against the argon optogalvanic Spe‘f\l'20+ ions, a PHOFEX spectrum of 0" could be ob-

trur_nl _resultlng N an overall absolute uncertainty 0.5 tained. As shown in Fig. (b), only with the excitation laser
cm = 1n t_he excitation energy. Both Iasers_were temporallyno ion signal could be observed by carefully controlling the
and s_patlally_overlapped with each other in the m°|eCU|e"laser intensity. However, with combination of the ionization
laser interaction region. and excitation lasers, a remarkable N€ignal was observed
Ill. RESULTS AND DISCUSSIONS in Fig. 1(c). In the entire excitation wavelength region, NO
ions are the dominant fragments. As indicated by Szarka
et al,?*it is possible that the NO could come from ioniza-
Figure Xa) shows the TOF mass spectrum obtained withtion of the NO(3po 1I1) dissociation product, by subse-
the ionization laser only, by fixing the wavelength at quently absorbing two photons of the excitation laser. We
A=360.55 nm and maintaining the pulse energy~& mJ.  excluded this possibility and confirmed that the N@ns
The [3+1] REMPI of N,O in this wavelength region had are generated completely from the excitation of pares@ N
been studied in detail by Szarka al?* and Schepeet al®  ions, by varying the temporal delay and the spatial overlap of
The wavelength of 360.55 nm used in this study correspondthe two lasers. In the wavelength range of the excitation laser
to a single transition band in th8+1] REMPI spectrum, employed in present work, D" ions at theX 2I1(000) state

A. Overall TOF mass spectrum

which can be expressed as, could be excited to thé 23" state through one-photon ab-
3hwy sorption. The power dependence of NGignal on the inten-
N,O(X 13 %) N,O(3po 1) sity of excitation laser was measured, and the power depen-

oy ggnce_in_dex whas found ?}g)zuznf 0.5. [A+1|]d excitﬁtion—

issociation scheme via t state could not happen,

—— NO" (XM +e. @ since under present experimental conditions the excitation

It can been seen clearly in the mass spectrum th&'Nons  photon flux is less than #®photon/crd/s, even if the further
are the predominant products formed [8#+1] REMPI at  excitation cross section from th&?3* state is as large as
this wavelength, and the amount of NGragment ions are 10 ®cm™?, the rate of second excitation step is still less
less than 0.1% of the JO' ions. As stated by Szarka than 16s !, which can not compete with the dissociation
et al,>* NO™ ions in the REMPI experiment come from the rate of theA 23" state(higher than 18s™1).° Therefore, the
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NO™ signal in Fig. 1c) should be the dissociation product of
N,O" attheA 23 ™ state. A scan of the excitation laser while has similar geometries to its electronic ground spatél.
monitoring the NO signal intensity could enable us to ob- The vibrational frequencies;, (symmetry stretching v,

tain a photofragment excitatio(PHOFEX spectrum, and
then the spectroscopic information about tRé3* state

could be derived from the spectrum.

B. Analysis of the PHOFEX spectrum

Figure 2 shows the NO PHOFEX spectrum in the

wavelength range of 278—328 nm which has been corrected’ :
for the variation of excitation laser intensity. Due to the dif- iVe assignments were performed to the PHOFEX spectrum.

ferent experimental technique employed in this work, thelt was found that except for a few peaks in the low excitation

cm

(bending,

Excitation Photon Energy (cm'1)

Spectroscopic study of N,O* 11611

FIG. 2. The PHOFEX spectrum of
N,O" obtained by monitoring NO
fragment in the wavelength range of
275-328 nm, which is attributed to
AZ3 "X 2014, 54000) electronic
transition and assigned in terms of
Fermi-resonance coupled vibrational
levels in theA?S " state. The spec-
trum consists of many newly observed
vibronic bands, making the assign-
ment more reliable and the determined
spectral constants more precise.

TheA 23" state of NO™ ions is known to be linear, and

and

1

(anti-symmetric
N,O" (A 2% ") are known to be around 1346, 611, and 2450
, respectively, as determined from the fluorescence

V3

stretching of

emission study, FIBLAS studies:'™'® and photoelectron
measurement$ Based upon the known vibrational frequen-

cies of NO"(A23") and several observedA?s ™"

X 2I1(000) vibronic transitions in emission studies, tenta-

present spectrum reveals many new vibronic features, whicnergy region in Fig. 2, most of the transitions could not be

were not observed in all previous studies regarding théssigned properly into excitations ef, v,, andv; mode
A23* state of NO*, and thus should make our spectral vibrational progressions of th&2% * state or their combina-

analysis more reliable and provide more detailed spectrotions, even if taking into account of the anharmonic con-
scopic information about tha& 23" state.

stants.
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TABLE |. Observed transitions in the PHOFEX spectrum and the corre-levels. As stated by Bernatht a|_,26 such a coupled cluster of

sponding assignments.

Band positiongcm™t)

This work Ref. 17 Assignmentd

30662.5 30665.0 [4,1] — (000)F,
30783.5 30776.8 [4,4] < (000)F,
30917.6 30909.0 [4,4] — (000)F,
31386.1 [5,4] < (000)F,
31519.2 [5,4] — (000)F,
31750.2 [6,1] — (000)F;
31884.0 [6,1] < (000)F,
31766.8 [6,2] — (000)F,
31900.6 [6,2] < (000)F,
31869.2 [6,3] — (000)F,
32002.9 [6,3] < (000)F,
31980.7 [6,5] — (000)F,
321145 [6,5] — (000)F,
32107.8 [6,6] < (000)F,
32240.9 [6,6] — (000)F,
32463.8 [7.3] < (000)F,
32597.0 [7,3] — (000)F,
32697.0 [7,6] < (000)F,
32830.6 [7,6] — (000)F,
32965.0 [8,1&2] — (000)F,
33099.0 [8,1&2] — (000)F,
32977.2 [8,3] — (000)F
33110.7 [8,3] « (000)F,
33172.7 [8,6] — (000)F,
33307.0 [8,6] — (000)F,
33274.4 [8,8] — (000)F,
33408.0 [8,8] < (000)F,
33417.1 [8,9] < (000)F,
33552.4 [8,9] < (000)F,
33562.0 [9,1] < (000)F,
33 696.6 [9,1] — (000)F,
33758.4 [9,6] «— (000)F;
33892.7 [9,6] — (000)F,
33988.0 [9,9] < (000)F,
34120.1 [9,9] « (000)F,
34141.9 [10,1] — (000)F
34276.4 [10,1] < (000)F,
34 258.6 [10,4] — (000)F,
34393.2 [10,4] — (000)F,
34278.0 [10,5] — (000)F
34413.0 [10,5 — (000)F,
348355 [11,4] — (000)F;
34969.6 [11,4] — (000)F,
35369.5 [12,7] < (000)F;
35503.9 [12,2] — (000)F,
35529.3 [12,8] — (000)F;
35663.9 [12,8) — (000)F,

3, and K, correspond to the transitions from the ground stitéEl ;,(000)

and X 2I1,,,(000), respectively.

In fact,

the vibrational
N,O"(A23") have the approximate relationss~2v,

frequencies

zero-order vibrational levels can be represented by a polyad
guantum number P, which is defined Bs-2V,+V,+4V;

in present case. Then, only vibrational levels with the s&me
andl interact with each other. Since the zero-order levels in
a polyad mix with each other by Fermi interaction, using
expression Y,V5,V3) to label the vibrational level will
lose its meaning, we therefore refer to the eigenstates as
[P,i], wherei represents the energy ordering number within
the polyad increasing with the energy.

Due to the Fermi interaction in th& 23 state, the vi-
brational energy term values have to be obtained by diago-
nalizing an effective Hamiltonian matrix, rather than by a
simple Dunham expansion. If inter-polyad interactions are
ignored, the effective Hamiltonian matrix is block diagonal-
ized for each polyad quantum number The diagonal ma-
trix element, i.e., the zero-order unperturbed vibrational en-
ergy, can be expressed by a Dunham expansion as

(V1,Vh, V3| HEMV, VS V)

d.
=G(V)= Ei, vl Vit 5
d; d;
+ §|J X” V|+5I VJ+§J +922|2, (2)

whereH®" refers to the effective Hamiltory; j andd; are the
anharmonic constant and the degeneracy of vibrational
mode, respectively. Since in this experiment only vibrational
levels of A23* state withl =0 (for evenP) or | =1 (for odd

P) can be observed via excitation from tX&I1(000) state,

we may omit the small contribution d& 1 to the vibrational
energy in Eq(2). The off-diagonal matrix elements for each
block aré®

(V1,V5 V3V, +1,(V,—2), V)
1

= ﬁK122\/(V2_|)2(V1+ 1), (3
(V1.5 V3 HEMV, +2V) Va—1)
1
= ﬁKﬂS\/(VB(Vl"— 1)(V,+2), (4)

where K,, and K;,3 represent the constants of Fermi-
resonance interactions between, v, modes andv,, vg
modes, respectively. Here, we also ignore the higher order
Fermi interactions, such as interactions between the
(V1,V,,V3) and V,—2V,+4\V,) levels, (V1,V,,V3) and

of (V{,V,+4V3;—1) levels. Note that within the excitation en-

ergy range in this experiment, the, mode of theA 23"

~4v,, Fermi-resonance interaction is expected to occur bestate can only be excited as high ¥g=3, the number of

tween the V¥;,V,,Vy) and (V;—1,(V,+2),V3), or
(V1,V5,Vg) and (V;+2V,,Vz—1) vibrational levels,

vibrational levels involvingrv; mode are relatively less than
those involvingr, and v, modes, therefore, we also neglect

whereVy, V,, V3, andl represent the vibrational quantum the interaction between; and v; modes, i.e., fiX<;;5=0.

numbers ofv,, v,, andv; modes and the vibrational angu-

By diagonalizing the effective Hamilton matrix and fit-

lar momentum, respectively. Therefore, the Fermi interactioriing the identified transition peaks with a least-square proce-
makes zero-order vibrational eigenstates mixed with eacdure, the PHOFEX spectrum were assigned completely as
other, and it is unfeasible to perform the spectral assignmerhe A 23 * [P,i]« X 215, 1,{000) vibronic transitions, i.e.,

in normal way, especially for transitions to high vibrational from the two spin—orbit sub-states %I1(000) to the[ P,i]
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TABLE Il. Term values and the main components[&,i] vibrational levels at the 23 * state of NO*.

G(V) (em™b References
[P,i] Obs. Cal. Obs.-Cal. Main component$%) Ref. 17 Ref. 18
4,1 24325 2429.2 3.3 00100 2435 2450
4,4 2687.6 2691.5 -39 20@97.1) 2680 2675
54 3289.2 3288.1 1.1 219r.9
6,1 3654.0 3654.7 -0.7 02198.6
6, 2 3670.6 3669.1 1.5 0607.2, 14021.8
6,3 3772.9 3772.0 0.9 1464.4), 06022.0, 22013.4
6,5 3884.5 3881.9 2.6 2281.9, 140(13.7)
6, 6 4010.9 4012.9 -2.0 30@96.2 4003 3997
7,3 4367.0 4372.6 -5.6 15@47.0, 070(30.5, 23021.7)
7,6 4600.6 4598.6 2.0 3190.4, 2309.0
8,1&2 4869.0 4867.68,1] 1.4 08(@56.2, 16038.1), 2405.5

4871.9(8,2] -2.9 04192.6), 121(7.4
8,3 4880.7 4881.9 -1.2 002100 4869
8,6 5077.0 5070.3 6.7 2446.7), 160(31.5, 320(16.5, 0805.1)
8,8 5178.0 5181.4 -3.4 32Q76.7), 24017.2
8,9 5322.4 5318.3 4.1 4085.5 5311 5316
9,1 5466.6 5460.7 5.9 0946.1), 17044.3, 25010.0
9,6 5662.7 5663.4 -0.7 17@38.2, 250125.5,33025.1), 09010.0
9,9 5890.1 5892.7 -2.6 41@88.7), 33010.9
10,1 6046.4 6049.5 -3.1 18@47.7, 010034.7), 26016.0
10, 4 6163.2 6157.4 5.8 0101.9, 26038.4, 34011.5
10,5 6183.0 6186.4 -3.4 14168.0, 061(19.9, 221(12.1)
11, 4 6739.6 6745.0 -54 011045.6, 270133.4), 35019.1)
12,2 7273.9 7271.7 2.2 0830.0, 161(35.9
12,8 7433.9 7432.6 1.3 1221.1), 0426.6)

vibrational levels of theA 23 * state, as indicated in Fig. 2. state were identified in the present work, most of which were
The assignment reconfirms that the initial states of tf@N  observed for the first time. The polyad numiRrfor the
ions prepared througf8+1] REMPI at 360.55 nm are the observed vibrational levels 523" state ranges from 4 to
vibrationless ground levels in thé2I15, and X 21, sub-  12. As can be seen in Fig. 2, the excitations of vibrational
states, which is consistent to the previous photoelectrotevels with oddP, i.e., zero-order levels with odd,, are
study by Schepeet al?® observed. To the first-order approximation, the vibrational
The assignments for th& 23" [P,i]—X 2H3,2,1,2(000) excitation of an odd quantum &f, is forbidden in the linear
vibronic bands of NO™ resolved in Fig. 2 are summarized A 23 %< X?2I1(000) electronic transition. Such type of for-
in Table 1. For comparison, also listed in Table | are thebidden vibronic transitions witlAV,==*+1 were also ob-
observed peak positions in laser-induced photofragmergerved by Dehmeet al?® and Chenet al*® in their photo-
study by Frey and co-workefé which is the only laser ex- electron studies and by Aarts and Callorfioim their
citation experiment in the present energy range. Totally 4%luorescence emission study, and was interpreted as vibronic
vibronic bands related to 24 vibrational levels of #hé>" interaction between tha 23" andX Il states’’ This inter-

TABLE IlIl. Spectral constants of tha 23 * state determined from the global fit of the PHOFEX spectrum with
consideration of Fermi-resonance interactions. All the values in the table are given in unitbf cm

References
This work Ref. 17 Ref. 3 Ref. 19 Ref. 18 Ref. 15
2 1380.9+3.1 1358 1345.52 136015 1346
v, 627.3+1.8 614.1 614
V3 2433.0+7.4 2451.7 247815 2452
X11 —8.0+0.9 —5.82
X33 —11.8+4.0
X12 —-13.1+1.1
X23 —3.6-0.9
Koo 21.6+1.5
To 28230+1 28229.94
Spin—orbit splitting
X231 133.8+1.0 132.36 130

8Estimated value.
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action, however, causes negligibly small shifts of the vibraiN,O" at theX 21]3/2'1/2(000) level, were prepared §@+1]

tional energy positions of th& ?X* state compared to the REMPI of neutral NO molecules at 360.55 nm, and were

Fermi-resonance interactions, as seen from Ref. 15. Therexcited to various vibrational levels of the®S ™ state by a

fore, it was not included in th& 23 " Hamiltonian used to fit  tunable laser. The PHOFEX spectrum in the wavelength

vibrational levels. As showed in Fig. 2, the forbidden bandSrange of 278-328 nm was attributed completely to the

are observed with considerable intensities despite their smal 23+ X 21 electronic transition of BO", in which most

Franck—Condon factors. This may be due to the high dissoyibronic bands were observed for the first time. By consid-

ciation probabilities of theA23 " state. Detailed analysis ering the Fermi resonance between theand v, modes, the

about the photodissociation mechanismAfX* state in  spectrum was assigned, and the spectral constants of the

this excitation energy range will be presented in another puba 23, * state, such as vibrational frequencies, anharmonic

lication. constants and Fermi interaction constant, were obtained with
The term values of vibrational level®,i] at theA 23+ relatively high reliability and precision.

state are summarized in Table Il. The main fractions of the

zero-order vibrational levels in each obsery&Ji ] level are

also presented in the table, which equal to the coefficienACKNOWLEDGMENTS
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