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PFI-ZEKE-Photoelectron Spectroscopy of N2O using narrow-band VUV laser1

radiation generated by four-wave mixing in Ar using a KBBF crystal2

H. Herburger,1 U. Hollenstein,1 J. A. Agner,1 and F. Merkt1, a)
3

Laboratorium f�ur Physikalische Chemie, Vladimir-Prelog-Weg 2, ETH Z�urich,4

8093 Z�urich, Switzerland5

(Dated: 20 November 2019)6

A new nonlinear optical scheme relying on sum-frequency mixing in a KBBF crys-7

tal has been used to generate intense, broadly tunable, narrow-bandwidth, coherent8

vacuum-ultraviolet (VUV) radiation beyond 16 eV by resonance-enhanced four-wave9

mixing in Ar. The VUV radiation was used to record high-resolution pulsed-�eld-10

ionization zero-kinetic-energy photoelectron spectra of the N2O+ A+  N2O X pho-11

toionizing transition in the wave-number range from 132 000 cm�1 to 135 000 cm�1.12

The rotational structure of almost all vibrational levels of the A+ state with vibra-13

tional term values up to 2 700 cm�1 could be resolved and improved values of the14

�rst two adiabatic ionization energies of N2O, corresponding to the formation of15

the X+ 2�3=2(000) J+ = 3=2 and A+ 2�+(000) N+ = 0 levels of N2O+ from the16

X 1�+(000) J 00 = 0 ground state (103 969.30(12) cm�1 and 132 197.70(12) cm�1, re-17

spectively) were derived. The rotational intensity distributions of the bands were18

found to depend strongly on the value of the vibrational angular momentum of the19

ionic levels. The vibrational structure is discussed in terms of previously reported20

e�ective-Hamiltonian analyses.21

a)merkt@phys.chem.ethz.ch
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I. INTRODUCTION22

Intense, narrow-band, tunable, coherent vacuum-ultraviolet (VUV) radiation is conve-23

niently generated by two-photon resonance-enhanced four-wave mixing in pulsed gas jets of24

the rare gases Kr and Xe1{4 and such radiation has found numerous applications in studies25

of atomic and molecular photoionization (see, e.g., Refs. 4{9). The two-photon resonances26

most commonly used to enhance the VUV-generation e�ciency are the np5(n+1)p(0)[1=2]0  27

np6 (1S0) two-photon resonances of Kr (n = 4) and Xe (n = 5) located in the wave-number28

range between 80 000 and 99 000 cm�1. These resonances allow easy access to the VUV29

wave-number range from about 60 000 cm�1 to 150 000 cm�1 with few gaps.30

The corresponding two-photon resonances10{12 of Ar (n = 3) at 107 054.272 cm�1 (4p)31

and 108 722.619 cm�1 (4p0) as well as the weaker 3p54p[5=2]2  3p6 (1S0) resonance at32

105 617.28 cm�1 enable a signi�cant extension of the accessible VUV wavelength range,33

down to about 60 nm. Reaching these Ar two-photon resonances has so far required com-34

plex frequency-doubling and frequency-mixing schemes in �-barium-borate (BBO) crystals11
35

or the use of F2-excimer radiation at 63 439.32 cm�1 as input to the four-wave-mixing36

process.12,13 Recently, the nonlinear crystal KBe2BO3F2 (KBBF),14,15 which enables the37

straightforward generation of VUV radiation at wavelengths down to 175 nm, has become38

commercially available and is increasingly used in spectroscopic studies in the deep UV (see39

Ref. 16 for a recent example). We show here that this crystal is ideally suited to reach and40

exploit the two-photon resonances of Ar for the generation of narrow-band VUV radiation41

resonance-enhanced four-wave mixing.42

As illustration, we report on a new measurement of the pulsed-�eld-ionization zero-43

kinetic-energy (PFI-ZEKE) photoelectron spectrum of N2O in the region of the A+ 2�+  X 1�+
44

photoionizing transition in the wave-number range between 132 000 cm�1 and 135 000 cm�1.45

In particular, we have exploited the narrow bandwidth (< 1 GHz) and the high intensity46

(up to 1011 photons per pulse at a repetition rate of 25 Hz) to fully resolve the rotational47

structure of numerous vibrational bands of the photoelectron spectrum of N2O and to ob-48

serve the Franck-Condon-forbidden transitions to excited bending vibrational levels of the49

A+ state of N2O+.50

Previous high-resolution information on the A+ state of N2O+ has been obtained in stud-51

ies of the A+ 2�+ { X+ 2�
 (
 = 1=2; 3=2) band system by emission spectroscopy,17,18 fast-52
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ion-beam laser spectroscopy,19 laser-induced-
uorescence spectroscopy,20 Fourier-transform53

spectroscopy,21{23 and photofragment-detected spectroscopy.24,25 Complementary informa-54

tion on the low-lying electronic states of N2O+ has been derived from the photoelectron55

spectrum of N2O,6,26{33 in some cases with partial rotational resolution.28,30,31
56

In this work, we have extended these previous studies by (i) recording fully resolved pho-57

toelectron spectra of almost all vibrational levels of the A+ state of N2O+ up to 2 700 cm�1
58

of internal excitation, (ii) obtaining a more detailed description of the rovibrational pho-59

toionization dynamics, and (iii) deriving more accurate values of the adiabatic ionization60

energies of N2O corresponding to the formation of the X+ 2� and A+ 2�+ states of N2O+
61

from the X 1�+ ground state of N2O.62

II. EXPERIMENTAL PART63

The experiments were carried out using the method of PFI-ZEKE photoelectron spectros-64

copy34 in combination with a tunable narrow-band vacuum-ultraviolet (VUV) laser depicted65

schematically in Fig. 1 and a multi-pulse �eld-ionization sequence optimized for the record-66

ing of high-resolution spectra.35 The narrow-band tunable VUV radiation of wave number6768

~�VUV = 2~�UV + ~�2 used in the present experiments was generated by resonance-enhanced69

four-wave mixing in a supersonic beam of atomic argon using the two-photon resonance70

Ar 3p5 4p0[1/2]0  Ar 3p6 at 2~�UV = 108 722:619 4 cm�1 (see Figure 1(a)).71

The radiation ~�UV = ~� 01 + ~�1 (wavelength �UV around 184 nm) was generated by72

sum-frequency mixing in a KBe2BO3F2 (KBBF)14,15 crystal (Altechna) using two pulsed73

laser beams of wavelengths �01 = 266:0 nm, corresponding to the fourth harmonic of a74

pulsed seeded Nd:YAG laser (Spectra-Physics, LAB170, repetition rate of 25 Hz), and75

�1 = 596:4 nm obtained by pulse amplifying the output radiation of a single-mode ring dye76

laser (Coherent, 899-21 dye ring laser) using a Nd:YAG-pumped dye-ampli�cation chain.36
77

The phase-matching angle of the KBBF crystal was calculated to be 53.4� to generate the78

wavelength �UV = 184:0 nm from these two input beams.37 To avoid total internal re
ection79

and to separate the UV radiation from the input beams, the crystal was mounted between80

two CaF2 52�-38�-90� prisms with the interfaces in optical contact38 (see Figure 1(b)). Chen81

and co-workers39 specify a high damage threshold for the KBBF crystal of 4 � 1012 W=cm2
82

for a pulsed laser at 532 nm having a pulse length of 7 ns and operated at a repetition rate83
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FIG. 1. Schematic illustration of the VUV generation process by resonance-enhanced four-wave

mixing (wave number ~�VUV = 2~�UV + ~�2) in a supersonically expanding beam of atomic Ar (a).

The UV radiation at the wave number of the two-photon transition of Ar (~�UV) was generated by

the sum-frequency mixing of the fourth harmonic of a seeded Nd:YAG laser and the output of a

pulsed ampli�ed cw ring dye laser in a KBBF crystal sandwiched between two CaF2 prisms (b)

kept under N2 atmosphere. It was overlapped with the output of a tunable dye laser (~�2) using a

dichroic mirror before focussing both beams with a LiF lens into a supersonic beam of Ar. The

VUV radiation was separated from the fundamental beams and de
ected into the photoelectron

spectrometer using a vacuum monochromator (see text).

of 10 Hz. However, the CaF2 prisms may be damaged by high-intensity UV radiation,40
84

in particular at the interface with the KBBF crystal. We therefore restricted powers of85

the two input laser beams (266 nm and 596.4 nm) to at most 5 mJ/pulse and let them tra-86

verse the KBBF crystal unfocused with a 2 mm beam diameter. In this way, we generated87

50 �J = pulse of UV radiation at the sum frequency. The KBBF crystal was held in an N288

atmosphere to prevent the absorption of the sum-frequency output radiation by O2. With89

the same prism-coupled device (PCD), it is possible to also access the two-photon resonances90

Ar 3p5 4p[5/2]2  Ar 3p6 at 105 617.270 0 cm�1 (�UV = 189:4 nm; mixing angle of 49:9� in91

KBBF) and Ar 3p5 4p[1/2]0  Ar 3p6 at 107 054.272 0 cm�1 (�UV = 186:2 nm; mixing angle92

of 48:9� in KBBF).10,37 The tunable laser with wavelength �2 was a double-grating dye laser93

(Radiant Dyes Laser & Accessoires, NarrowScan, double grating, 2400 lines per millimeter)94
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with a pulse energy of 3 mJ / pulse and a bandwidth of 0.04 cm�1.95

The two laser beams (�UV and �2) were then focused into a pulsed gas beam of atomic96

argon (PanGas, purity 4.8, used without further puri�cation) generated by a pulsed valve97

(Parker Hanni�n, General Valve, Series 9, 1 mm ori�ce). The sum-frequency radiation98

(~�VUV = 2~�UV + ~�2) was separated from other beams of di�erent frequencies and directed99

into the photoexcitation region using a toroidal dispersion grating (Jobin Yvon, 275 groves100

per millimeter) in grazing-incidence con�guration. The selected VUV laser beam crossed101

a pulsed skimmed supersonic beam of pure N2O (Linde, purity 2.5, used without further102

puri�cation) at right angles to suppress Doppler line shifts and line broadening. The band-103

width of the VUV radiation was determined to be approximately 0.04 cm�1 at wave numbers104

in the range from 132 000 cm�1 to 135 000 cm�1. Photoexcitation of N2O in the vicinity of105

the N2O+ A+ 2�+  N2O X 1�+ ionization threshold was carried out within a stack of106

cylindrical electrodes with axis coinciding with the supersonic-beam propagation direction.107

The PFI-ZEKE photoelectron spectra were recorded by monitoring the �eld-ionization108

of high-n Rydberg states located below the rovibrational levels of the A+ 2�+ state of109

N2O+ induced by multi-pulse sequences of electric �elds as a function of VUV laser wave110

number, as described in detail in Refs. 35 and 41. Depending on the strength of the pho-111

toelectron bands, di�erent multi-pulse sequences were used to �nd the best compromise be-112

tween spectral resolution and signal-to-noise ratio. The applied electric-�eld pulse sequence113

used to record the strong X+(000)  X(000) origin band consisted of a +83 mV/cm dis-114

crimination pulse followed by �eld-ionization and electron-extraction pulses of �66 mV/cm,115

�83 mV/cm, �100 mV/cm, �116 mV/cm, �133 mV/cm, and�149 mV/cm, leading to a res-116

olution (full width at half maximum of the narrowest lines) of 0.15 cm�1. The weaker funda-117

mental and overtone bands were measured using a less selective pulse sequence (+83 mV/cm,118

�83 mV/cm, �166 mV/cm, �249 mV/cm, �332 mV/cm, and �415 mV/cm) resulting in a119

resolution of 0.3 cm�1. For the very weak combination bands and the overview spectrum,120

a low-resolution two-pulse sequence (+166 mV/cm, �1:66 V/cm) was employed which en-121

abled a higher sensitivity. The electrons generated by the di�erent �eld-ionization pulses122

were extracted toward a microchannel-plate detector located at the end of a short time-of-123


ight tube and monitored separately by setting temporal gates at the corresponding electron124

times of 
ight. Consequently, each laser scan led to the simultaneous recording of several125

PFI-ZEKE photoelectron spectra. After correction of the shifts of the ionization thresholds126
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induced by the di�erent electric-�eld pulses, the PFI-ZEKE photoelectron spectra resulting127

from the di�erent pulses of the sequence were added, resulting in a spectrum combining the128

advantages of a high spectral resolution and a high signal-to-noise ratio.41
129

The VUV wave number was determined with an absolute accuracy of 0:1 cm�1 as the130

sum ~�VUV = 2(~� 01 + ~�1) + ~�2 of the wave numbers of the input beams, which were individ-131

ually measured with a wavemeter (HighFinesse/�Angstrom Ltd., WS6-600). The rotational132

temperature of the N2O sample in the molecular beam could be adjusted between 5 K and133

room temperature by probing di�erent parts of the gas pulses and using either pure N2O134

gas or N2O seeded in neon in a neon:N2O volume ratio of 4:1.135

III. RESULTS136

A. Overview of the PFI-ZEKE Photoelectron Spectrum and General137

Considerations138

The electronic con�guration of the X 1�+ electronic ground state of N2O is (1�)2(2�)2
139

(3�)2(4�)2(5�)2(6�)2(1�)4(7�)2(2�)4. The A+ 2�+ { X 1�+ band of the photoelectron140

spectrum of N2O corresponds to the removal of an electron from the (7�) orbital.42,43 N2O141

in the X ground state and N2O+ in the A+ �rst excited state have a linear structure of142

C1v point-group symmetry.17,26,42{45 They have similar bond lengths (r0(N� N) = 1:1289 �A143

and r0(N�O) = 1:1912 �A for N2O (X) and r0(N� N) = 1:140(6) �A and r0(N�O) =144

1:141(6) �A for N2O+ (A+)),17 consistent with the weakly bonding character of the (7�) or-145

bital. N2O (X) and N2O+ (A+) have three vibrational modes, the symmetric (or N�O)146

and asymmetric (or N� N) stretching modes of �+ symmetry and the degenerate bending147

mode of � symmetry. Two di�erent systems are used to designate the vibrational levels148

of N2O+. The �rst, advocated by Callomon and Creutzberg,17 labels these three modes as149

v1, v3, and v2, respectively, whereas the second, corresponding to Herzberg’s convention,150

designates them as v3, v1, and v2.20 We follow Herzberg’s convention in the present work151

and label the vibrational levels of N2O (X) and N2O+ (A+) as (v1v
�
2v3), where v1�3 are the152

vibrational quantum numbers associated with the asymmetric stretching, bending, and sym-153

metric stretching modes, respectively, and � represents the vibrational-angular-momentum154

quantum number along the molecular axis arising from the degenerate bending mode.46 Be-155
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FIG. 2. Overview of the PFI-ZEKE photoelectron spectrum of the N2O+ A+ 2�+  N2O X 1�+

photoionizing transition at low energies. The region around 133 000 cm�1 marked by an asterisk

could not be measured because of insu�cient intensity of the VUV laser.

cause only the X (000) ground state of N2O is signi�cantly populated under our experimental156

conditions, we label the vibrational bands observed in the photoelectron spectrum of the157

A+ { X ionizing transition using solely the label of the ionic vibrational level to simplify the158

notation.159

An overview of the PFI-ZEKE photoelectron spectrum of the A+ { X photoionizing160

transition of N2O between 132 100 and 135 000 cm�1 recorded at low-resolution is pre-161

sented in Fig. 2. The assignments, line positions and relative intensities are summarized162163

in Table I, which also includes a comparison with relative intensities measured in previous164

photoelectron-spectroscopic studies.27,29,31 Overall, the observed intensity distribution is in165166

good agreement with distributions observed in earlier work. The origin band (000) is by far167

the strongest, followed by transitions to the (001), (100), and (002) levels. Transitions to168

excited bending levels of the cation are all very weak.169

In the absence of vibronic coupling and anharmonic interactions, the transitions to excited170

bending levels of the ion should have vanishing intensities in the Franck-Condon approxi-171

mation. Because the N2O (X) and N2O+ (A+) states both are �+ states, photoionization172

from the X(000) ground state favors transitions to vibrational levels of the A+ state with173

�+ symmetry. Transitions to vibrational levels of �, �, �,. . . symmetry, i.e., to levels with174

� > 0 are forbidden in �rst order. Whereas the observation of levels with odd numbers of175

quanta in the bending mode (i.e., (0110); (0111) in Fig. 2) is indicative of vibronic coupling,176

the observation of excited levels with even numbers of quantas in the bending mode and177
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TABLE I. Positions of the vibrational bands observed in the PFI-ZEKE photoelectron spectrum

of the N2O+ A+  N2O X photoionizing transition and comparison of the relative intensities

observed for these bands in earlier work.

band
band centera

cm�1

relative intensities

this work PFI-PE31 HeI PES29 TPES27

(000) 132 197.70(12) 100.0 100.0 100.0 100.0

(0110) 132 811.7(3) 0.7 1.0 2.1

(0200) 133 415.69(24) 1.8 2.7

(001) 133 543.65(20) 29.0 41.2 21.7 39.5

(0111) 134 152(6) 0.5 0.5 1.1

(100) 134 649.83(21) 10.7 9.5 8.5 10.8

(0201) 134 751(6) 0.5 1.2

(002) 134 879.0(3) 5.0 4.5 0.5 7.3

a Derived from the analysis of the rotational structure

� = 0 (i.e., (0200) and (0201) in Fig. 2) reveals the importance of Fermi-type anharmonic178

interactions, as already noted in previous works.27,29,31
179

The vibrational energy G(v1v
�
2v3) with respect to the minimum of the electronic potential,180

or G0(v1v
�
2v3) with respect to the lowest vibrational level, can be expressed in terms of181

harmonic wave numbers !i and anharmonicities xij of the normal modes i and j as45
182

G(v1v
�
2v3) =

X
i

!i

�
vi +

di
2

�
+
X
i

X
k�i

xik

�
vi +

di
2

��
vk +

dk
2

�
+O(v3

i ) + g22�
2 (1)

and

G0(v1v
�
2v3) =

X
i

!0
i vi +

X
i

X
k�i

xikvivk +O(v3
i ) + g22�

2; (2)

respectively, where the last term in both equations takes the e�ect of the vibrational an-183

gular momentum of ~� associated with the bending mode into account, di represents the184

degeneracy of the vibrational mode i, and185

!0
i = !i + xiidi +

1

2

X
k 6=i

xikdk: (3)186
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In the case of N2O, !1 � 4!2 � 2!3 so that Fermi interactions between j0200i and j0001i,187

between j0310i and j0111i, and interactions between j0400i, j0201i, j0002i, and j1000i are188

expected to play an important role. Their e�ect can be described to lowest order with189

an e�ective Hamiltonian having diagonal elements given by equation (1) and o�-diagonal190

elements47,48
191

D
v1; v

�
2 ; v3jĤe� jv1; (v2 � 2)�; v3 + 1

E
= � 1

2
p

2
k223

q
(v2

2 � �2)(v1 + 1) (4)

and

D
v1; v

�
2 ; v3jĤe� jv1 � 1; v�2 ; v3 + 2

E
=

1

2
p

2
k133

p
v3(v1 + 1)(v1 + 2): (5)

In Eqs. (4) and (5), kijk are the cubic force constants of the potential expressed in dimen-192

sionless normal coordinates, and k223 and k133 the Fermi-interaction constants.193

At high resolution, PFI-ZEKE photoelectron spectra provide information on the rota-194

tional structure of the ionic levels. To analyze the rotational intensity distributions of the195

photoelectron spectra, we use a simple orbital-ionization model, introduced for diatomic196

molecules in Ref. 49 and generalized to polyatomic molecules in Ref. 50. In the case of197

the N2O+ A+  N2O X(000) photoionizing transition, the electronic states of both neutral198

molecule and ion are �+ states that follow Hund’s angular-momentum coupling case (b).199

The intensity IN+ N 00 of a transition from a level of the neutral molecule with total angular-200

momentum quantum number excluding spin N 00 to an ion with total angular momentum201

quantum number excluding spin N+ can be expressed as49,51
202

IN+ N 00 /
1X
l00=�

Cl00Q
�
l00; N 00; N+

�
(6)203

with204

Q
�
l00; N 00; N+

�
=
�
2N+ + 1

�0@N+ l00 N 00

�� � 0

1A2

; (7)205

where l00 represents the angular-momentum quantum number associated with a single-center206

expansion of the molecular orbital out of which the photoelectron is ejected. The single-207

center expansion of the 7� orbital is dominated by the l00 = 1 components with weaker208

contributions from l00 = 0, 2, and 3. One therefore expects the photoionizing transitions209
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to totally symmetric vibrational states (� vibrational symmetry and � = 0 in Eq. (7)) to210

consist of dominant P- and R-type branches (�N = N+ � N 00 = �1) and weaker N-, O-,211

Q-, S-, and T-type branches. For Franck-Condon-forbidden transitions to � vibronic states,212

� = 1 in Eq. (7), which suppresses the l00 = 0 component and leads to a much stronger213

Q-type branch. Interpreting � as the projection quantum number of the orbital angular214

momentum of the molecular orbital out of which the photoelectron is ejected leads to the215

conclusion that the bending levels with � = 1 draw their intensity from vibronic interaction216

with � electronic states.217

The rotational line positions of a given vibrational band v+ = (v1v
�
2v3) (000) are given218

by the usual expression219

~�N+ N 00 = Tv+ +B+
v+N

+(N+ +1)�D+
v+(N+(N+ +1))2�(B00N 00(N 00+1)�D00(N 00(N 00+1))2:

(8)220

At the resolution of our measurements, �-type doubling of the ionic rotational levels of221

vibronic levels of � symmetry and spin-rotation splittings of levels of � symmetry are222

negligible.223

B. Rotational Structure224

1. The Origin Band225

Fig. 3 compares PFI-ZEKE photoelectron spectra of the (000) origin band of the A+ { X226

transition recorded from a room-temperature sample in an e�usive beam and from a 5 K227

sample in a supersonic expansion. The assignment bars group the observed lines in N-, O-,228

P-, Q-, R-, S-, and T-type branches, corresponding to values of �N = N+ � N 00 ranging229

from �3 to +3. The branches with �N values of �1 are the strongest, followed by those230

with �N = �3, which, in the realm of the simple orbital ionization model presented above,231

indicates that the (7�) orbital has dominant p� and f� character (see Eq. (7)). The value232

of the adiabatic ionization energy of the A+  X transition (EI=hc = 132 197:70(12) cm�1)233

and the rotational constants B+
000 = 0:433 24(5) cm�1 and D+

000 = 2:5(4) � 10�7 cm�1 were234

derived from the observed rotational line positions in a least-squares �t based on Eq. (8). In235

the �t, the rotational constants of the X neutral ground state were kept �xed at the values236
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FIG. 3. PFI-ZEKE photoelectron spectra of the A+ 2�+(000) X 1�+(000) photoionizing tran-

sition recorded at a rotational temperature of 298 K in pure N2O (a) and at 5 K in N2O seeded in

Ne (1:4 mixture) (b). The black and red traces correspond to the experimental spectra and spectra

calculated on the basis of Eqs. (6) { (8) after optimizing the molecular constants in a least-squares

�t, respectively.

of B00000 = 0:419 011 009(13) cm�1 and D00000 = 1:761 014(122) � 10�7 cm�1 derived in Ref. 52.237

The distribution of the relative intensities of the PFI-ZEKE spectra are best described238

with the coe�cients C0 = 0:1, C1 = 0:65, C2 = 0:1, and C3 = 0:15, which enabled us239

to accurately reproduce the observed spectra. These coe�cients, which are characteristic240

of the (7�) orbital, were kept unchanged for the simulation of the rotational structure of241

the other bands of the PFI-ZEKE photoelectron spectrum. In previous analyses at the242

partially resolved rotational structure of their PFI-ZEKE photoelectron spectra, Kong et243

al.30 have concluded that the dominant coe�cients are C2 and C3, whereas Chen et al.31
244

have determined the values C0 = 0:15, C1 = 0:56, C2 = 0:27, and C3 = 0. Our result245

are consistent with the fact that the dominant Rydberg series converging to the A+ state246

observed from the ground state of N2O are s and d series.44,53
247

2. Transitions to the (100), (0110), and (001) Vibrational Levels of the A+
248

State249

PFI-ZEKE photoelectron spectra of the transitions to the fundamental vibrational levels250

of the two stretching and the bending modes of the A+ state of N2O+ are depicted in251
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FIG. 4. PFI-ZEKE photoelectron spectra of the A+ 2�+(001)  X 1�+(000) (a), the

A+ 2�+(0110)  X 1�+(000) (b), and the A+ 2�+(100)  X 1�+(000) (c) photoionizing tran-

sitions recorded at a rotational temperature of 10 K. The black and red traces correspond to the

experimental spectra and spectra calculated on the basis of Eqs. (6) { (8) after optimizing the

molecular constants in a least-squares �t, respectively.

Fig. 4, where they are compared with spectra calculated with Eqs. (6){(8), after re�ning the252

rotational constants and the band origins in a least-squares �t. The rotational structures of253

the transitions to the symmetric (�+) (100) and (001) stretching levels are very similar to254

that of the origin band. In contrast, the transition to the (0110) bending level (�-symmetry)255

reveals a dominant Q-type (�N = 0) branch that primarily originates from the contribution256

with l00 = 1 and � = 1 in Eq. (7), i.e., from a � contribution, which we attribute to vibronic257

interactions between the A+ state and 2� states. The relative intensities of the di�erent258

branches are thus not given by the (7�) orbital, but instead by either the (1�) or the259

(2�) orbitals.260
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The ionization energies and rotational constants derived from the observed rotational261

structures in least-squares �ts are listed in Table II. The experimental uncertainties in262

these quantities strongly depend on the overall intensities of the bands and are largest for263

the very weak (0110) band (see Fig. 2). The fact that it was at all possible to observe264

a partially resolved rotational structure for this band illustrates the high sensitivity of our265

measurements. For the weak bands, it was not possible to record spectra of su�cient quality266

when using room-temperature samples in e�usive beams. The data obtained for these bands267

thus only originate from measurement in supersonically cooled samples with low rotational268

excitation. Consequently, centrifugal distortion constants could not be determined.269270

3. Transitions to the (002), (0200), (0201), and (0111) Vibrational Levels of the271

A+ State272

The rotational structures of the photoionizing transitions to the (002), (020;20), (020;21),273

and (0111) levels of N2O+ (A+) are depicted in Fig. 5 a-d, respectively. Whereas the tran-274

sitions to the (002) and (020;20) levels are strong enough for their rotational structure to275

be observed, the extreme weakness of the transitions to the (020;21) and (0111) combina-276

tion levels only enabled the observation of rotational contours. Consequently, the ionization277

energies and rotational constants derived from the analysis of these bands have large un-278

certainties. The A+ 2�+(02�0) level consists of two components with � = 0 and 2. The279

rotational structure expected from the � = 2 component in Eq. (7) is incompatible with the280

observed rotational structure, and we conclude that the spectrum of the (02�0) band exclu-281

sively consists of the � = 0 contribution. The relative intensities of the rotational branches282

observed for the � vibrational levels (002), (0200), and (0201) reveal dominant branches283

associated with odd values of �N . The Q-type branches are even weaker than in the case of284

the origin band and the (001) and (100) bands. In contrast, the spectrum of the transition285

to the (0111) state of � vibronic symmetry appears to be dominated by the Q-type branch,286

as also observed for the other state of � vibronic symmetry ((0110), see Fig. 4b).287
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TABLE II. Ionization energies EI, vibrational term values G0, and rotational constants of the low-

lying vibrational bands of the A+ 2�+ state of N2O+. The uncertainties of the rotational constants

B+
v+ and centrifugal constants D+

v+ correspond to 1�, derived in this work from least-squares �ts

based on Eq. (8). The uncertainties of the ionization energies and vibrational term values include

systematic and statistical contributions. The upper part of the table presents all data used in the

calculation of the rotational structure presented in this work. The lower part of the table provides

an overview of earlier values for comparison.

EI=(hc)

cm�1

G0

cm�1
band

B+
v+

cm�1

D+
v+ � 107

cm�1

132 197.70(12)a 0 (000) 0.433 24(5)a 2.5(4)a

132 811.7(3)a;b 614.0(3)b (0110) 0.435(5)a

133 415.69(24)a 1 218.0(3) (0200) 0.432 4(4)a

133 543.65(20)a 1 345.95(23) (001) 0.431 15(22)a

134 152(6)a,b 1 954(6)b (0111) 0.431 564(9)c

134 649.83(21)a 2 452.13(24) (100) 0.429 56(9)a 1.4(7)a

134 751(6)a 2 553(6) (0201) 0.43d

134 879.0(3)a 2 681.3(3) (002) 0.427 9(8)a

132 198(4)e 0 (000) 0.433 24(9)f 3.4(3)f

132 809e 614.45g (0110) 0.433 265(93)c 1.60(4)c

133 416e 1 223.30g (0200) 0.434 011(30)c 2.323(14)c

133 544(4)e 1 345.52i (001) 0.431 066(38)c 2.855(56)c

134 167e 1 969e (0111) 0.431 564(9)c 1.60(2)c

134 649(4)e 2 451.7i (100) 0.429 5223(54)h 1.70(38)h

134 742e 2 544e (0201)

134 873e 2 675e (002) 0.429 0(5)i 1.69(38)i

a This work
b Value includes a contribution of �Bv111v3

�2.54

c Taken from Ref. 19
d Estimated value
e Taken from Ref. 31
f Taken from Ref. 20
g Calculated from the values given in Ref. 19
h Taken from Ref. 22
i Taken from Ref. 17
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FIG. 5. PFI-ZEKE photoelectron spectra of the A+ 2�+(002)  X 1�+(000) (a), the

A+ 2�+(0200)  X 1�+(000) (b), the A+ 2�+(0201)  X 1�+(000) (c), and the

A+ 2�+(0111) X 1�+(000) (d) photoionizing transitions of N2O recorded at a rotational temper-

ature of 10 K (a), 20 K (b), and 30 K (c,d). The black and red traces correspond to the experimental

spectra and spectra calculated on the basis of Eqs. (6) { (8) after optimizing the molecular constants

in a least-squares �t, respectively.

IV. DISCUSSION288

The ionization energies of the N2O+ A+  N2O X photoionizing transition and the289

vibrational term values, rotational and centrifugal distortion constants of the low-lying levels290

of the A+ 2�+ state of N2O+ determined in the present study are compared to earlier values291

in Table II. Our ionization energies and vibrational term values are typically an order292
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TABLE III. Observed and calculated vibrational term values G0 employing the model based on

Eqs. (1) { (4) exploiting the parameters given in Ref. 25.

band
G0

obs:

cm�1

G0
cal:

cm�1

G0
obs: �G0

cal:

cm�1

(0110) 614.0 617.8 �3:8

(0200) 1 218.0 1 232.7 �14:7

(0001) 1 345.95 1 353.76 �7:81

(0111) 1 954 1 961 �7

(1000) 2 452.13 2 456.99 �4:86

(0201) 2 553 2 566 �13

(0002) 2 681.3 2 691.3 �10

of magnitude more precise than those obtained from earlier high-resolution photoelectron293

spectroscopic studies.30,31 The vibrational term values and rotational constants derived from294

our spectra are compatible with those obtained from high-resolution spectra of the A+ {295

X+ band system of N2O+.17{20,22 Using our adiabatic ionization energy for the A+  X296

photoionizing transition in combination with the molecular constants derived for the A+ {297

X+ band system of N2O+,17,19 we derive a value of 103 969.30(12) cm�1 for the �rst adiabatic298

ionization threshold of N2O, corresponding to the term value of the X+ 2�3=2(000)J+ = 3=2299

state of N2O+ with respect to the X 1�+(000)N 00 = 0 ground state of N2O. This value is300

slightly larger and almost 50 times more precise than the value of 103 963� 5 cm�1 derived301

in Ref. 28.302

Xu et al.25 have observed 24 excited vibrational levels of the N2O+ A+ state in the303

photofragment excitation spectrum of N2O+ they recorded from the X+ 2�1=2;3=2(000) states304

at low resolution. They analyzed the observed A+ level structure using an e�ective Hamil-305

tonian similar to Eqs. (1) { (4) taking into account the Fermi interaction between stretching306

and bending levels55 and derived a set of harmonic wave numbers, anharmonic coupling307

constants, and the Fermi coupling constant k223 describing the interaction between the308

bending modes and the low-frequency stretching mode. The vibrational term values ob-309310

served in the present work are compared in Table III with the corresponding term values311

calculated with Eqs. (1) { (4) and the constants reported in Ref. 25. The comparison reveals312
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a semi-quantitative agreement and suggests that the model should be improved, e.g., by also313

including the cubic term coupling the two stretching mode. Unfortunately, too few accurate314

vibrational term values are currently available for a reliable determination of all parameters315

of the e�ective Hamiltonian.316

The rotational structures of the observed bands were found to strongly depend on the317

symmetry of the ionic vibrational levels. Transitions to totally symmetric (�) levels are dom-318

inated by branches associated with odd �N values (�N = �1;�3), indicating a dominant319

p� character of the 7� orbital of N2O. In contrast, transitions to A+ levels of � vibrational320

symmetry, which are forbidden in the Franck-Condon approximation, are dominated by a321

strong Q-type branch (�N = 0), which indicates, via Eq. (7), that their intensities originate322

from vibronic interactions with � electronic states. This observation thus con�rms the mech-323

anism proposed by Dehmer et al.29 to explain the observation of the A+ (0110) in their HeI324

photoelectron spectrum. The use of multi-pulse electric-�eld ionization sequences enables325

the determination of ionization energies of polyatomic molecules with an accuracy of better326

than 0.2 cm�1 after the correction of the �eld-induced shifts of the ionization threshold.327

KBBF crystals are well suited to access the two-photon resonances of Ar for the generation328

of intense VUV radiation. With its broad tunability up to energies of 20 eV the VUV329

laser source based on resonance-enhanced four-wave mixing in Ar presented here is ideally330

suited to study electronically excited states of molecular cations by PFI-ZEKE photoelectron331

spectroscopy.332
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