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Abstract 

Efficient generation of Nt X 2Et (v+ = 0, 1 ) is demonstrated by an extreme­

ultraviolet + visible ( 1 + 1) photon excitation scheme. The c~ 1 E;:t" ( v' = 0, 1) 
Rydberg states are used as intermediates. The Nz molecules are ionized near the 

v+ = 0 and v+ = 1 ionization thresholds. The autoionizing ndb9 
1!:i9 Rydberg 

series with the rotational quantum numbers N = 4, 5 and 6 {in the limit of I 

uncoupling) are observed for the first time. Extrapolation of the N = 4 series 

yields a:r1 ionization energy of N2 of 125666.959{67) cm-1. . 
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1. Introduction 

Photoionization of molecules which are excited to a Rydberg state is an elegant 

method to prepare the resulting ions in a single vibrational state and a limited 

number of rotational levels. The selectivity is based on the similarity of the Ry­

dberg and ionic potential energy surfaces. A near-id~a:l Franck-Condon overlap 

leads to conservation of the vibrational quantum number during the ionizing tran­

sition. Incorporated in an efficient resonance-enhanced .multi-photon ionization 

{REMPI) scheme this technique may· yield large numbers of well-characterized 

ions for ion beam scattering experiments UI).der defined conditions. 

The validity of a ~ v = 0 propensity rule for ionization starting fr.om excited states 

was demonstrated by Meek et.aL in studies of toluene and benzene1'2. {2+1) and 

{3+ 1) REMPI via Rydberg states has been successfully applied to vibrational state 

selection of No+ 3 , Ht 4'5'6 '7,.Nt {A 2ITu) 8 and NHj 9 . Subsequently, the ion­

molecule reactions of NHj (v) with Dz and CH4 were investigated by Conaway et 
al.lO,ll. 

The method, as used so far, does nqt have general applicability. This is mainly 

due to the limited wavelength range of the tunable laser sources employed and the 

often complicated electronic configurations of the Rydberg states involved. Each 

molecule requires a special excitation scheme. The rigid sequence of excitation . 

frequencies determined by the choice of intermediate levels often leads to a high 

excess energy in the ionizing step. In addition, in many cases resonance-free two­

or three-photon excitation is involved, which requires tight focussing of the laser 

in order to provide strong enough intensity for this nonlinear process to occur. 

Consequently, Coulomb repulsion in the small focal point due to space charge 

formation leads to temporal and spatial widening of the ion pulse. Severe loss of 

ions is observed for beams with sufficiently high currents for ion beam scattering 

experiments. Also, at these laser intensities, one has to consider absorption of 

additional photons by the ions . 

With the advent of powerfullaser"'based vacuum-ultraviolet and extreme-ultravio­

let {XUV) photon sources the REMPI method has gained substantial flexibility. 

Direct access to high-lying Rydberg levels becomes possible. With the choice of 

single-photon transitions for this step; focussing of the light beam into the gas 

becomes unnecessary. For two-colour (1+1) photon ionization, the wavelength of 

the second laser can be freely adjuste'cl. to: values favourable for the state selection. 
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In an earlier experiment, we demonstrated very efficient (1 + 1) photon ionization 

of H2 via the. C 1 Ilu state12 . The excess energy of the ionizing step is identical to 

that of one of the (3+1) photon experiments of Refs. 5, 6, 7, which verified the 

vibrational state-selection of the ion. In this paper, we report our first results on 

the more problematic case of Nz. The photoelectron spectra by Pratt et al. show 

good ~ibrational state sel~ction for X 2r:t in a (3+1) photon ionization process 

via c3 
1 Ilu and c4 1 r:;t 13 . There is, however, accompanying the production of 

strong population in the A 2 ITu state of the ion. This process is, in principle, not 

very likely to occur because it requires a two,-electron transition. The observation 

is therefore explained by the strong electronic mixing of the c and c1 states with 

states which allow formation of Nt(A) in a single-electron transition13. Opitz et 

al. tried to avoid the formation of A state ions by reducing the excess energy 

to below the A state ionization threshold (9016.021(8) cm-1 14) 15 . This was 

achieved by using a two-colour (2+1+1) photon ionization scheme involving the 

a 1 Ilu (v = 4) and the c3 or c4 (v = 0) states as intermediates. With the resulting 

excess energy of .6.E ~ 7500 cm- 1, however, they did not observe any ions at all 

though they obtained large quantities of two-colour ion signal for higher .6.E15 . 

This result led us to reduce the excess energy significantly. In our experiment, we 

excited the c4 (v' = 0, 1) states directly with XUV light of 95.85 nm and 94.01 

nm wavelength, respectively. The molecule was subsequently ionized near the X 
2r:t v+ = 0 and v+ = 1 thresholds with a second laser which was tuned around 

468.5 ·nm and 465.7 nm, respectively. With this excitation scheme, we were able " 

to create a substantial amount of state-selected Nt ions. 

2. Experimental 

The experimental set-up has been described in detail elsewhere16•17. XUV light 

is generated by frequency tripling 25 to 30 mJ of the frequency-doubled output of 

a pulse-amplified continuous-wave ring dye laser (Coherent Radiation CR699-29 

Autoscan; the three amplifier dye cells, operated with Rhodamine 610 and Rho­

damine 590 dyes, are pumped by the second harmonic of a Quante! YG 592 laser) 

in a pulsed xenon beam16. The bandwidth of the XUV light slightly exceeds the 

minimum bandwidth of 210 MHz16•17 with the xenon pressure adjusted for opti­

mum power conversion. The slight broadening is caused by strong gas breakdown 

in the focus. Still, the recorded X -+ c4 spectral lines were wider than the band­

width. This is mainly due to residual Doppler broadening and the short upper 

state lifetime of 0.9 ns 18 . The ultraviolet light is removed from the XUV beam 
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by a 1 m normal incidence monochromator (McPherson, model 225). The curved 

grating re-focusses the beam which then intersects a differentially-pumped pulsed 

N2 jet with a diameter of about 5 mm, 16 em away from the nozzle. At this in­

tersection, photoions are generated by a counterpropagating beam from a second 

dye laser (laser 2, Quanta Ray PDL, pumped by the third harmonic of a Quanta 

Ray DCR 2A Nd-YAG laser; the beam diameter of laser 2 was about 2 mm). 

The output of this laser, run with Coumarin 460 dye, was kept below 1 mJ. By 

this, the otherwise strong amplified spontaneous emission, which would cause a 

wavelength-independent ion signal, was suppressed. The ions were accelerated in 

a delayed, 23.6 V /em pulsed extraction field to ensure field-free conditions during 

the ionization process. They were subsequently mass selected in a time-of-flight 

mass analyser and detected by a Daly detector equipped with a Johnston MM-1 

multiplier. The signal was averaged with a boxcar integrator (Stanford Research 

Systems) and recorded with an IBM PC computer. 

3. Results and Discussion 

The spectral lines excited by the XUV light and their measured transition fre­

quencies are listed in Table 1, along with line positions computed from literature 

values for comparison. Our numbers were determined using the Autoscan waveme­

ter which we had calibrated with 12 reference lines25 in a preceding experiment. 

Good agreement is obtained with the data calculated from revised a ~ X vibronic 

data22 and the (0, 0) and (1, 0) bands of the c~ ~ a transition21 (column 4). We 

have also tried the X~ c3 (0, 0) transition as the first step in our (1+1) photon 

ionization scheme. This resulted in significantly smaller ion signal as could be 

expected from the smaller oscillator strength and the stronger predissociation of 

c3 (0) compared with c~ (0) 26 . The Rand Q branch frequencies of this band are 

included in Table 1, as well as the (12-calibrated) R branch frequencies of the b' 

~ X (2, 0) band. 

A selection of our two-colour spectra is given in Fig. 1. They were obtained by 

scanning laser 2 across the v+ = 0 and v+ .= 1 thresholds, starting from c~ 1 E;!" 

v = 0 and v = 1, respectively. In all cases,. a constant, .structureless continuum 

is seen on the high-frequency side of the spectra. Below the. threshold, the signal 

drops to zero, but exhibits a number of resonances which will be discussed below. 

We conclude, from the fact that the signal disappears on the low-energy side of 

the ionization limit for .both, the v+ · = 0 and v+ = 1 cases, that the ions in the 

continua are vibrationally state-selected. This is consistent with the expectations 
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derived from the photoelectron spectra by Pratt et al. 13 . 

The evidence of dominant direct ionization can also be seen from another mea­

surement with c4 (v' = 0, J' = 0) as intermediate level. By applying a continuous 

extraction field the v+ = 0 ionization threshold can be shifted to the low-frequency 

side of the progression of resonances. There, we observed an onset the sharpness 

of which was limited by the bandwidth of laser 2 (0.5 cm- 1 ). Widening of the step 

would be expected in the presence of significant autoionization27 • Thus, prepara­

tion of Ni in a single rotational state might be possible. 

By fitting a simple b.v "' v'E model for the dependence of the frequency shift on 

the electric field28 •29 to our observed thresholds we obtain 

Vthr. ( E ) [ cm-1 ] = 21340.54(56) - 5.55 j E [ V /em] ( E :::; 100 V /em ) (1) 

(for laser 2). The threshold values were taken at half-rise. From this equation 

and the (0, 0) Ro frequency of Table 1 we calculate an ionization energy for Nz 
of 125666.99(56) cm-1 which is close to the value given by Ogawa and Tanaka of 

125666.8 cm-1 30 . 

This excellent agreement suggests that the step observed at elevated field strength 

corresponds to ions in the N + = 0 rotational level. The N + = 1 and N + = 2 levels 

are distant by 3.84 cm-1 and 11.53 cm-1, respectively31 , which is substantially· 

greater than the uncertainties of the above extrapolation and Ogawa and Tanaka's 

ionization energy30b (see below). Theoretical considerations predict only even rota­

tional levels to be populated by the 1Et (J" = 0) -+ 
1Et (J' = 1) -+ 

2Et pathway, 

with the electron being ejected in an even partial wave32 . This was confirmed by 

a very recent two-colour (2+1+1) REMPI study of Nz by Fujii et al. with c4 (v' 

= 0, J' = 5, 6) as final intermediate levels33 . The selection rules for resonance­

enhanced (n+1) photon ionization (n 2: 0), given by Dixit and McKoy32, and/or a 

propensity rule for low angular momentum transfer in the ionizing step are verified 

by a number of REMPI and single-photon ionization experiments with rotational 

analysis of the photoions by high-resolution photoelectron spectroscopy34 to 43 or 

laser-induced fiuorescence 15•33. Thus, we don't expect too many rotational levels 

of Ni to be populated by our excitation scheme, especially when comparing the 

quite analogous case of the (3+1) photon ionization of H2 via B 1Et 37 . In one of 

our spectra recorded in the presence of a continous extraction field there was some 

indication of a second step near the N + = 2 energy. However, this step needs to 

be confirmed by measurements with a better signal-to-noise ratio. 
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The ionization scheme presented in this paper is fairly efficient. Though the ex­

perimental parameters were not optimized we observed about 4 X 103 Ni ions per 

laser shot with laser I tuned to c~ +- X (0, O)Ro and laser 2 to 466.758 nm. Sub­

stantially more signal·can be expected with higher pulse energy from laser 2 (the 

ionizing step is not saturated for ::; I mJ) and from carefully matching the ov~tlap 

of the two light beams and the gas beam (see Sec. 2). Further improvements 

can be achieved with higher frequency tripling efficiency for 95.85 nm 44 , higher 

reflectivity of the XUV grating and with better ion transmission of the mass spec­

trometer. Also, for a powerful source of state-selected Nt ions, one could greatly 

increase the N2 density over our estimated density of just Ix1013cm-3 . 

The Rydberg series observed in our spectra terminate in the region of a pair of 

discrete humps near the ionization limit under consideration (v+ = 0, I) in each of 

the four cases studied (i.e., v' = 0, J' = I, 2, 3 and v' =I, J' = 1 as the intermediate 

level). These broad humps, at first glance, seem to be formed by congestion due to 

the strong convergence of the spectral lines and should thus be close to the series 

limits. Fig. 2 shows an expanded section of the spectrum in Fig. 1a recorded 

with a resolution of one data point per 0.15 cm-1 (lower trace). The upper trace 

of Fig. 2 displays a neon reference spectrum. For the spectrum of Fig. 2; laser 2 

was attenuated to about 10 J.tJ in order to minimize potential resonance-enhanced 

two-photon absorption. There is no Nt energy level near the two-photon energy 

of laser 2 (the closest level is A 2Ilu v+ = 7 which is located about 159 cm-1 above 

it). In spite of the attenuation of laser 2 by two orders of magnitude the ratio of 

the hump and the continuum signals is still roughly the same as in Fig. 1a. This, 

together with the fact that there is no saturation-induced line broadening of more 

than 0.05 cm- 1 observable in Fig. 1a, confirms the absence of two-photon effects. 

The ionization mechanism for the resonances must therefore be autoionization, 

or field-induced autoionization45 for levels below the ionization threshold. These 

observations suggest that the Rydberg series converge to v+ = 0 (or v+ = 1 in 

the case of Fig. 1d). Convergence to higher vibrational levels is exCluded by the 

large vibrational spacing (we = 2207.0366 ± 0.05 cm- 1 46 ) . 

The Rydberg series converging towards X 2I:t that can be excited from the c~ 
state are nsug 1I:t, ndug 1 I:t and n:dn-g 1IIg , and, for j~AJ> 1, also nd8g 1 ~g 
47 . None of these series have been experimentally verified. The transitions to the 
1'Ed states should exhibit P and R branches, those to the 1Ilg states P, Q and R 

branches. In the case of 1 uncoupling27•37•48 •49 •50 for the nd states, which becomes 

likely for high principal quantum numbers, the rotational quantum number N of 
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the "nd complexes" can only assume odd or even values. The correlation diagram 

for 1 uncoupling, i.e., the transition from Hund's case b to case d, is shown in 

Fig. 3. It is derived by considering the displayed sequence of electronic states 

and the non-crossing theorem for levels with equal J. For J1 = 1 in the c~ state as 

intermediate level application of the 1.6-JI ~ 1 selection rule yields N = 0, 2 and 

4 as final levels, for J1 = 2, N = 1, 3 and 5, and for J' = 3, N = 0, 2, 4 and 6. 

The final levels with N = J1 + 3 belong to the 1.6.9 states and can be populated 

since for 1 uncoupling A is not defined any more. The individual Rydberg series 

correspond to certain values of N. They converge to the ionic rotational levels with 

the quantum numbers N+ = N 27 . The spin doublet splitting of the X 2I:t state 

of Nt is very smaU31•51 and cannot be resolved in our experiment. 

The spectrum of Fig. 2 shows essentially just one of the three series possible for J' 

= 1. This clarity facilitated the evaluation of the series limit.· The results of the 

calculation are listed in Table 2 together with the measured transition frequencies. 

The series of Fig. 2 can be approximated by a simple Rydberg formula 

Vn = Voo- (n ~ b) 2 , R = 109735.17 cm-1 52 , (2) 

for 50 ~ n ~ 74 according to our assignment. A least-squares fit yields v00 = 

21378.952(22) cm-1 (±0.060 cm-1, if one includes the calibration error) andb' 

= -0.088(22). The agreement of the measured and calculated line positions is 

excellent. Typical differences lie within ±0.05 cm- 1 (i.e., one third of the minimum 

scan step of the PDL laser), and ±0.10 cm- 1 in the region away from xenon 

reference lines (see Fig. 2). The series is obviously free of major local perturbations 

in the analysed wavelength range. 

The extrapolated series limit nearly coincides with theN+ = 4 threshold calculated 

from the literature30•31 and Table 1, 21378.793 cm- 1. It is, thus, evident that our 

series converges to N+ = 4. According to the correlation diagram in Fig. 3 the 

series must be formed by the nd89 
1.6.9 states. The resulting ionization energy of 

Nz is 125666.959(67) cm- 1. 

For J' = 2 and 3 in the c4 state as intermediate levels we see more complex spectra 

then for J' = 1 (see Figs. 1b, 1c)·. In spite of the higher number of spectral lines 

there is, once again, one particular Rydberg series dominating in both traces. As 

one goes from J' = 1 to J' = 2 and J' = 3 the spacing between neighbouring lines 

at a given frequency is getting wider, and in Fig. 1c one can follow the progression 

of lines even beyond the first broad hump. Extrapolation of the dominating series 
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of Figs. 1a, b, c by using Eq. 2 yields perfect agreement (i.e., ±0.05cm-1) with 

the N+ = 4, 5, 6 thresholds, respectively, if one subtracts 0.73 cm-1 from each 

of the three series limits. Consequently, all these series are formed by nd8g 1 ~g 

states. 

The blueshift of 0.73 cm- 1 may be due to a calibration change of laser 2. Also, 

Stark shift of the Rydberg states cannot be excluded since the spectra of Figs. 1 

were taken with roughly 100 times higher intensity of laser 2 (E ~ 4x104 V/cm) 

than that of Fig. 2. 

The line positions are reproduced by the fits to within typically 0.1 cm-1 though 

many lines in Figs. 1b and 1c are rather broad or overlapping with others. The 

quantum defects are equal to within ±0.02 of each other their value (-0.18) being 

slightly different from that derived from the neon-calibrated scan because the 

frequency offset changes by about 0.4 cm- 1across the scanning range. 

The nature of the two broad humps which appear in all the spectra has to remain 

uncertain. If one considers merely congestion of the lines of the most intense, the 

N = J1 + 3 series one would not expect more than one hump because the transition 

moments disappear as n-3 for hydrogen-like systems53 . If one tries to assign the 

humps to two different series, the second series should correspond to N = J1 + 1 

because of the parity conservation in the autoionization process48 . However, the 

frequency differences bet'Yeen the positions of the two humps and those of theN+ 

- J1 + 1 and N+ = J' + 3 ionic levels (marked in Figs. 1) are not constant or even 

positive (see Figs. 1a, 1b). An explanation of the broad features by "accidental" 

resonances would be hard to believe since they occur at both, the v+ = 0 and v+ 

= 1 thresholds. 

The answer can only be found from an experiment with substantially higher res­

olution. With better resolution, also, the nsag 1 ~d, ndag 1 ~d and nd1r g 1 IIg 

Rydberg series may become observable and one might be able to detect the zero;­

field onset of the ionization continuum between the progressions of lines. Also, 

these measurements should yield a value for the ionization energy of Nt improved 

by another order of magnitude. 
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Figure Captions 

Fig. 1 

(1+1) photon ionization spectra recorded by scanning laser 2 across the v+ = 0 

and v+ = 1 thresholds; laser 1 is tuned to the 

a) (0, 0) Ro 
b) (0, 0) R1 
c) (0, O) Rz 

d) (1, o) Ro 

lines of the c4 ~ X transition of N 2. The ion signal is not corrected for the 

intensity changes of the two light beams. The Ni rotational level positions are 

marked as calculated from the literature20•30•31 •46 and Table 1. 

Fig. 2 

Lower trace: Section of the spectrum in Fig. 1a recorded with maximum scan 

resolution of laser 2; the ion signal is divided by the XUV power. The fluctuations 

are mostly due to boxcar baseline drifts. Ni level positions are marked as taken 

from the literature30•31•46 and Table 1. The assignment of the Rydberg states is 

derived from fits of Eq. 2 to the measured frequencies. 

Upper trace: Neon reference spectrum; four of the calibration lines are identified 

for convenience 

Fig. 3 

Correlation diagram of the transition from Hund's case b to Hund's d for an nd 

complex 
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Table 1 

Comparison of N2 Transition Frequencies from this Work and from Previous Spec­

troscopic Studies (All Entries in em -l) 

Transition This Work+ Other Work 

c4 ~ X (0,0) Ro 104326.451(25) 104327.16a 104326.32(20)b 

Rl 104330.190{25) 104330.89a 104330.08{20)b 

Rz 104333.802{25) 104334.51a 1043.33.68{20)b 

c4 ~ X (1,0) Ro 106372.005{35) 106372.92a 106371.84(20)b 

Rl 10637 4.849{35) 106375.79a 106374.62{20)b 

c3 ~ X (0,0) Ro 104141.506(35) 104141.17c 

Rl 104143.461(35) 104143.14c 

Rz 104144.361 {35) 104144.09c 

Ql 104137.592(35) 104137..22c 

Qz 104135.644(35) 104135.27c 

b1 ~ X (2,0) Ro 105153.440(15) 105153.88d 

Ro 105154.04 7(15) 105154.47d 

Rz 105152.963(25) 105153.37d 

+ These numbers were determined in a one-laser 1 + 1 photon ionization experi­

ment with the monochromator set to oth order. Frequency corrections were carried 

out as described in Ref. 17. 

a Calculated from band origins from Ref. 19 and rotational constants from Refs. 

20 and 21 

b Calculated from c4 ~ a (0, 0) line positions from Ref. 21, the a~ X (0, 0) band 

origin from Ref. 22, and rotational constants from Refs. 20 and 23 

c Calculated from molecular constants of Refs. 20 and 24 

d Calculated from molecular constants of Ref. 19 
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Table 2 

List of the Frequencies of the Transitions Excited from the c~ (0) J' = 1 Level (All 

Frequencies in em -l) 
... 

n Vmeas. v calc. (Equ.2) Difference 

• 
50 21335.260 21335.212 +0.048 

51 21336.895 21336.908 -0.013 

52 21338.528 21338.507 +0.021 

53 21340.057 21340.016 +0.041 

54 21341.395 21341.442 -0.047 

55 21342.826 21342.792 +0.034 

56 21344.012 21344.070 -0.058 \ 

57 21345.285 21345.281 +0.004 

58 21346.323 21346.430 -0.107 

59 2134 7.441 21347.522 -0.081 

60 21348.510 21348.559 -0.049. 

61 21349.538 21349.546 -0.008 

62 21350.481 21350.486 -0.005 

63 21351.405 21351.381 +0.024 

64 21352.228 21352.235 -0.007 

65 21353.045 21353.049 -0.004 

66 21353.856 21353.827 +0.029 

67 21354.545 21354.571 -,--0.026 

68 21355.298 21355.282 +0.016 

69 21355.998 21355.962 +0.036 

70 21356.590 21356.613 -0.023 

71 21357.226 21357.237 -0.011 

c.t 72 21357.903 21357.836 +0.067 

73 213580463 21358.410 +0.053 

\"; 
74 21358.923 21358.960 -0.037 

00 21378.952(22) 

. -: .. 
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