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The ¢y 'EF . v=0 and c; 'I1,, v=0 Rydberg states of N, are studied by means of | XUV +1 UV resonance enhanced two-photon
1on1zation. The experimental resolution (0.35 cm~' fwhm) combined with a calibration against a visible wavelength I, standard
results 1n an order of magnitude better accuracy 1n the absolute line positions than in previous non-laser based investigations. The
effects of homogeneous and heterogeneous perturbations of the Rydberg states by b" 'Z} and b 'IL, valence states are analyzed.

1. Introduction

Unactivated molecular nitrogen is transparent for
radiation at wavelengths longer than 100 nm, apart
from some weak absorption bands, such as the a 'TI,-
X 'L} system around 150 nm [1]. However, just be-
low 100 nm in the extreme ultraviolet (XUV) a con-
gested and complex electric dipole allowed absorp-
tion spectrum starts extending to a wavelength of 79.5
nm. This corresponds to the energy of the first ioni-
zation limit. Initially the complex features, observed
in absorption [2] and partly in emission [ 3,4], were
interpreted as composed of a multitude of band sys-
tems. Through the important and extensive investi-
gations of Lefebvre-Brion [ 5], Dressler [6] and Car-
roll, Collins and Yoshino {7,8] it is established now
that the complex XUV absorption spectrum of N, can
be explained in terms of two valence states, denoted
b’ T} and b 'I1,, and two Rydberg series ¢}, '} and
¢, 'I1, converging to the first ionization limit
(X *Z7 ) of NF . Additionally Rydberg series such as
0, 'TI, [9]. converging to the second ionization limit
(A °I1,) play a role.

The analysis of the energy level structure above
100000 cm~! in N, has been a tremendous task be-
cause of the many homogeneous and heterogeneous
perturbations. Two different strategies were followed
to unravel the manifolds of mutually interacting vi-
bronic states. Stahel et al. [10] succeeded to explain

the irregular energy spacings as well as the anomalous
intensity behaviour in the vibrational ladders based
on a model of non-adiabatic representations of all
T+ and 'Il, states. States of different electronic
symmetry were treated separately. Alternatively, in-
teractions between Rydberg series ¢, 'Z} and ¢, 'T1,
were treated within the framework of /~uncoupling
[8]. In limited energy regions homogeneous and het-
erogeneous couplings could be incorporated simul-
taneously as was shown by Yoshino and Freeman
[117] for the Rydberg states ¢5 ', v=0 and ¢, 'TI,,
v=0, interacting with various valence states of ~ and
IT symmetry. The local perturbation between the
¢y 'T} . v=0 Rydberg state and the b’ '}, v=1 va-
lence state was analyzed by Yoshino and Tanaka
[12].

The spectroscopic data used in these perturbation
analyses were collected using classical radiation
sources. In recent years the advance of high power
lasers and non-linear wave-mixing techniques have
opened the possibility for high resolution XUV-laser
spectroscopic studies. Trickl et al. [13] populated the
¢, 'ZF state of N, with an XUV laser for subsequent
laser-excitation of high-lying Rydberg states of N..
Ubachs et al. [ 14] investigated in high resolution the
b 'I1,, v=0and 1 states of 1*N, and "*N'>N also using
an XUV-laser source. In the present work we use a
similar XUV-laser setup for a spectroscopic study of
the lowest Rydberg states of IT and X character in N,
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and their local perturbations by nearby valence states.
The interest in these states originates from the fact
that in the upper regions of planetary atmospheres
N,, excited by electron collisions, produces XUV
emissions predominantly through the ¢ '} state
[15,16]. The spectroscopic data for the ¢} 'T}, v=0
state and the interacting b’ 'X}, v=1 state are re-
corded with an absolute accuracy of 0.04 cm~', which
is almost an order of magnitude more accurate than
in previous classical studies. The slightly weaker
transition to the c; 'T1,, v=0 state was also investi-
gated. Prior to the present work no line positions for
this lowest Rydberg state of N, were reported al-
though a preliminary analysis was performed by Car-
roll and Collins [7] in their study of the b 'I1, va-
lence state.

2. Experimental

A detailed description of the XUV-laser setup will
be presented elsewhere [17], therefore only a short
overview will be given here. The XUV spectrometer
consists of a laser setup with an injection seeded
Nd:YAG laser (QuantaRay GCR4) pumping a dye
laser (QuantaRay PDL3), and of a vacuum setup
with three differentially pumped high-vacuum cham-
bers. In the first chamber the third harmonic of the
UV-laser light from the frequency-doubled dye laser
1s generated in a free flowing jet of xenon gas under-
neath the orifice of a pulsed nozzle. The resulting ex-
treme ultraviolet (XUV) radiation and the overlap-
ping UV travel through a pinhole into the second
vacuum chamber. Here the light beams perpendicu-
larly intersect a molecular beam. This beam is ob-
tained through a skimmer from a pulsed valve posi-
tioned in the third chamber. Variation of the timing
characteristics of the pulsed valve enabled the pro-
duction of a probe gas molecular beam with either a
cold (40 K) or an almost room temperature rota-
tional distribution in the molecular beam.

The spectra were recorded by the technique of 1
XUV +1 UV resonance enhanced two-photon ioni-
zation. The N, X 'Z; ground state molecules are ex-
cited into the states under investigation after reso-
nant absorption of an XUV photon, and subsequently
ionized by nonresonant absorption of a UV photon.
In the interaction region an electric field of about 100

V/cm is applied to extract ions produced into a 20
cm time-of-flight (TOF) tube. At the end of this tube
the particles are detected on an electron multiplier
connected to a boxcar integrator. The mass-selectiv-
ity of the TOF setup ensures that the N3 -ion signal
can be separated from the background ions.

The XUV power was not calibrated but based on
published data [ 18] we roughly estimate a density of
10° photons/pulse at input power levels of about 15
mJ in the UV. It should be noted that because of fo-
cusing conditions (f=20 cm) underneath the fre-
quency-tripling nozzle the light beams diverge into
the interaction zone and span an area of 1.5 cm di-
ameter. The spectral characteristics of the XUV spec-
trometer are determined mainly by the properties of
the Nd: YAG dye-laser combination. The bandwidth
of the dve laser is about 0.07 cm~!, the pulse dura-
tion 5 ns. The minimum linewidth (fwhm) observed
in the XUV spectra is 0.35 cm . Under the assump-
tion of a perfectly Gaussian temporal profile of the
laser pulse a bandwidth in the XUV of Awxyv=
\/E AWyye, $0 of 0.17 cm ~' might be expected. In the
crossed-beam setup Doppler contributions to the
spectral linewidth may be ignored. The additional
broadening must be due to a non-perfect temporal
beam profile.

Simultaneously with the XUV excitation spectra of
N, absorption spectra of I, were recorded. To gener-
ate this absorption spectrum in the visible wave-
length range a small fraction of the fundamental of
the dye laser was used. The line positions of the N,
resonances were obtained through interpolation be-
tween selected unblended and symmetric I, lines. This
procedure was performed by computer. The absolute
accuracy in the I, standard is 0.002 cm~! in the visi-
ble [19,20] and thus 0.012 cm~! for the XUV line
positions. The correction to the absolute energy po-
sitions of I, lines [20] was accounted for in the cali-
bration. Due to the linewidth of N, and I, resonances
the transition frequencies of the unblended N, spec-
tral lines with good signal-to-noise could be deter-
mined to within 0.04 cm~! by fitting Gaussian pro-
files to the observed features. For blended lines a
deconvolution procedure was followed resulting in
somewhat larger uncertainties.

In the recording of the spectra care was taken to
avoid effects of high laser power that may result in
line broadening above the minimum of 0.35 cm~".
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At UV-input powers exceeding 20 mJ/pulse asym-
metric broadening effects were observed, particu-
larly on the ¢, —X transitions. By varying tripling gas
density, and therewith the harmonic conversion effi-
ciency, as well as the UV-input intensity we found
that the broadening is due to saturation of the reso-
nant one photon XUV transition as well as to UV-
power induced ac Stark and population depletion ef-
fects. A quantitative analysis of these processes is un-
der way, but for the present spectroscopic study to
determine positions of unbroadened lines the out-
come will have no consequences.

3. Results and analysis
3.1 Thecy 'Y}, v=0 Rydberg state
Fig. 1 shows the XUV excitation spectrum of N, in

the wavelength range 4=95.75-96.0 nm. All lines
were identified to belong to the c; 'E} -X'Z; (0,
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0)andb’ 'Zy —X'Z} (1,0) bands with a few excep-
tions that could be assigned to high J transitions of
the b 'I1,-X 'L} (5, 0) band. The latter features are
marked with a cross in fig. 1. Near P(11) and P(12)
a local perturbation clearly manifests itself in the ir-
regular spacing of lines in the c¢;—X band. In the R
branch there is a similar effect at R(9) and R(10).
The improvement in resolution shows at first glance
in a comparison of the XUV laserspectrum of fig. 1
with the densitometer trace of the previous highest
resolution classical absorption spectrum (see fig. 1 of
ref. [12]). Some I, resonances used for the calibra-
tion of XUV excitation lines are marked with the
number of the I, atlas [19].

The spectrum of fig. 1 was recorded by excitation
of a pulsed effusive beam with a near room-temper-
ature population distribution over rotational states.
Under these conditions the b'—X (1, 0) bandhead is
overlapped by high J lines such as the P(20) of the
b 'T1,-X (5, 0) band. In fig. 2 a spectrum of the b’
X bandhead is shown, this time recorded under the

v
R $l¥| L T T T LU b - x (1.0)
2345 6 7 8 9 10 n
P —T T T T T T T T T T T T
2 3 4 5 6 7 8 9 10 1 12 13 14 5
L 4 = RP— -X (0,0)

" 0 9876543210

o \Hﬂ‘ LH/

J U,/w,m uuu.w ¥

|
H

WULAL/'JJLA i ‘\J

T 7T T T 7T T T 1 T T
"2 13 % 5% 17 1819 2021 22 23

‘”'1‘1‘ |
HM/ | \l

UML..J [ K.,JLJL_JLJ

]

9580 9585

M t, }II\ f“fﬂ

ﬁ w

o ‘“\l‘j 4
|
\

# 2513 #2440 #2403

9590 9595

—> nm

N AT

J i

# 2351 ﬂ2290

17000 17390

17380 17370 «— cm

Fig. 1. Upper part: 1 XUV +1 UV resonance-enhanced two-photon ionization spectrum of the b’ TX-X'ZF (1,0)and ¢ 1T -X 'ZF
(0, 0) transitions 1n N,. Lines marked with a cross are excitations to high J states of the b 'IT,-X ‘Z+ (5, 0) band. Lower part: Iz
absorption spectrum recorded in the visible. Lines marked with (#) refer to the number 1n the I, atlas ref. [19].
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Fig. 2. Bandhead part of the b’ 'L} -X 'E} (1, 0) transition n
N, as obtained from a cold molecular beam.

conditions of a pulsed supersonically cooled expan-
sion of pure N,. Here the distribution peaks at J=2
and all disturbing b-X (5, 0) features have disap-
peared, so that an unambiguous assignment of the low
J states can be performed. In the present analysis
spectroscopic data of various recordings of “warm”
and “cold” spectra were incorporated. In tables 1 and
2 the experimentally determined line positions for the
¢4—X (0,0) and b’-X (1, 0) are given with their es-
timated errors.

The experimental data of all observed P and R lines
of both ¢4 -X and b’-X bands were fitted to the sim-
ple formula for the rotational energy of a diatomic
molecule in a X state (ground state as well as excited
states ):

Es=BJ(J+1)=DJ*(J+1)2. (1)

Here B is the rotational constant and D the centrifu-
gal distortion coefficient. For the X 'Z}, v=0 ground
state of N, the most accurately known values of the
spectroscopic constants were used. Dunham coeffi-
cients Y,,. obtained from low pressure electric quad-
rupole absorption measurements by Rinsland et al.
[21], were used to calculate By and Dy

By=—Y, —1Y,,=1.989582(4) cm~!,
Dy=—Y4;=5761(10)x10"%cm~"'.

These constants were fixed at the above values
throughout the present analysis.

The perturbation between the ¢, (0) and the b’ (1)
states was analyzed following the treatment of Yosh-

ino and Freeman [11]. It requires diagonalization of
a matrix of the form
( Eb’Z Hcgb’)

Hep Egs)’
where H.,, represents the matrix element for a ho-
mogeneous interaction between the excited 'Z}
states.

The spectroscopic data of tables 1 and 2 were in-
cluded in a least squares minimization routine, in
which the band origins, the rotational constants of the
excited states and the interaction parameter H
were varied. Conversion of the fit was poor when the
highest J states were included. Therefore the fitting
procedure was limited to data up to J=19 for the ex-
cited states. The constants obtained and the uncer-
tainties derived from the covariance matrix are listed
in table 3. Moreover deviations between observed and
calculated values for the line positions are included
in tables 1 and 2. The quality of the fit is demon-
strated by the resulting normalized x>, which has a
value of 1.0 when using the estimated errors of tables
1 and 2. The energy values for the states with J> 20
have a strong tendency to shift downward with re-
spect to the extrapolated values from the constants
derived for low J states. Quantitatively this tendency
is similar in P and R branch, thus confirming the cor-
rect assignment of these lines.

The homogeneous local perturbation in between
J=10and 11 results in a typical anticrossing pattern
when the term values of ¢4 (0) and the b’ (1) rota-
tional states are plotted against J(J+1) as is shown
in fig. 3. A value of the interaction matrix element
H_ ., =5.072 cm ~! results in a maximum shift of 2.6
cm~! at J=11. The symmetrical pattern in fig. 3 in-
dicates that the local perturbation is of homogeneous
nature (see also ref. [22]). For some yet unex-
plained reason the intensity in the R branch of b'-X
is too weak to observe lines beyond R(10), although
R(10) itself is strong.

The combination of high-resolution wavelength se-
lection with a TOF mass spectrometer allows for a
spectroscopic investigation of '*N'>N molecules. Fig.
4 shows a recording of an XUV excitation spectrum
of the ¢4,—X (0, 0) band in natural N, (with 0.74%
1“N'N) measured with the gated integrator set at
mass 29. In this spectrum still some signal of N, is
visible. This is caused by N3 ions arriving at late
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Table 1

Observed line positions (in cm~!) for R(J) and P(J) lines of the ¢; 'Z} -X 'Z} (0, 0) band and deviations from a fit. The position of
strong and unblended lines was determined to within 0.04 cm~". In other cases the error was estimated to be 0.08 cm~!

R({J) P(J)
J observed obs. —calc. observed obs. —calc.
0 104326.51 £0.04 0.00
1 104330.13+0.04 -0.11 104318.62+0.04 —-0.05
2 104333.77 £ 0.08 —-0.08 104314.65+0.04 0.08
3 104337.32+0.04 0.01 104310.31+0.04 -0.03
4 104340.60 £ 0.04 —-0.04 104305.98 £0.04 —0.01
5 104343.82+0.04 0.01 104301.57+0.04 0.06
6 104346.8510.04 0.07 104296.87 +0.04 —-0.01
7 104349.54+0.04 0.02 104292.06+0.04 -0.03
8 104351.84+0.04 ~0.05 104287.08 +0.04 —-0.03
9 104353.22+0.04 —-0.02 104281.9310.04 0.03
10 104360.31 £0.04 0.04 104276.37+0.04 0.04
11 104360.71 £0.04 0.04 104269.75+0.04 0.02
12 104362.04 +0.08 —-0.01 104268.76 £0.04 —-0.06
13 104363.42 +0.08 0.03 104261.26 £0.04 -0.02
14 104364.52+0.04 0.03 104254.68 +0.04 —-0.05
15 104365.28 £0.08 —-0.01 104248.09+0.04 -0.04
16 104365.73+0.08 -0.01 104241.29+0.08 —-0.01
17 104234.22+0.08 0.04
18 104226.77+£0.04 0.05
19 104218.84+0.04 —-0.02
20 104362.75+0.08 2 —-0.55 104210.59+0.04 —-0.01
21 104201.631+0.04 -0.25
22 104356.72+0.08 2 —-2.26 104191.98+0.08 @ -0.67
23 104181.63+0.08 -1.27
24 104345.3110.08* —6.85 104170.65+0.08 2 ~1.94
25 104157.77+£0.08 —3.88

2> Not used in the minimization routine.

times, and thus leaking into the mass-29 channel.
These ions are produced in an off-axis region, geo-
metrically further away from the TOF tube and ion
detector. This effect causes the line profile of '*N,
resonances to be asymmetric and broadened. For the
1“N'>N resonances this is not the case and the line-
width reflects the resolution of 0.35 cm~!. In table 4
the observed line positions of '“N!>N resonances are
listed. Spectroscopic parameters of the ¢, (0) state of
14N'5N were derived as well (and listed in table 4) in
a routine where the ground state constants were fixed
at the values of Bendtsen [23].

As only states up to J=3 were observed no im-
provement in the molecular constants derived by
Yoshino and Tanaka [ 12 ] from observation of states

up to J=22, albeit at somewhat lower resolution, was
obtained.

3.2. The c; 'I1,, v=0 Rydberg state

The lowest Rydberg state, assigned ¢, 'IT,,, v=0, was
investigated as well. Fig. 5 displays a spectrum of the
bandhead region of the ¢;—X transition recorded un-
der conditions of a hot J distribution. In this spec-
trum the highest J transitions of the ¢;-X and b'-X
bands, P(25) and P(16) respectively, also show.
Moreover a weak but reproducible line appears, which
is the only unidentified line in the present study.
Spectral line positions, observed in several scans of
hot and cold J distributions, were determined using
the I,-calibration procedure and are listed in table 5.



268 P.F. Levelt, W. Ubachs / XUV-laser spectroscopy on the Rydberg states of N,

Table 2

Observed line positions (in cm~') for R(J) and P(J) lines of the b’ '} -X 2} (1, 0) band and deviations from a least-squares fit
(constants of table 3). The position of strong and unblended lines was determined to within 0.04 cm~'. In other cases the error was

estimated to be 0.08 cm—!

R({J) P(J)
J observed obs. —-calc. observed obs. —calc.
0 104420.39+0.04 —0.09
1 104421.06+0.04 —-0.04 104414.161+0.04 -0.04
2 104420.07 £0.04 0.02 104408.66 +0.04 0.12
3 104417.26 +0.04 —0.06 104401.21+0.04 0.00
4 104412.97+0.04 0.05 104392.19+0.04 -0.00
5 104406.85+0.04 -0.01 104381.57+0.04 0.06
6 104399.20+0.04 0.06 104369.15+0.04 —0.01
7 104389.75+0.04 —-0.05 104355.04£0.08 -0.10
8 104378.98 +0.04 0.02 104339.54 +0.08 0.07
9 104367.23+0.04 -0.03 104322.3410.08 0.16
10 104347.96+0.04 —-0.02 104303.35+0.04 —0.05
11 104283.79+0.04 0.04
12 104256.52+0.04 -0.01
13
14 104208.66 +0.08 010
15 104181.17£0.08 —-0.02
16 104151.8610.08 -0.21
Tablie 3
Spectroscopic parameters for the excited states under investiga- _{ T Y T T T
tion (all in cm~'). Only data up to J< 20 were included 1n the 4 T1em \ j
minimization routines 5] B
¢4 'E} . v=0Rydberg state Ogeeenn i - [
B=1.9314%0.0002 T 2] . ¢/ v=0 :
£ A
D=8.1510.07x10-° R 1
vo=104322.91+0.02 <
Hy, v=502720.017 g ] j
m 4 A b’ v=1
b’ 'T}, v=1 valence state g 2] , - ' -
B=1.1486+0.0002 e T
D=0.8610.14x107° -2] -
vo=104417.9110.01 _le . %
H,, ,=5.027+0.017 i . T T T -+
0 100 200 300
¢; 'T1,, v=0 Rydberg state J(J+1>

B=1.508710.0004
D=4.5310.05x10"*
vo=104138.48 £0.04
q,=0.0234+0.003

gD =2.8610.04x10"?

Because of low signal-to-noise ratio, quoted uncer-
tainties for the c¢;—X lines are nominally 0.08 cm ™!,
i.e. larger than the errors estimated for the ¢,—Xband.

Fig. 3. Plot of the effect of the local perturbation between
¢y 'Z}, v=0 (upper part) and b’ 'T}, v=1 (lower part) vi-
bronic states. The dots refer to the deviations between energy po-
sitions derived from both P and R lines and unperturbed levels
(dashed line) as calculated from the spectroscopic constants of
table 3 (with H., =0).

The experimental data on the observed P, Q and R
branch of the ¢;-X band were fitted to an energy re-
lation for a diatomic molecule in a IT state:
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T
104340 ' 104320
{em-1)

Fig. 4. XUV excitation spectrum of the ¢} "ZJ-X "2 {0, 0) band
with TOF mass selector set at 29 mass units. The "*N'*N reso-
nances are assigned and marked by the vertical dashed hines.

En+ =BJ(J+1)=DJ*(J+ 1) —q. J(J+1)
+g2J*(J+1)%. (2)
Eq-=BJ(J+1)=DJ?(J+1)2. (3)

where g, and g2 denote the A doubling and centrifu-
gal correction parameter respectively. These equa-
tions are based on the assumption that only the I[T*
levels are shifted due to an interaction with a 'X}
state, and that 1~ levels remain unperturbed. Within
such a framework, where the specific L™ perturber is
not identified, the data of the ¢;—X band were treated
in a minimization routine. Good convergence (nor-
malized y2=1.8) was obtained when again excited
states with J> 20 are omitted from the fit. The spec-
troscopic constants thus obtained are listed also in
table 3. The differences between observed and cal-
culated line positions, including the extrapolated val-
ues for J = 20, are given in table 5.

Table 4

In order to facilitate the interpretation of the na-
ture of the A doubling in the c¢; 'T1,, v=0 state the
observed splittings between I17 (J) and I1~ (J) levels
are plotted in fig. 6. The splittings are derived from
energy differences between R(J—1) and Q(J) lines,
and P(J+1) and Q(J) lines, respectively. Using egs.
(2) and (3) and the ¢, and g2 parameters from table
3 the splittings can be reproduced accurately for val-
ues up to J=20, However, due to the large centrifu-
gal correction term g2 J2(J+1)? the model predicts
a decrease of 4-doublet splittings for J> 20, as shown
by the dashed curve in fig. 6. The deviation between
observed and extrapolated (for J>20) transition
frequencies in table 5 indicate that predominantly the
IT* components with high J value do not follow the
model. For I1~ (J) states observed in the Q-branch
deviations from eq. (3) are less, but nevertheless,
significant.

Carroll and Yoshino [8] have reported that a de-
scription of the two lowest Rydberg states ¢, and ¢,
in terms of a “p complex” within /-uncoupling theory
is not possible because of the strong homogeneous
perturbations of particularly the c; state. Neverthe-
less we attempted to calculate the A4-doublet split-
tings in such a model. For each Ja matrix of the form

Ec'; H ches 0
H, e Ec A1+ 0
0 0 E.n-

was diagonalized. In the theory of /-uncoupling the
interaction matrix element between two Rydberg
states of 'TI and ' character within a p complex is
given by [8,24,25]

Heyey =2B,, JJ(J+1), (4)

Observed line positions (in cm™') for R(J) and P(J) lines of the ¢; 'Z} -X 'L} (0, 0) band for the "*N'>N molecule as well as devia-
tions from a least squares fit. The uncertainty in the line positions is 0.06 cm =12}

R(J) P(J)

J observed obs. —calc. observed obs. —calc.
0 104328.12 -0.05

1 104331.81 0.06 104320.47 ~0.14

2 104335.16 -0.02 104316.78 0.15

3 104338.44 —0.03 104312.54 0.03

23 Spectroscopic constants for the ¢ (0) state of **N'*N are: 8=1.855(3) cm~' and v, =104324.46(3) cm~'. D was fixed at 6x 10~*

cml
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Fig. 5. Recorded XUV excitation spectrum of the bandhead part
of the ¢; 'T1,-X ' (0, 0) band. (*) Unidentified.

with B,, the averaged rotational constant of the two
interacting states. With the rotational constants of ta-
ble 3 an average rotational constant for the c;—c)
complex of B,,=1.72 cm~—! is obtained. For this value
of B,, the doublet splittings between I1* and I1- lev-
els in ¢; 'IT,, v=0 were calculated. The results are
plotted as the dotted curve in fig. 6.

In a treatment of the energy levels of the ¢, 'II,,
v=0 state the strong homogeneous mixing of this
Rydberg state with the vibrational ladder of b 'T1,, v
states cannot be ignored. An important result of a de-
perturbation analysis of Stahel et al. [10] is that the
¢3(0) state has a wavefunction composition of

[c5(0) >’ =0.58]c3(0) > +0.55|b(4) >
—0.49b(5)) .

In this analysis only the two largest admixtures of
other vibronic states were considered, thus neglect-
ing contributions of other b 'TI,, v states. A deper-
turbed rotational constant of B=1.957 cm~! was
found for the c;(0) Rydberg state. The ¢ ‘X, v=0
state was found to be an almost pure Rydberg state
with only minor admixture of b’ £}, v vibronic states
of valence character:

1c4(0)>" =—0.99|c4(0)>+0.06/b" (1)
+0.04|b' (11) .

By considering only the pure Rydberg character of the
¢3—C4 complex, so setting B,,=1.94 cm~! and intro-
ducing a 0.58 weighing factor for the off-diagonal
matrix element the A-doublet splittings were calcu-
lated again. The results are given as the full curve in
fig. 6.

4. Discussion

In the preceding section the high-resolution data
on the ¢, 'I1, and ¢, 'X} Rydberg states were ana-
lyzed as independent band systems, with a single per-
turbation by a valence band in the case of ¢;. Such a
treatment appeared to be quite successful although
deviations occurred for J> 20 states in both ¢, 'I1, and
¢, 'TF. Stahel et al. [10] have explained the ex-
tremely irregular sequence of band origins of b 'I1, v
states in terms of strong homogeneous Rydberg va-
lence interactions with the lowest ¢, 'I1,, v=0 state.
Similar homogeneous interactions between states of
'T} symmetry were also investigated and found to
be less pronounced. Regarding the complexity of the
problem and the large energy shifts caused by the
mutual perturbations (on the order of several
hundred cm~!) the model of Stahel et al. describes
the positions of the vibronic origins well. However,
deviations between calculations and observations are
still on the order of several cm~!. For a perturbation
analysis describing the highest resolution data on ro-
tational states a model with an accuracy of 0.04 cm !
is required. It will also be necessary to include data
on rotational states of all perturbing vibronic se-
quences in the energy range between 100000 and
105000 cm~! to obtain a complete description. Par-
ticularly information on high J rotational states of
several homogeneously interacting vibrational states
is lacking. Therefore we chose to give a preliminary
account of our high resolution data in terms of a sim-
plified local model with an a posteriori semi-quanti-
tative discussion of additional perturbing effects. A
more comprehensive treatment awaits the analysis of
the vast amount of high-resolution synchrotron data,
which is presently under way [26].

In order to tentatively identify the origin of the
perturbing effects a plot of all !IT and '+ states in
N, in the energy range under investigation is pre-
sented in fig. 7. Apart from our data also absorption



P.F. Levelt, W. Ubachs / XUV-laser spectroscopy on the Rydberg states of N, 271

Table 5

Observed line positions (in cm~!') for R(J), Q(J) and P(J) lines of the ¢; 'IT1,-X 'Z} (0, 0) band. The position of unblended lines was

determined to within 0.08 cm~!

R{J) QW) P(J)
J observed obs. —calc. observed obs. —calc. observed obs. —calc.
0 104141.601+0.08 0.14
1 104143.40+0.08 —-0.03 104137.751£0.20 0.22
2 104144.371+0.08 0.00 104135.76 £0.08 0.15 104129.6210.08 0.09
3 104144.37+0.08 0.06 104132.78+£0.08 0.06
4 104143.40+0.08 0.16 104128.87£0.08 0.02 104116.43+0.08 -0.09
5 104141.60+0.20 0.45 104124.04+0.08 0.01 104108.51+0.08 0.00
6 104137.75+0.20 —-0.30 104118.15+0.08 —-0.07 104099.41 £0.08 -0.06
7 104133.74+0.08 -0.19 104111.3610.08 -0.07 104089.60+0.08 0.17
8 104128.82+0.08 0.02 104103.56+0.08 -0.09 104078.28 + 0.08 —-0.11
9 104122.42+0.08 -0.21 104094.91 £0.08 0.03 104066.23+0.08 —-0.08
10 104115.3010.08 -0.15 104085.03£0.08 -0.07 104053.13£0.08 -0.10
11 104107.061£0.08 -0.19 104074.20+0.08 -0.11
12 104098.02 +0.08 0.01 104062.52+0.08 0.03 104023.91+£0.08 -0.09
13 104087.93+0.08 0.20 104049.67 £ 0.08 0.02 104007.92 +0.08 0.07
14 104076.541+0.08 0.12 104035.77£0.08 0.02 103990.66 + 0.08 -0.02
15 104064.15+0.08 0.07 104020.83£0.08 0.05 103972.4740.08 —-0.00
16 104050.81+£0.08 0.13 104004.82+0.08 0.07 103953.25+0.08 0.01
17 104035.77+0.20 —-0.46 103987.591£0.08 -0.03 103933.01£0.08 0.04
18 104020.79+0.08 0.07 103969.48 + 0.08 0.10 103911.841+0.08 0.19
19 104003.97 £ 0.08 -0.17 103950.03+0.08 0.01 103889.56+0.08 0.28
20 103986.09+0.08 -0.42 103929.42+£0.08 -0.09 103865.92+0.08 0.06
21 103966.91 +0.08 * —0.88 103907.8110.08 -0.03 103841.12+0.08 -0.27
22 103946.63+0.08 —-1.37 103884.78+£0.08 —-0.21 103815.40+0.08 —-0.45
23 103924.92+0.08 ~2.20 103860.39+0.08 = —-0.48
24 103902.04+0.08 2 -3.11 103834.86+0.08 *’ -0.79
25 103877.56 +0.08 —4.52 103808.02+£0.08 ¥ -0.99
26 103852.05+0.08% —-5.84 103779.7210.08 —1.59
27 103750.07£0.08 ® —-2.13
28 103718.88£0.08 @ —-2.89
29 103686.53+£0.08 2 -3.45

2) Not used in the minimization routine.

data of Carroll and Collins [7] on the b 'I1,, v=4, 5
and 6 valence states and emission data of Wilkinson
and Houk [3] on the b’ 'E}, v=0, 1 and 2 valence
states are included. 'Z; states, that might play a role
as perturbers, have not yet been found in this region.
An overview graph as fig. 7 gives insight in the occur-
rence of local perturbations. In addition to the anti-
crossing c4(0)-b’ (1) near J=10 another perturba-
tion shows at J=22 between b(4) and b’ (0) states.
Wilkinson and Houk indeed found energy shifts of
2.35cm~'in the P(23) and R(21) lines of emission
bands from b’ (0).

At the highest J states observed the c;(0) levels ap-
proach b(5) levels. The ¢, J=25 level is shifted

downwards by 6.8 cm~! from the value derived from
the rotational constants of table 4. The ¢4 (0) state
was also studied in emission to the X 'Z;", v” =1 state
by Tilford and Wilkinson [4]. These emission data
were reanalyzed with the present accurate spectro-
scopic constants for the excited ¢4 (0) state and the
constants for X 'Z}, v” =1 [1]. We found that the J
numbering of the ¢;-X (0, 1) data is correct and that
energies of ¢, (0) J> 20 levels again deviate from cal-
culated values. In table 6 the observed emission data
of the ¢;—X (0, 1) P branch are listed with deviations
from calculations. In the original analysis [4] devia-
tions on the order of 40 cm~! were reported, but in a
re-analysis the transition frequencies of Tilford and
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1

Wilkinson for the ¢;—X (0,1 ) band were found to be
consistent with those of the c¢;-X (0,0) band ob-
served in emission by Yoshino and Tanaka [12]. The

Table 6
Line positions 1n the P branch of the ¢; 'X} -X 'Z} (0, 1) emis-
sion band as observed by Tilford and Wilkinson [4] and devia-

tions from calculated values from spectroscopic constants of ta-
ble 3

P(J) line obs. —calc.
observed

21 101880.0 -0.0

22 101871.0 -0.6

23 101861.6 —1.0

24 101851.0 —-2.2

25 101839.0 —4.1

26 101826.5 -59

27 101810.4 -10.7

28 101793.4 —15.6

differences between term values derived in a straight-
forward manner from the emission data and the val-
ues extrapolated from rotational constants are found
to be up to 15 cm™! for J=27. The energy shifts of
high J ¢, (0) states of tables 1 and 6 agree well in view
of the experimental uncertainties.

It can be concluded that for J> 20 levels large en-
ergy shifts occur in the ¢ (0) state. It is also known
that the 4 doubling in the b 'I1,, v=>3 states is excep-
tionally large [7], that it grows rapidly at high J val-
ues and that the IT* states are shifted upwards in en-
ergy with respect to I1~ states. Such a 4 doubling can
only be caused by a 'Z} state lower in energy than
the b(5) state. These facts indicate that most proba-
bly a heterogeneous interaction between ¢;(0) and
b(5) causes the A doubling in b 'I1,, v=75 as well as
the downward shifts of high J states of the ¢, 'Z},
v=0 state. From the trend in the deviations between
observed and extrapolated values for the transition
frequencies in the c¢4,-X (0, 1) emission band, as
listed in table 6, it follows that a crossing between in-
teracting ¢ '), v=0,Jand b 'I1,, v=5,J (only I1*)
levels cannot occur for J<27. Around this interac-
tion point a perturbation with a frequency jump of
more than 30 cm ™' is to be expected in the P and R
branches of bands involving ¢, (0) and b(5) states.

Under the assumption that the downward shift on
the ¢, (0) state is caused by a heterogeneous interac-
tion with b(5) an estimate can be given for the inter-
action parameter. The off-diagonal matrix element is
represented by [11,25]
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{c3(0), JIH|b(5),J> =Hcp,/J(J+1) . (5)

At J=25 the splitting between energy levels of ¢ (0)
and b(5) is 140 cm~". This follows from an extrap-
olation of the data of Carrol and Collinsonb(5) [7],
and the present data on ¢4 (0). The shift at /=25 in
¢4 (0) caused by the perturbation is 6.85 cm~!. This
yields a value for the interaction parameter of
Hp,=124cm™".

Extrapolated term values predict a crossing of
¢, 'Tr,v=0andb’ 'I}, v=2 states in between J=133
and 34. Here the spectroscopic constants for the b’ (2)
state were taken from ref. [3]. From calculated over-
lap integrals [10] an interaction parameter of
H,=12.0 cm ~! is expected. A homogeneous per-
turbation of this strength will induce shifts in the
¢4 (0) levels of —6.0 cm~! at J=34 and a shift of
—0.5cm™"at J=27. Although the direction is right,
the magnitude of these predicted shifts of ¢4 (0) is
much smaller than those observed in XUV excitation
as well as emission. Therefore we conclude that the
interaction with the b’ (2) state does not explain the
deviations at high J states.

Egs. (2) and (3) for the description of the A4 dou-
bling in the ¢c;(0) state give a mathematically correct
representation of the energy levels, at least for J< 20.
However. a physical explanation of the IT+-IT~ split-
tings in terms of a specific perturber is not obtained.
For all Rydberg complexes ¢, 'T1, and ¢/, , 'ZJ (for
n>3) the theory of “/ uncoupling” was shown to ex-
plain the A-doublet splittings in the 'TI, Rydberg
states well [8].

Because of the strong homogeneous mixing of the
¢; 'T1, state with valence states belonging to the b 'T1,
v vibronic manifold [10] a straightforward applica-
tion of “/-uncoupling” theory (without accounting for
this mixing) to the ¢;—c; complex does not repro-
duce the observed /4-doublet splittings in the ¢;(0)
state (see dotted line in fig. 6). In that case the pre-
dicted values for the splittings between 11+ and IT-
levelsin ¢3(0) are too large by a factor of three. How-
ever, if only the Rydberg fraction in the wavefunc-
tions of the c; and ¢ states and deperturbed values
for the rotational constants are taken [10], then the
calculated A-doublet splittings obtained from / un-
coupling agree with the observed values, at least up
to J=15 (see full curve of fig. 6). It should be noted
here that the framework of / uncoupling used, is a

model without any adjustable parameters. For rota-
tional states J> 15 the predicted values are again
larger than the observed splittings. This might be an
indication for a rotational dependence for the Ryd-
berg valence mixing between c; 'T1, and b 'I1,, v states.
From the analysis of the homogeneous perturbation
between the ¢ X, v=0and b’ 'L}, v=1 states we
obtain a mixing coefficient of 0.05, representing the
b’ (1) valence fraction of the ¢} (0) state. This only
holds away from the interaction point at J=10, 11.
AtJ=11 we find a larger admixture of b’ (1) valence
character and a pure Rydberg character of (0.88)2
for the ¢, (0) state. This has however no consequence
for the /-uncoupling model and the A-doublet split-
tings in the c;(0) state, because the b’ (1) state for
J=11, at the same term energy, makes up for the
complementary amount of Rydberg character.

A crossing of energy levels of ¢c;(0) and b’ (1) is
predicted in between J=28 and 29 based on energies
calculated from the spectroscopic constants (see also
fig. 7). The question arises whether the A doubling in
the ¢, 'I1, state may be partly caused by an additional
heterogeneous interaction with the nearby valence
state b’ 'I}, v=1. This matter cannot be settled by
the interpretation of only the presently obtained data,
because levels b’ X}, v=1 with J> 15 were not ex-
cited. However, inspection of the rather accurate
emission data of Wilkinson and Houk [3] yields in-
formation on rotational states up to J=31. These data
onthe b’ 'TF -X'ZF (1,7), (1, 8), (1,9) and (1,
11) bands were analyzed in a minimization routine
using as fixed parameters the spectroscopic constants
for the excited states from table 3. Also the interac-
tion with the ¢, 'Z}, v=0 state was included. For each
band the fit converged remarkably well: normalized
x>=1.0 with errors set at 0.15 cm~". Some of the lines
reported by Wilkinson and Houk were found to de-
viate more than 0.5 cm~! from calculated values:
R(17) in the (1, 7) band, R(14) and P(17) in the
(1,8) band, R(10) in the (1, 9) band and P(15) in
the (1, 11) band. As these deviations do not repro-
duce in the different emission bands they are consid-
ered to be accidental calibration errors. Surprisingly
even for high J values (up to J=31) no systematic
deviations occurred, although the upper state ener-
gies were calculated from rotational constants deter-
mined in the J=1~15 range. At the same time this
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Table 7
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Resulting spectroscopic parameters for the X 'Y}, v" states of N, (all in cm~") from a fit of Wilkinson and Houk [3]. In the minimiza-
tion routine on the b’ 'ZF -X 'Z} (1, v ) bands the constants for the excited state were fixed at the values given in table 3. The centrifugal
distortion constants D,. were fixed at the values predicted from the rotational and vibrational parameters (see ref. [3])

v’ B, D, Vou-
7 1.8684 +0.0001 0.568x 10~ 15706.3+0.5
8 1.8517£0.0002 0.567x 10" 17834.0£0.5
9 1.8331£0.0001 0.566% 10" 19933.740.5
11 1.7971 £0.0001 0.564x 10~ 24045.2+0.5

implies that a possible heterogeneous interaction be-
tweenb’ £}, v=1and c; 'T1,, v=0 does not give rise
to significant shifts (larger than 0.2 cm~') and may
therefore be neglected. Thus we conclude that the 4
doubling in the ¢4 I, state is not affected by the
b’ ‘I, v=1 state.

Of course on theoretical grounds mixing between
the ¢;(0) and b’ (1) is not expected, because the mo-
lecular orbital (MO) configurations for both states
differ by two orbitals [5,28].

As a byproduct of the re-analysis of emission data
we obtained accurate spectroscopic constants for the
X'ES,v=17,8,9and 11 states of N,. The results are
listed in table 7. The errors in the rotational con-
stants follow from the internal consistency of the fit-
ting procedure while the uncertainty in the rotation-
less term values v, (i=7, 8, 9 and 11) is dependent
on the absolute calibration of the Wilkinson and Houk
experiment (0.5 cm~'). Based on the analysis of their
data on the b’-X (1, 11) emission band Wilkinson
and Houk concluded that the local perturbation near
b’ (1), J=10-11 is of a heterogeneous nature. They
report the observation of an asymmetric frequency
shift below and above the perturbation point. In the
present analysis both states involved in this local per-
turbation are analyzed and a symmetric pattern was
found (see fig. 6). Frequencies for b’'-X (1, 11)
transitions were calculated using the accurate spec-
troscopic constants for the b’ 'X}, v=1 state (table
3) and including the effect of the homogeneous per-
turbation by the c; 'X;), v=0 state. For the X 'X},
v" =11 state the constants of table 7 were taken. A
value of 24045.216 cm~! as obtained from the fit
(calibration uncertainty of 0.5 cm~! neglected ) was
taken for »,,. Apart from the P(15) line the differ-
ences between observations and calculations are
within or close to the experimental uncertainty of 0.15

cm~!. As no systematic deviations occur we con-
clude that the model for the local perturbation
b’ (1)-c4 (0) is not invalidated by the emission data.
For reasons that the XUV-power dependence of
wavelength is not calibrated and the cross sections of
the second step in the 1+ 1 ionization process are not
known no detailed analysis of the line intensities is
possible. Nevertheless the intensity behaviour in the
P branch of the b’-X transition clearly shows the ef-
fect of intensity borrowing near the local perturba-
tion. The P(9) line is weak, but the intensity grows
towards P(12) and then drops again. It is remark-
able however that this effect is not reproduced in the
R branch, where the R(10) is strong and the
R(J>11) lines do not appear at all. In the ¢,-X band
the intensities of R(11) to R(17) odd J transitions
do not follow the 2: 1 ratio governed by the spin sta-
tistics. These phenomena remain to be explained after
careful power calibration tests of the XUV spectrom-
eter to be performed in the near future. It should be
noted here that the observed spectral intensities in
1+1 resonance enhanced two-photon ionization
studies do not simply reflect one-photon line-
strengths. The natural lifetimes of the excited states
play a crucial role, not only in the linewidths but also
in the intensities of 1+ 1 two-photon spectra [ 14].
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