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The role of dipole-forbidden autoionizing resonances in non-resonant one-color
two-photon single ionization of N2
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Rescigno,2 C. William McCurdy,2, 3 Daniel S. Slaughter,2 and Thorsten Weber2, ‡

1Graduate Group in Applied Science and Technology,
University of California, Berkeley, CA 94720, USA

2Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
3Department of Chemistry, University of California, Davis, CA 95616, USA

(Dated: September 21, 2020)

We present an experimental and theoretical energy- and angle-resolved study on the photoion-
ization dynamics of non-resonant one-color two-photon single valence ionization of neutral N2

molecules. Using 9.3 eV photons produced via high harmonic generation and a 3-D momentum
imaging spectrometer, we detect the photoelectrons and ions produced from one-color two-photon
ionization in coincidence. Photoionization of N2 populates the X 2Σ+

g , A 2Πu, and B 2Σ+
u ionic

states of N+
2 , where the photoelectron angular distributions associated with the X 2Σ+

g and A 2Πu

states both vary with changes in photoelectron kinetic energy of only a few hundred meV. We at-
tribute the rapid evolution in the photoelectron angular distributions to the excitation and decay of
dipole-forbidden autoionizing resonances that belong to series of different symmetries, all of which
are members of the Hopfield series, and compete with the direct two-photon single ionization.

I. INTRODUCTION

The photoionization continuum of molecular nitrogen
posses both one- and two-electron resonances, i.e. shape
resonances and autoionizing states, which can strongly
influence the behavior of ejected photoelectrons. The ob-
servable that is most sensitive to these resonance effects
is the energy-resolved photoelectron angular distribution
(PAD). In the case of single photon ionization these res-
onance effects have been studied extensively both exper-
imentally and theoretically [1–15]. However, due to its
complexity, non-resonant two-photon ionization has re-
ceived far less attention, while it provides the opportunity
to observe the effect of discrete continuum states on the
angular distributions of the photoelectrons and ions that
are symmetry- and/or parity-forbidden in single photon
excitation schemes [16]. Moreover, two-photon absorp-
tion resulting in single ionization is particularly sensitive
to resonance and electron-electron correlation effects [17].

The presence of continuum-embedded discrete states
can lead to interference effects, a paradigmatic example
being the Fano resonance, where the scattering ampli-
tudes of a resonant (discrete) and background (contin-
uum) process interfere to give rise to the classic asym-
metric line shape [18]. In photoionization, continuum
states that decay via autoionization can provide an indi-
rect channel to target states that can interfere with the
direct ionization channel to those very same states [19–
23]. This effect can be observed in a PAD [20, 24, 25],
where the amplitudes and phases of the angular momen-
tum components of the photoelectron scattering wave
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function from direct ionization interfere with those of the
electron originating from autoionization.

The dipole oscillator strength of N2 across most of the
VUV photon energy range is quite weak, as the states
that lie below ∼12 eV are dipole-forbidden transitions,
because of either spin- or parity-conservation. Within
the ionization continuum and below the B 2Σ+

u ionic state
(situated at 18.74 eV in the Franck-Condon (FC) region)
lies the Hopfield series of N2 [26], a progression of narrow
resonances emerging from continuum molecular Rydberg
states converging to the B 2Σ+

u ionic state. Such quasi-
bound states can decay through autoionization, where
these two-electron resonances provide an indirect chan-
nel to the X 2Σ+

g and A 2Πu ionic states, along with
the direct ionization channel to those very same target
states. By choosing a suitable photon energy, these au-
toionizing states can thus be populated and studied via
non-resonant one-color two-photon ionization.

In this work we present experimental and theoretical
results on energy- and angle-resolved Non-resonant One-
color Two-Photon Single Ionization (NOTPSI) of molec-
ular nitrogen using 3-D momentum imaging, where the
photoelectron and molecular cation are measured in co-
incidence. Using a 400 nm driving field, we produce and
select VUV photons with an energy of 9.3 eV via High
Harmonic Generation (HHG), which are then used to
singly ionize the target via two-photon ionization. We
observe that the energy-resolved PADs associated with
the X 2Σ+

g and A 2Πu ionic states both vary appreciably
with small changes in the photoelectron kinetic energy.
We ascribe these effects to the excitation and decay of
dipole-forbidden autoionizing resonances belonging to se-
ries possessing different total symmetries, which, in addi-
tion to the direct ionization channel, provide an indirect
pathway to the target states.
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II. EXPERIMENT

The valence photoionization dynamics in neutral N2

were investigated using the COLd Target Recoil Ion
Momentum Spectroscopy (COLTRIMS) technique [27–
30], where the photoelectrons and cations produced by
NOTPSI are collected with full 4π solid angle, and their
3-D momenta are measured in coincidence on an event-
by-event basis. The charged particles are guided by par-
allel DC electric and magnetic fields (11.34 V/cm, 4.0 G)
towards position- and time-sensitive detectors at oppo-
site ends of the 3-D momentum imaging spectrometer.
The detectors consist of a Multi-Channel Plate (MCP)
stack in chevron configuration with a delay-line anode
readout [31, 32]. The electron and ion detectors are a
three layer hex-anode with a 80 mm MCP stack and a
two layer quad-anode with a 120 mm MCP stack, respec-
tively, where a charge carrier’s 3-D momentum is encoded
into its hit position on the detector and its time-of-flight
relative to the laser trigger.

The laser system has been described previously [30],
so we provide only a brief overview that emphasizes
some recent modifications. Near-infrared (NIR) laser
pulses (12 mJ, 45 femtoseconds, 800 nm) from a 50 Hz
Ti:sapphire laser system are frequency doubled using a
0.25 mm thick beta-barium borate (BBO) crystal, where
the copropagating NIR and blue fields are then separated
using two dichroic mirrors. The reflected 400 nm pho-
tons (∼3.6 mJ, ∼50 fs) are used to generate femtosec-
ond VUV pulses via HHG, by loosely focusing (f = 6 m)
the 400 nm pulses into a 10 cm long gas cell contain-
ing 2 Torr of krypton. The resulting VUV frequency
comb is then separated from the 400 nm driving field
by reflection from three Si mirrors near Brewster’s an-
gle for the blue light, resulting in a suppression of the
driving field by a factor of < 10−6. The 3rd harmonic
(133 nm, 9.3 eV) is selected via transmission through a
0.25 mm thick MgF2 window, which totally suppresses
the 5th harmonic and above and maintains the femtosec-
ond pulse duration of the 3rd harmonic. The residual
400 nm pulses are also separated from the 3rd harmonic
pulse temporally by roughly 700 fs, due to the difference
in the Group Velocity Dispersion (GVD) of the window
at ω0 and 3ω0 [33, 34]. After transmission through the
window we estimate the pulse duration of the 3rd har-
monic to be ∼30 fs, based on its spectral bandwidth, its
estimated attochirp, and the thickness and GVD of the
MgF2 window [35, 36]. The femtosecond 9.3 eV pulses
are then back-focused (f = 15 cm) into the 3-D momen-
tum imaging spectrometer using a protected Al mirror,
the reflectance of which has been measured to be 43%
at 9.3 eV [37]. The pulse energy of the 3rd harmonic on
target is approximately 10 nJ, which was measured using
a pair of broadband VUV filters (Acton Optics FB130-
B-1D.3) and a calibrated photodiode.

A rotationally and vibrationally cold beam of nitro-
gen molecules (approximately 80 K) is prepared via an
adiabatic expansion through a 0.03 mm nozzle, which is

then collimated by a pair of skimmers. This molecular
jet propagates perpendicular to the focused VUV beam,
where the two intersect in the interaction region of the
spectrometer (∼0.01 × 0.01 × 0.20 mm), resulting in
NOTPSI of the target molecules at an average rate of of
∼0.3 events per VUV pulse.

III. THEORY

The potential energy curves of the neutral N2 states
relevant to this study were computed using the multi-
reference configuration interaction (MRCI) capability of
MOLPRO [38, 39], with single- and double excitations
from an active space including four σg, four σu, two πu
and two πg orbitals, with the 1σg and 1σu core orbitals al-
ways doubly occupied. These orbitals were optimized us-
ing a state averaged complete active space self-consistent
field (CASSCF) calculation with one state of each sym-
metry, 1Σ+

g , 1Πu, 1Σ−u , and 1∆u, included. The one-
electron basis set was aug-cc-pVTZ [40, 41], augmented
by four s, four p, and four d Rydberg diffuse functions
[42] centered at the bond midpoint.

One-photon ionization cross sections and photoelec-
tron β parameters were calculated at a fixed internuclear
distance R = 2.07 a.u. using a multichannel configu-
ration interaction method (MCCI) [43, 44]. The scat-
tering state at a fixed energy is represented on a single-
center expanded grid, with a partial wave expansion up to
lmax = 80. The full N -electron scattering state was then
written as a close-coupling expansion containing a sum of
the products of (N −1)-electron ion state wave functions
multiplied with one-electron photoelectron wave func-
tions. The lowest eight ion states were included in the
close-coupling expansion. The initial and ion states were
computed performing a numerical CAS-CI using the or-
bitals from the CASSCF discussed above. We consid-
ered as the intermediate state for ionization the b1Πu

(2σu → 1πg) valence state shown in Fig. 1, which is the
first dipole allowed excited state of N2 lying at ∼13.5 eV
above the ground state [45, 46]. The three lowest ioniza-
tion thresholds of N2 were found to be ∼15.6 eV, ∼17.1
eV and ∼18.8 eV corresponding to ionization into the
X2Σ+

g , A2Πu, and B2Σ+
u N+

2 ionic states, respectively.
Two-photon single ionization β2 and β4 anisotropy

parameters, have been calculated within the time-
independent second order perturbation theory framework
[47–51]. We have assumed a resonant transition to the
b1Πu excited state as the first photon absorption. The
dipole couplings between the ground state and the inter-
mediate state have been calculated using MOLPRO.

IV. RESULTS

The measured photoelectron energy spectrum is pre-
sented in Fig. 2(a), where we observe three peaks cen-
tered near 2.88 eV, 1.63 eV, and 0.15 eV, correspond-
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FIG. 1. Relevant potential energy curves of N2 and N+
2 . The

figure shows the lowest 1Πu state of N2 as well as the lowest
three states of N+

2 .

ing with the X 2Σ+
g , A 2Πu, and B 2Σ+

u ionic states of
molecular nitrogen, respectively. The two-photon excita-
tion energy and bandwidth is ∼18.6 eV and ∼300 meV,
respectively. We point out that although our central two-
photon energy lies below the ionization threshold of the
B 2Σ+

u ionic state, the two-photon bandwidth of the exci-
tation pulse enables its lowest vibrational level to be ac-
cessed. The X 2Σ+

g and A 2Πu state peaks are partitioned
into two and three different photoelectron kinetic energy
regions, respectively, for subsequent analysis. The hori-
zontal black and red lines in Fig. 2(a) indicate the high
and low energy regions, respectively, while the horizontal
blue line indicates a middle energy region that is consid-
ered in the case of the A 2Πu ionic state. The X 2Σ+

g

state energy slices range from 2.50–2.85 eV and 2.85–
3.20 eV, while the A 2Πu state slices span 1.18–1.64 eV,
1.41–1.83 ev, and 1.65–2.03 eV. These regions capture
photoelectrons emerging from ionization events to differ-
ent target state vibrational levels. The vertical green line
segments in Fig. 2(a) indicate the energetic locations of
the relevant vibrational levels of the X 2Σ+

g and A 2Πu

ionic states and their corresponding FC factors [13]. In
the X 2Σ+

g state, the high energy region roughly corre-
sponds with photoionization to the ν=0 level of the tar-
get, and the low energy region captures photoionization

State β2 β4
X 2Σ+

g 0.91±0.04 0.32±0.06
A 2Πu 0.30±0.04 0.05±0.06
B 2Σ+

u -0.38±0.11 -0.36±0.16

TABLE I. The anisotropy (β) parameters retrieved from fit-
ting the energy-integrated photoelectron angular distribu-
tions shown in Fig. 3 according to equation (1) for the X
2Σ+

g , A 2Πu, and B 2Σ+
u states of N+

2 .

to the ν = 1 level. In the A 2Πu state, the high energy
slice roughly corresponds with populating the ν = 0, 1
vibrational levels of the target, the middle energy slice
with the ν = 1, 2, 3 levels, and the low energy slice with
the ν = 2, 3, 4 levels. Most of these slices sum over
two or three vibrational levels, as the two-photon band-
width, energy resolution, and statistics do not permit a
fully vibrationally resolved measurement.

The photoelectron momentum distributions for the
transverse and parallel momentum components with re-
spect to the VUV polarization vector for the three ionic
states are shown in Fig. 2(b). Here we see three arcs
of differing photoelectron momentum, corresponding to
each of the three populated molecular ionic states. To
gain more insight into the photoelectron emission pat-
tern for each of these three ionic states, we turn to the
angle-differential photoionization cross section.

For two-photon ionization processes the energy-
dependent angle-differential photoionization cross section
of a target by linearly polarized light is given by:

d2σ

dΩdE
=
σ0(E)

4π
[1 + β2(E)P2(cos θ) + β4(E)P4(cos θ)],

(1)
where σ0 is the total photoionization cross section, θ

is the angle between the photoelectron momentum vec-
tor and the polarization vector of the light, E is the
photoelectron kinetic energy, β2 and β4 are the second
and fourth order anisotropy parameters, and P2 and P4

are the second and fourth order Legendre polynomials
in variable cos θ. The measured energy-integrated angle-
differential photoionization amplitude for each of the X
2Σ+

g , A 2Πu, and B 2Σ+
u ionic states are presented in

Fig. 3(a), (b), and (c), respectively. The data has been
fitted (solid red line) in accordance with equation (1),
using the projection method discussed in [52], while the
error on the β parameters was determined via statistical
bootstrapping [53].

The PADs associated with the X 2Σ+
g and A 2Πu ionic

states depicted in Fig. 3(a) and (b) both exhibit peak
intensity along the VUV polarization, more dramatically
in the case of the X 2Σ+

g state, whereas the A 2Πu state
PAD is more isotropic. The PAD associated with the
B 2Σ+

u state in Fig. 3(c) appears bimodal in shape with
two photoelectron emission peaks roughly perpendicular
to the VUV field, each slightly offset to opposite sides
of π/2. The energy-integrated β parameters associated
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FIG. 2. (a) The measured photoelectron energy spectrum
for NOTPSI of N2. The colored horizontal lines indicate dif-
ferent energy regions of the X 2Σ+

g and A 2Πu states that
are subsequently analyzed. The vertical green lines roughly
indicate the location of the relevant vibrational levels of the
two ionic states and their corresponding one-photon oscillator
strengths. (b) Photoelectron momentum distribution parallel
and perpendicular to the VUV polarization.

with these three ionic states can all be found in Table I.
In Fig. 4 we show the energy-resolved PADs associated

with the X 2Σ+
g ionic state, where we compare the low

photoelectron energy portion with the high energy por-
tion, indicated by the red and black horizontal lines in
Fig. 2(a). The energy-resolved β parameters for the X
2Σ+

g ionic state can be found in Table II. We find that
the PADs vary between the two regions, where β2 un-
dergoes a slight decrease in value, while β4 increases by
more than a factor of 2, as the photoelectron kinetic en-
ergy increases. Here, the high electron energy PAD in
Fig. 4(b) exhibits a broader minimum perpendicular to
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FIG. 3. The energy-integrated photoelectron angle-
differential photoionization cross section for NOTPSI of N2

to the first three ionic states, (a) the X 2Σ+
g state, (b) the A

2Πu state, and (c) the B 2Σ+
u state. The data are fitted using

equation (1), where the retrieved β parameters are displayed
above each plot.

the VUV polarization vector than the low energy PAD
in Fig. 4(a).

In Fig. 5 we show the energy-resolved PADs associ-
ated with the A 2Πu ionic state, where we compare the
low, middle and high energy regions, indicated by the
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FIG. 4. The energy-resolved photoelectron angle-differential
photoionization cross sections of N2 following NOTPSI. De-
picted is the photoelectron angular distribution for the X 2Σ+

g

ionic state for two different energy regions in the photoelec-
tron spectrum, indicated in Fig. 2, with the low kinetic energy
region shown in (a) and the high energy region in (b). The
data are fitted using equation (1), where the retrieved β pa-
rameters are shown above each plot.

State Photoelectron Energy (eV) β2 β4

X 2Σ+
g

2.50–2.85 0.98±0.06 0.18±0.09
2.85–3.20 0.85±0.05 0.42±0.07

A 2Πu

1.18–1.64 0.33±0.06 -0.19±0.08
1.41–1.83 0.26±0.05 0.04±0.07
1.65–2.03 0.25±0.06 0.25±0.08

TABLE II. The anisotropy (β) parameters retrieved from fit-
ting the energy-resolved photoelectron angular distributions
according to equation (1) for the X 2Σ+

g and A 2Πu ionic
states of N2, shown in Fig. 4 and Fig. 5.

red, blue and black horizontal lines in Fig. 2(a), respec-
tively. The energy-resolved β parameters associated with
the A 2Πu ionic state can be found in Table II. The
PADs vary appreciably between the three slices, where
β2 slightly decreases in value, while β4 increases in value
dramatically and undergoes a sign change, as the photo-
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FIG. 5. The energy-resolved photoelectron angle-differential
photoionization cross sections of N2 following NOTPSI. De-
picted is the photoelectron angular distribution for the A 2Πu

ionic state for three different energy regions in the photoelec-
tron spectrum, indicated in Fig. 2, with the low kinetic energy
region shown in (a), the middle energy region in (b), and the
high energy region in (c). The data are fitted using equation
(1), where the retrieved β parameters are shown above each
plot.

electron kinetic energy increases. The high energy PAD



6

in Fig. 5(c) exhibits maxima parallel to the ionizing field
and a smaller peak perpendicular to the field, while the
low energy PAD in Fig. 5(a) shows a minimum perpendic-
ular to the ionizing field and a smaller minimum parallel
to the field. The middle energy PAD in Fig. 5(b) resem-
bles the energy-integrated PAD of Fig. 3(b), exhibiting a
shallow minimum perpendicular to the VUV polarization
vector.

For both states, the variation in the retrieved β2 asym-
metry parameter is not particularly significant, while the
change in the β4 parameter is more substantial. This is
most striking in the A 2Πu state, where the value of β4
changes sign, resulting in an appreciable variation in the
PAD across the different photoelectron kinetic energy re-
gions. Such a strong energy dependent variation in the
PAD is unlikely to stem from the effect of the final vibra-
tional level on the scattering wave function, as the two-
photon bandwidth exceeds the spacing of the vibrational
levels in the cationic states, where the two-photon band-
width is ∼300 meV, while the level spacing in the A 2Πu

ionic state is ∼230 meV [13]. Further, the different pho-
toelectron energy regions considered here average over a
family of adjacent vibrational levels, which should wash
out the effect of the vibrational level on the photoelec-
tron scattering wave function (i.e. our energy-resolved
PADs integrate over numerous levels). Previous theoret-
ical one-photon studies on the effect of the vibrational
level of the target state of the photoelectron asymme-
try parameter have indicated that the effect is negligible
in the A 2Πu state [14], where we observe the strongest
variation in the PAD. These effects are also unlikely to
emerge from the shape resonance in the photoionization
continuum of N2 alone, as its peak is far higher in pho-
toelectron kinetic energies (∼32 eV) than the kinetic en-
ergies of the electrons corresponding to the populated
continuum states in the present work.

In order to better understand the experimental find-
ings, in particular the rapid evolution in the measured
PADs that are associated with the A2Πu ionic state, we
have performed one-photon single ionization calculations
from a selected excited state of neutral N2. We chose
the b1Πu state, which is the lowest dipole-allowed elec-
tronic state lying ∼13.5 eV above the N2 ground-state.
The total one-photon ionization cross sections from the
N2 (b1Πu) state along with the corresponding photoelec-
tron β parameters for the 1Σ+

g , 1Πg, and 1∆g dipole-
allowed total symmetries are shown in Figs. 6, 7, and 8,
respectively. All these symmetries have to be taken into
account, as our experiment probes randomly oriented
molecules, and the two-photon energy lies below the dis-
sociative ionization threshold, preventing the molecular
orientation at the instant of photoionization from be-
ing determined without prealignment. The cross sections
were calculated at a single fixed nuclear geometry over
an energy range between 17.4 eV and 18.7 eV, where the
X2Σ+

g and A2Πu ionic states are accessible (see Fig. 1).

The photoionization cross section in each symmetry
exhibits a collection of structures that can be attributed
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FIG. 6. Upper panel: Total photoionization cross section
from the N2 (b1Πu) state between the second (A2Πu) and
third (B2Σ+

u ) ionization thresholds, while leaving the system
in 1Σ+

g final symmetry. The nl labels indicate the npσu and
nf(δu or σu) series of the autoionizing states converging to
the N+

2 (B2Σ+
u ) cation state. Lower panel: Corresponding

photoelectron asymmetry parameter for the one photon tran-
sition.

to the Hopfield series of autoionizing states converging to
the B2Σ+

u state of the ion. The Hopfield series has been
previously studied, theoretically and experimentally, in
the one-photon ionization from the N2 ground state lead-
ing to 1Σ+

u and 1Πu final symmetries. In contrast, the
corresponding photoionization cross sections from an ex-
cited state of N2 have not been reported theoretically to
the best of our knowledge. Two different series, np and
nf , have been assigned in the cross sections using the
Rydberg equation
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series of the autoionizing states converging to the N+

2 (B2Σ+
u )

cation state.

En = (IP )− R

(n− δ)2
, (2)

where En represents the energy of the autoionizing
state, R is the Rydberg constant, n is the principal quan-
tum number of the Rydberg electron, and δ is the quan-
tum defect, which depends on the angular momentum l.
For l = 0 a large quantum defect, i.e. δ ∼ 1, is expected
while δ decreases rapidly as l increases such that nd and
nf series (l = 2, 3) are characterized by δ ∼ 0.

While the np and nf series coexist in the 1Σ+
g and

1Πg symmetries, seen in the upper panel of Fig. 6 and 7,
only the nf is visible in the 1∆g symmetry, seen in the
upper panel of Fig. 8. The np series, σu or πu, are char-
acterized by a slightly different quantum defect, δ ∼ 0.56
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FIG. 8. As in Fig. 6 but leaving the system in 1∆g final
symmetry. The nl labels indicate the nf(δu or σu) series of
the autoionizing states converging to the N+

2 (B2Σ+
u ) cation

state.

or δ ∼ 0.66, respectively, appearing thus at different en-
ergy positions. In contrast, the nf series presents the
same quantum defect number δ ∼ −0.002 in each final
symmetry. The effect of the autoionizing states on the
PADs is highly significant. The β parameter dramati-
cally changes as the photon energy crosses their energy
position, seen in the lower panels of Fig. 6, 7, and 8. In
addition, both series of autoionizing states generate com-
pletely different values of the β parameter. For instance
as observed in Fig. 7 the 5f autoionizing state gives rise
to an asymmetry parameter of β = 0.81, while the 6p
state is characterized by β = 0.30. Is important to men-
tion that although the magnitudes of the cross sections
and β parameters depend on the initial state, the posi-
tions of these same series of autoionizing states do not
change when a different N2 excited state is chosen as the
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initial state for the calculation.
An accurate calculation of the cross section for non-

resonant two-photon single ionization of N2 in lowest
order perturbation theory would require a sum of sin-
gle photon ionization amplitudes over a large number of
ungerade intermediate electronic states, which is well be-
yond the scope of the present study. To simplify the
calculation, while providing further insight into the ex-
perimental observations, we have performed two-photon
ionization calculations using the neutral b1Πu state as
the single intermediate state. Fig. 9 shows the calculated
β2 and β4 parameters characterizing the two-photon ion-
ization into the A2Πu state of the ion. Both parameters
exhibit strong variations as a function of the photon en-
ergy, as observed previously in Figs. 6, 7, and 8. This
further underlines the effect of the autoionizing states on
the PADs, as the autoionizing states appearing in each of
the possible final symmetries are now taken into account.
Considering the selected photoelectron kinetic energy in-
tervals (see Fig. 2(a)), the np and nf Rydberg series
contribute differently depending on the respective kinetic
energy region, which results in completely different PADs
as depicted in panels (a) to (c) of Fig. 5. The finite band-
width of the VUV pulses used in the present experiments
produce photoelectrons from several final ion vibrational
levels. It has also been shown in previous vibrationally-
resolved single-channel calculations, which do not treat
autoionization processes [14], that the influence of vibra-
tional levels of the final state on the asymmetry param-
eter for the A2Πu state are negligible. This prediction is
consistent with the present calculations, stressing the ma-
jor role of the continuum autoionizing states in NOTPSI
of N2, which manifests in a rapid variation in the anisop-
tropy parameters. Going beyond the scope of the present
work, a quantitative comparison between the theoreti-
cal and experimental PADs would however require fur-
ther calculations that take into account the non-resonant
character of the first photon absorption step. This im-
plies including dipole couplings between the ground state
and several excited intermediate states as well as incor-
porating continuum-continuum dipole couplings.

V. CONCLUSION

We have presented energy- and angle-resolved exper-
imental and theoretical results on the photoionization
dynamics of N2, analyzing ionic-state-selective photo-
electron angular distribution following NOTPSI of neu-
tral nitrogen molecules using coincidence 3-D momentum
imaging and intense 9.3 eV femtosecond pulses produced
via 400 nm driven HHG. Two-photon single ionization
populates the first three ionic states of the molecular ni-
trogen cation, where we find that the PADs associated
with the X 2Σ+

g and A 2Πu ionic states of N+
2 both vary

with minor changes in the photoelectron kinetic energy.
We attribute this strong variation in the electron emis-
sion patterns on the photoelectron energy to the exci-
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FIG. 9. Two-photon photoelectron asymmetry parameters,
β2 (upper panel) and β4 (lower panel), correlated to the A2Πu

state of the N+
2 ion.

tation and decay of dipole-forbidden autoionizing reso-
nances of different total symmetry that belong to the
Hopfield series. In addition to the direct ionization chan-
nel, these continuum-embedded discrete states provide
an indirect pathway to the X 2Σ+

g and A 2Πu final states.
Despite our limited theoretical treatment, only invok-

ing a single intermediate state and hence treating the
two-photon ionization as resonant, our calculations pro-
vide insight into the non-resonant two-photon ionization
dynamics, highlighting the important role of the dipole-
forbidden autoionizing states on shaping the PADs and
resulting β parameters. Further calculations involving
a larger number of intermediate states lie beyond the
scope of this work, however, the computed energies of the
dipole-forbidden autoionizing states are insensitive to the
intermediate state chosen, which suggests that such au-
toionizing resonances will remain important in the non-
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resonant regime.

The two competing pathways of autoionization and di-
rect ionization can interfere for electrons ionized to the
same final state. Experiments sensitive to such inter-
ference phenomena require the energy and angular mo-
mentum of detected autoionization electrons and photo-
electrons (corresponding to indirect and direct pathways,
respectively) to be identical. As the electron in the con-
tinuum can share angular momentum with the molec-
ular axis in several ways, interference can only be ob-
served for fixed-in-space molecular N+

2 cations. As men-
tioned before, in the present work the target N2 molecules
were randomly orientated, and hence we could not iso-
late the small subset of events that would sensitively ex-
hibit interference effects in the PADs. Future experi-
ments could employ a multi-color interrogation scheme
that enables prealigning the molecular axis via an addi-

tional laser pulse, which is able to impulsively align the
neutral molecule with respect to the polarization vector
of the intense VUV beam prior to ionization.
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H. Schmidt-Böcking, C. L. Cocke, and R. Dörner. Sin-
gle photon-induced symmetry breaking of h2 dissocia-
tion. Science, 315(5812):629–633, 2007. ISSN 0036-8075.
doi:10.1126/science.1136598. URL https://science.

sciencemag.org/content/315/5812/629.

[26] John J. Hopfield. Absorption and emission spectra in the
region λ600−1100. Phys. Rev., 35:1133–1134, May 1930.
doi:10.1103/PhysRev.35.1133. URL https://link.aps.

org/doi/10.1103/PhysRev.35.1133.
[27] R. Drner, V. Mergel, O. Jagutzki, L. Spielberger,

J. Ullrich, R. Moshammer, and H. Schmidt-Bcking.
Cold Target Recoil Ion Momentum Spectroscopy:
a ’momentum microscope’ to view atomic collision
dynamics. Physics Reports, 330(2-3):95–192, June
2000. ISSN 0370-1573. doi:doi: DOI: 10.1016/S0370-
1573(99)00109-X. URL http://www.sciencedirect.

com/science/article/B6TVP-401HH57-1/2/

587a27ccbfe492bcbe5b72191579ddbd.
[28] Joachim Ullrich, Robert Moshammer, Alexander Dorn,

Reinhard Dörner, L Ph H Schmidt, and H Schmidt-
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