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The benchmark system of molecular photoionization dynamics, the (1 + 1’) two-photon ionization of
NO via the A state, is investigated using the time-energy mapping of the photoelectron angular distribution
in a laboratory frame. The molecular frame photoelectron angular distribution and partial wave
composition are determined from time-energy maps and compared with those obtained by Schwinger
variational calculation (SVC) and state-to-state photoelectron spectroscopy. Good agreement is found
with SVC. By comparison of the phase shifts of the scattering waves and the quantum defects of the
Rydberg states, the / hybridization of p waves is identified.
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Molecules are randomly oriented in gases and liquids,
and their rotation and liberation persist owing to quantum
mechanics. One experimental challenge is to remove direc-
tional averaging in physical measurements and ‘“‘watch”
electronic structures and dynamics in a molecular frame
(MF). Although there have been technical advances in the
alignment and orientation of molecules using nonresonant
electromagnetic fields [1-3], the axis distribution thus
created is still too broad to ignore and often ill character-
ized to deconvolute from laboratory frame (LF) data.

Resonant photoexcitation creates only a weak axis align-
ment: one-photon excitation aligns the transition dipole
moments within 90° (FWHM) in a LE. However, the
created alignment is precise. Taking this advantage, we
demonstrate here the restoration of MF photoelectron an-
gular distribution (MFPAD) [4] and a partial wave analysis
for the benchmark system of molecular photoionization
(PI) dynamics, namely, the (1 + 1’) PI of nitric oxide
(NO) via the A state [5-9]. Our key strategy is the time-
energy (t-E) mapping of LF photoelectron angular distri-
bution (LFPAD) developed in this Letter.

A linearly polarized UV pulse (250 fs, 226.22 nm,
1 kHz) excites NO in a supersonic molecular beam to the
vibrational ground level in the A(>2") state. The rotational
temperature of NO in the beam was approximately 3 K,
which leads to the population mostly in the lowest rovi-
bronic state (X2H1/2, v =0, J”=0.5). The axes of
A-state molecules are perpendicular to the polarization
direction of the pump pulse at + = 0, while their direction
varies with time. The time-dependent molecular axis dis-
tribution in LF is expressed as P(f, ®) = (47)"! X
[1 + A(2)Py(cos®)], =1 = A(r) = 2, where O is the angle
between the molecular axis and the polarization direction
of the pump pulse, and P,(x) is the second-order Legendre
polynomial. A(r) is accurately calculated from the state
multipoles pg( of a coherently excited ensemble of mole-
cules as A(r) = Ayy(1)/ Ay (1) with
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in which N{ and N} are the total angular momentum
quantum numbers exclusive of electronic and nuclear
spin in the A state, J{ and J} are the total angular momen-
tum quantum numbers including electronic spin, Ey; are
rotational energies, and N = +/2N + 1. The state multi-
poles are predicted from molecular constants, rotational
temperature, and the temporal shape of the pump pulse on
the basis of the first-order perturbation theory. A time-
delayed linearly polarized probe pulse (100 fs, 323—
242.5 nm) ionizes NO from the A state to the X(127) state
of NO™, creating an expanding cloud of photoelectrons
liberated from molecules. This electron cloud is projected
onto a high-performance two-dimensional (2D) position-
sensitive detector [10], and the 3D distribution is recon-
structed using computer tomography [11]. As we observe
the PI process without a vibrational quantum change
(Av = 0), photoelectron kinetic energy (PKE) varies
from 0.05 to 1.33 eV with changing probe laser wavelength
[Fig. 1(a)].

LFPAD in two-color two-photon ionization with a par-
allel polarization of the lasers is expressed as

o(t, E)
41
+ B4(t, E)P4(cosh)], ()

I(t,E, 0) = [1+ By(t, E)Py(cosh)

where ¢ is the pump-probe delay, E is PKE, and 6 is the
angle between the electron momentum and the polarization
direction of the laser. We confirmed that the total electron
counts in each photoelectron image measurement exceed
107 for photoelectron anisotropy parameters, 3, and S, to
converge to their true values within an accuracy of 0.01.
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FIG. 1 (color online). (a) The excitation scheme from NO
(X°TL, ), v = 0) to NOT('SF, v* = 0) via the A (27, v/ =
0) state. (b), (c), and (d) Axis alignment factor A(r) and time-
energy maps of photoelectron intensity and anisotropy parame-
ters measured as functions of photoelectron kinetic energy and
pump-probe time delay. o(z, E) data represent the normalized
values at each PKE. The anisotropy parameters were measured
at approximately the half (4.2 ps) and full (8.4 ps) revival times
with a time window of 0.6 ps, whose regions are identified in the
figure as disconnected areas of the surfaces. Photoionization
dynamics was analyzed only with these experimental values;
the anisotropy parameters at different times in this figure were
interpolated to clarify their time dependences.

The actual fitting errors for 8, and 84 were both <0.014,
and the day-to-day errors were less than 0.008. However,
another source of error was the direction of laser beam
propagation, as described elsewhere [10]. Therefore the
overall accuracies of 8 deteriorated slightly to <<0.03.

o(t, E) and B, (1, E) are expressed by Ag,(7) and the
state multipoles of probe light (p,fyo) as [12]

_ N K L ky
o(t, E)BL(1, E) K’k;‘z( D L(O ‘ 0)

X szoAko(f)bkka (E), (3)

where szo are 1/+/3 and —+/2/3 for k, = 0 and 2,

respectively, for linearly polarized probe light. By(z, E) =
1. Figures 1(b)-1(d) show o(t, E), B,(t, E), and B4(t, E)
measured as functions of time and PKE. Because these
quantities are approximately proportional to A(z), we fo-
cused our measurements of B,(f, E) and B4(z, E) on the
half (4.2 ps) and full (8.4 ps) rotational revival times when
A(r) takes its maximum and minimum, respectively. 3, and
B, in the intermediate time range, shown in Fig. 1, were

interpolated to demonstrate their time dependences; they
were not used in the analysis. On the other hand, the
presented o (7, E) data are all experimental values with
normalization at each PKE by setting o(t, E) = 1 at t =
0.9 ps [when A(z) = 0].

In our analysis, we first determine the asymptotic form
of an electron scattering wave function from o(z, E),
B1(t, E), B4(t, E), and A(r). Then, MFPAD is obtained
from the wave function. The wave function of a photo-
electron, in this case, is expressed as a superposition of
[-indexed partial waves withO =/ =3 and A =0or 1 [5-
7]. Therefore, seven partial waves are involved. However,
since the absolute PI cross section and the overall phase of
the wave function are not relevant in this study, six relative
amplitudes and six relative phases are sufficient for de-
scribing MFPADs. The electron scattering wave function is
characterized by the amplitudes and phases of the partial
waves. The amplitude of each wave is determined by the
magnitude of bound-free transition dipole moments, r;,.
The scattering phase is generally divided into the dynami-
cal phase shift y;, and the Coulomb phase shift 1;(E). The
former can be approximated to be energy independent in
the narrow energy range studied in this Letter, whereas the
latter is analytically known. Dipoles and dynamical phase
shifts are included in bKLk,/ in Eq. (3) and can be deter-

mined by the nonlinear regression (NLR) of experimental
t-E maps. Using S-matrix normalized scattering wave
functions, bg (E) are written as
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where [ and A are the orbital angular momentum and its
projection on the molecular axis, respectively.

With the given signal-to-noise ratio of our o(z, E),
B(t, E), and B4(1, E) maps, NLR can determine 11 fitting
variables. Thus 6 relative magnitudes (r;,) and 5 relative
dynamical phases were determined, as presented in
Fig. 2(a). The figure also shows a comparison of our result
with the values obtained by Schwinger variational calcu-
lation (SVC) [5] and state-to-state photoelectron spectros-
copy (SSPES) [7]. The remaining relative phase between
the even and odd partial waves cannot be determined by
t-E mapping and SSPES, and thus we estimated it by
continuum multiple scattering Xa (CMS-Xa) calcula-
tions: the relative phase between so and p 7 was calculated
to be (X5 — Xp») = 1.79 rad, which is in agreement with
the estimate (1.85) by SVC [5].

Figures 2(b)-2(d) present 3D graphics of the MFPADs
determined by #-E mapping, SVC, and SSPES, respec-
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FIG. 2 (color online). (a) The relative amplitudes r;, are
plotted with respect to the dynamical phases y;, of partial waves
obtained through our experiment, SVC [5], and SSPES [7]. The
phases are relative values from y,,, which is fixed at y,, =
0.5 rad. MFPADs determined by (b) time-energy mapping,
(c) SVC, and (d) SSPES.

tively. As shown in Fig. 2(b), an electron is ejected sharply
on the oxygen side at a low PKE in the o channel, and the
distribution gradually grows on the nitrogen side at a high
PKE. In the 7 channel, an electron is ejected at wide angles
at a low PKE, creating a butterfly shape, and the distribu-
tion becomes narrow along the laser polarization at a high
PKE. The asymmetry between the oxygen and nitrogen
sides is small in the 7 channel. The MFPADs of SVC in
Fig. 2(c) reproduce these features rather well, except for
the 7 channel at a very low PKE (0.06 eV). Figure 2(d) for
SSPES was drawn using the result reported for E =
0.183 eV [5] and considering Coulomb phase shifts. A
discrepancy is seen between the results of #-E mapping
and SSPES in the o channel, which is understandable for a
limited signal-to-noise ratio of SSPES using the time-of-
flight method.

Since the MFPADs obtained by 7-E mapping and SVC
are very similar, we examined whether 7-E mapping can
discriminate their differences. Figure 3(a) shows the 7-E
maps calculated from the partial wave compositions re-
ported by SVC. SVC reproduces the anticorrelation of
B1(t, E) and B,(t, E) with A(f) at a high PKE and the
increasing rotational modulation depth with PKE.
However, the calculated modulation is too weak at low
PKE, particularly for (3,. The result demonstrates that 7-E
mapping is sensitive to small differences in MFPAD.
Similar plots are shown for SSPES in Fig. 3(b).
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FIG. 3 (color online). Simulated time-energy maps of photo-
electron intensity and anisotropy parameters. Simulations based
on (a) Schwinger variational calculations [5] and (b) state-to-
state photoelectron spectroscopy at £ = 0.183 eV [7].

Figure 2(a) shows both the magnitude and sign of the
phase differences. The interference between the partial
waves is generally expressed as cos(¢), — ¢,), where ¢
is the (overall) phase shift of a scattering wave, and a and b
represent different partial waves. Since cosine functions
are invariant for the phase reversal to ¢, — ¢,, PAD
generally leaves two possible solutions for the phase rela-
tion at a certain energy. One way to determine the true
phase is to measure the circular dichroism in PAD
[7,13,14] in PI with circularly polarized light. Because
the optical phase is transferred to the partial wave and
creates the sine function, sin(¢, — ¢,), the combination
of the sine and cosine functions allows for the unique
determination of the phase differences [7]. Although, t-E
mapping uses only linearly polarized light, n(E) changes
with PKE, which plays the same role as the ellipticity of
light [15]. The #-E maps can be explained only with the
unique set of dynamical phases including their signs when
analytically known 7(E) is taken into account. This is an
important feature of ¢-E mapping.

The quantum defect theory (QDT) [8,16,17] relates the
scattering state and Rydberg state (RS): the dynamical
phase shifts of their wave functions are essentially the
same and related to the quantum defect 6;, of RS as y;, =
70, [18]. This relation has been experimentally verified
for atomic PI [19-22]. However, in a molecular case, this
argument requires caution. Although molecular RSs are
categorized into s, p, d, etc., from their quantum defects,
their actual wave functions may be [ hybridized [23],
because the orbital angular momentum / is not a good
quantum number for a nonspherical system (molecules).
In the treatment of PI using a scattering theory, the bound-
ary conditions can be set such that MFPAD is obtained
without expressing the hybridization of /-wave explicitly
[24]. However, when we compare RSs with scattering
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TABLE I. Differences between scattering phase shifts
(Ax)— pm) in radians units (mod 7). The numbers in parentheses
for Ay, are 1o uncertainties in our analysis, and those for
quantum defects (7A8,,_,,) are their variation in the energy
range, taken from Ref. [29], in the PKE range studied in this
Letter.

IA po fo fm
AXir—pr —0.006(72) 1.027(79) 0.782(82)
TAS ) pr —0.267(19) 0.952(35) 0.942(35)

states on the basis of QDT, we must use eigenchannel wave
functions for both states in order to correctly account for /
hybridization [8,23,25].

The hybridization of Rydberg orbitals was observed
experimentally for s — d and weakly for s — fand d — f
of NO [26-28], whereas no hybridization was identified for
other orbitals. Given that the hybridization of RSs is not
precisely known, the prediction of dynamical phase shifts
from quantum defects could be inaccurate. On the contrary,
any deviation of the observed phase shifts from the pre-
diction will point to the hybridization of / waves. Thus, we
compared the phase shift difference Ay, ,, =
(X1» — Xpn) determined by #-E mapping and those pre-
dicted from the difference between the quantum defects of
RSs [29], multiplied by 7, ie., wA8;,_,, = 7(5;) —
8 ,7), in Table I. The deviations of the observed Ay, ,»
from the predictions of wAS;,_,, were 0.26 + 0.07 and
—0.16 = 0.09 rad for po — pm and fm — pm, respec-
tively. The former suggests that p RSs (po or pm or
both) are not pure and / hybridized. Consequently, it is
concluded that corresponding p scattering waves are also /
hybridized.

The observed A x /-, can be explained by the hybrid-
ization of pm and fw with off-diagonal elements of
—0.11 £0.07 in a 2 X 2 p — f mixing matrix in the 7
channel [25], by neglecting the small r;, shown in
Fig. 2(a). The value is 1 order of magnitude larger than
that predicted by ab initio QDT within frozen-core ap-
proximation, i.e., —0.01 [30]. On the other hand, the
ab initio QDT [30] predicted relatively large off-diagonal
elements of s — p and p — d hybridizations in the o
channel, i.e., 0.03 and 0.09, respectively. The experimen-
tally observed relative phases in Table I are consistent with
the theory [30] if the difference between Ay, ,, and
mAS ;- pr arises mainly from s — p — d hybridization in
the o channel.

In conclusion, ¢-E mapping enables the complete deter-
mination of PI dynamics with femtosecond time resolution
without the need for rotational state resolution. It is im-
portant to note that #-E mapping will enable the elucidation
of the PI dynamics of large molecules, even if they have
rather short excited-state lifetimes.
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