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We present, for the first time, rotationally resolved photoelectron images resulting from the ionization

of a polyatomic molecule. Photoelectron angular distributions pertaining to the formation of individual

rotational levels of NH3
þ have been extracted from the images and analyzed to enable a complete

determination of the radial dipole matrix elements and relative phases that describe the ionization

dynamics. This determination leads to the deduction of significantly different dynamics from those

extracted in previous studies which lacked either angular information or rotational resolution.
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Photoelectron angular distributions (PADs) are interfer-
ence patterns, the position of whose lobes and nodes are
determined by phase differences between the asymptotic
scattering partial waves needed to express the photoelec-
tron wave function [1]. For this reason, PADs are crucial
probes of photoionization dynamics [2]. Because the num-
ber of scattering partial waves describing these dynamics
increases with the complexity of the target that is ionized, a
complete determination of the photoionization dynamics
of a polyatomic molecule requires that PADs associated
with a variety of experimentally controlled variables
should be measured. One way of achieving this is to mea-
sure PADs for defined vibrational and rotational states of
the polyatomic ion that is formed; an alternative is to
measure PADs in a frame defined by the molecule. Both
of these options present significant experimental chal-
lenges. The former requires an energy resolution that is
beyond the limits of most techniques used in photoelectron
spectroscopy, with the exception of the threshold method
known as ZEKE which precludes the measurement of
PADs. To date, PADs associated with resolved ion rota-
tional states have only been measured for the diatomic
molecules H2 and NO [3]. The latter option requires a
means of fixing the molecular frame with respect to the
lab which has typically been achieved by the detection of a
fragment ion in coincidence with the emitted photoelec-
tron, limiting the systems that can be studied. This method
has enabled the determination of the photoionization dy-
namics of various diatomic molecules [4], and linear tria-
tomic molecules such as CS2 [5].

In recent years, the technique of velocity map imaging
(VMI) of photoelectrons [6] has gained popularity as an
efficient method by which some ion internal state resolu-
tion is possible along with a simultaneous measurement of
the associated PADs [7]. Although it has been shown that
the energy resolution of this technique improves as photo-
electron kinetic energy is reduced [8], rotational resolution

of a polyatomic ion has not been demonstrated to date.
Despite this, a VMI study allowed the determination of the
photoionization dynamics of the linear polyatomic mole-
cule acetylene owing to the operation of strict symmetry
selection rules which restricted the possible dynamical
pathways [9]. For nonlinear polyatomic molecules, such
restrictions will be less severe or absent, and rotational
resolution is required unless approximations are made [10].
Ammonia (NH3) is pyramidal in its ~X 1A00

1 ground elec-
tronic state, but planar in the ground electronic state of the
ion and in the Rydberg states that converge on it. This
enables a Rydberg state to be prepared on excitation from
the vibrationless ground state which has significant quanta,
v2, in the �2 ‘‘umbrella’’ vibrational mode. In the work
presented here, the ~B 1E00 (predominantly p� Rydberg
state) is prepared with four quanta in this vibrational
mode, and various selected rotational levels, using two
photons from a nanosecond laser beam at �315 nm. The
rotational levels are denoted NK, where N is the rotational
angular momentum quantum number and K denotes its
projection on the C3 molecular axis. Several probe (ion-
ization) wavelengths were used; here, we present results at
431.3 nm which allows the formation of the NH3

þ ion in

rotational levels associated with the �v2 ¼ 0 transition,
creating photoelectrons with kinetic energies up to
�300 cm�1 (0.037 eV).
Our VMI spectrometer follows the now standard Eppink

and Parker design [6], and has been described in detail
elsewhere [11]. A 10% mixture of ammonia in argon was
introduced into the spectrometer via a pulsed nozzle [11].
Photoelectrons were focused by an electrostatic lens
onto a position sensitive detector comprising two micro-
channel plates and a phosphor screen. The electrostatic
lens voltages were �160V (repeller) and �108V (extrac-
tor), chosen to expand the photoelectron clouds resulting
from the (2þ 10) ionization process so that they filled the
detector, at the expense of those photoelectrons resulting
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from (2þ 1) ionization which fell beyond the edges of the
detector.

In Figs. 1(a) and 1(b), we show photoelectron images
following the excitation of ammonia from its NK ¼ 11
rotational level in the ~X 1A00

1 state to the NK ¼ 32 and 22
rotational levels in the ~B 1E00 state, respectively, and ion-
ization with 431.3 nm. The images were analyzed using the
pBasex inversion method [12] to give photoelectron kinetic
energy and angular distributions. The distributions thus
extracted from the images shown in Fig. 1 are shown in
Figs. 2 and 3. The peaks in the photoelectron kinetic energy
distribution shown in Fig. 2 can be assigned to NK levels of
the NH3

þ ion, as labeled in Figs. 2 and 3, by comparison

with previous work in the literature [13,14].
A detailed comparison can be made with two earlier

studies in which ammonia was ionized following excitation
to the ~B 1E00 state [15,16]. In these studies, threshold
ionization was used enabling excellent energy resolution
but no angular information. In the work published by
Softley and coworkers [16], multichannel quantum defect
calculations were also used to analyze the observed ion
rotational state distributions. The use of field ionization in
both of these studies, and the fact that extracted electrons
were born with zero kinetic energy, may mean that the
recorded spectra were susceptible to different ionization
dynamics from those observed here. Nonetheless, it is
instructive to compare the ion rotational state distributions
with the ones measured here. Strict parity selection rules
govern the ion states that are formed. The transitions
studied here all involve para-NH3, which means that the
formation of NH3

þ with K ¼ 0 or 3, which would be

ortho, is forbidden. In addition, odd-l photoelectron partial
waves are associated with the formation of ion states with
K ¼ 2, 4 and even-l with K ¼ 1, 5 [17].

Beyond these selection rules, a strong propensity is
observed for those transitions with �N ¼ 0, �1, �K ¼
�1, where �N is the change in N on ionization from the
selected ~B 1E00 state level, and �K is the corresponding
change in K. This is consistent with the assignment of the
~B 1E00 state as predominantly a p� Rydberg state that
obeys atomiclike selection rules [16], i.e., a propensity
for the formation of photoelectron partial waves with l ¼

0, 2. Less intense features that can be explained by atom-
iclike selection rules originating from the minority d�
contribution to the ~B 1E00 state [16] can also be seen in
the spectra and give rise to rotational levels with �K ¼
�2. Of particular interest is the population of ion rotational
levels resulting from transitions with �N > 1, �K ¼ 1
which cannot be explained by atomic selection rules.
This includes the 11 and 51 levels [Fig. 2(a)] and the 41
level [Fig. 2(b)]. The breakdown of these selection rules
reflects the rescattering of the photoelectron from the
short-range, noncentral molecular potential, and the ex-
change of angular momentum between the outgoing elec-
tron and the ion core. These features are observed with
different relative intensities in this work and in the two
threshold ionization studies. For example, the 51 feature
which is clearly visible in Fig. 2(a) is much smaller in
Ref. [16] and not seen at all in Ref. [15]. In addition, the 31
feature (Fig. 2) is the most intense ‘‘atomiclike’’ line
originating from the p� Rydberg component in
Ref. [16], but least intense in both our work and in
Ref. [15].
Photoelectron angular distributions (PADs) associated

with resolved NH3
þ rotational states have not been mea-

sured before, although vibrationally resolved PADs have
been measured corresponding to photoelectron kinetic en-
ergies of �1 eV [10]. The PADs shown in Fig. 3 have
significant anisotropy and are strikingly sensitive to ion
rotational state. The fact that three photons are involved in
the ionization process means that, providing cylindrical

FIG. 1. Raw photoelectron images recorded via the
(a) 11 ! 32 (b) 11 ! 22 pump transitions and a probe wave-
length of 431.3 nm.
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FIG. 2. Photoelectron spectra extracted from images recorded
via the (a) 11 ! 32 (b) 11 ! 22 pump transitions (solid line).
Corresponding simulated photoelectron spectra using rotational
level positions based on the rotational constants taken from
Ref. [13], and intensities derived from the �00 values calculated
using the matrix elements listed in Table I (dashed line).
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symmetry is maintained, the angle-resolved photoelectron
intensity in the lab frame, Ið�;�Þ, can be expressed as a
sum of four terms:

Ið�;�Þ ¼ �00Y00ð�;�Þ þ �20Y20ð�;�Þ þ �40Y40ð�;�Þ
þ �60Y60ð�;�Þ; (1)

where the YLMð�;’Þ are spherical harmonic functions, and
the �LM coefficients are anisotropy parameters, with �00

giving the angle-integrated cross section. Significant �60

values are required to fit several of the PADs. Some of the
PADs related to NK levels in the ion which are only
accessible via rescattering [11 in Fig. 3(a); 41 in Fig. 3(b)]
show large �60 terms which dominate the PAD. Other
PADs also have significant �60 values [e.g., 41 in
Fig. 3(a)], but this contribution is less substantial in
PADs that can be accounted for by ‘‘atomiclike’’ photo-
ionization. The appearance of nonzero �60 terms requires
the production of partial waves with orbital angular mo-

mentum l � 3 in the rescattering process, and if the ion
rotational level has K ¼ 1 or 5 then, from above, l must be
even, and so g waves are required.
The extracted �LM parameters can be fit to a model

[9,10,18] that enables the determination of the magnitudes,
rl�, and phases, �l�, of the radial dipole matrix elements
connecting a given ~B 1E00 state level to a given l� photo-
electron partial wave. These matrix elements represent
integrals over the internuclear coordinates according to
the appropriate vibrational wave function and are expected
to depend only weakly on photoelectron kinetic energy
[19]. Therefore, it was possible to include PADs associated
with ion rotational levels that were formed following six
different ~X 1A00

1 ðv2 ¼ 0Þ ! ~B 1E00ðv2 ¼ 4Þ transitions

(11 ! 10, 20, 22, 32; 10 ! 11, 31), giving 30 unique
PADs in all, in a single fit. Fitting was performed in
Matlab (R2006b) using the LSQCURVEFIT algorithm. The
fit was intensity-weighted to allow for larger uncertainties
in the extracted �LM coefficients for PADs correlated with
weaker features in the spectrum. The rotational branching
ratios were not fitted directly, but can be simulated from the
�00 values obtained from the fitted dipole matrix elements.
Fits of those PADs shown in Fig. 3 to the model are

presented in the same figure as dashed lines, and the
simulated spectra resulting from the rotational branching
ratios predicted by the fit are shown underneath each
relevant experimental spectrum in Fig. 2. From angular
momentum coupling �Nmax ¼ lmax þ 1, so partial waves
up to a maximum l of 3 are sufficient to account for all of
the rotational peaks seen in the spectra. However, as dis-
cussed above, the presence of l ¼ 4 is required to allow for
the nonzero �60 contribution to some of the PADs corre-
lated with odd Kþ. This result is significant as previous
studies of the photoionization dynamics of ammonia in its
~B 1E00 state have excluded contributions from l > 3
[10,16]. It also illustrates that rotational branching ratios
alone are insufficient to determine photoionization dynam-
ics. As can be seen in the examples shown in Figs. 2 and 3,
the final parameters reproduce both the PADs and rota-
tional spectra very convincingly, especially for those rota-
tional states that are expected to be formed in the atomic
picture. Although the PADs associated with features which
arise from rescattering, and the corresponding features in
the rotational spectra, are not so well reproduced, the fit
result is robust, and because of the intensity, weighting
applied does not change significantly if the rescattering
features are omitted altogether.
The final parameters and associated uncertainties are

listed in Table I. The magnitudes rl� are normalized such
that the total cross section is unity. In this work only
relative magnitudes can be determined because the abso-
lute cross-section is not measured. Table I also lists r2l�
values, the relative cross section for each l� component,
and the relative l-wave cross section Fl. Relative phases
are split into even-l and odd-l because there is no interfer-
ence between the two continua. In each case, one phase is

11

21

41

54

51

(a)

11

21

31

44

41

E

31 + 44

(b)

Expt.

Calc.

FIG. 3. Polar plots of photoelectron intensity according to
Eq. (1) using the �LM values extracted from the pBasex inversion
of the images recorded via the (a) 11 ! 32 (b) 11 ! 22 pump
transitions (solid line) and �LM values calculated from the dipole
matrix elements listed in Table I (dashed line). For plotting
purposes, all PADs are normalized such that �00 ¼ 1. Errors
are derived from pBasex [12] during image analysis.
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set to 0 as a reference phase, and the final results are quoted
unsigned and mod (360�). The radial dipole matrix ele-
ments we have determined show a substantial d-wave con-
tribution, but also a significant, and irrefutable, g-wave
contribution (�10% of the overall photoelectron intensity)
which has not been observed before [10,16], but is required
to explain the observed anisotropies in the rotationally
resolved PADs. Given the mixed p�=d� character of the
~B 1E00 Rydberg state, the g wave can only be caused by
rescattering of the initially formed photoelectrons from the
molecular potential, resulting in mixing of orbital angular
momenta. There are also differences in the relative con-
tribution of the � components of each l wave; this cannot
be explained by an atomic analogy.

Of particular interest are the deduced phase differences
between partial waves, whose unambiguous experimental
determination relies on the measurement of photoelectron
angular distributions for resolved ion rotational states [2].
The relative phases, �l�, can in principle be predicted from
the quantum defects, 	l�ðnÞ at n ! 1 [19] once the
Coulomb phase has been subtracted. However, the quan-
tum defects in ammonia have only been deduced from
experiment for n < 20 in the s, p, and d Rydberg series
[16]. The phases predicted from these values do not agree
well with those resulting from our fit. Because we have
measured PADs associated with each ion rotational level
formed following six different ~X 1A00

1 ðv2 ¼ 0Þ !
~B 1E00ðv2 ¼ 4Þ transitions, we have confidence in the
uniqueness of the determined values of our radial dipole
matrix elements and phases (Table I), as corroborated by
extensive mapping of the 
2 hypersurface probed by our
fit. In earlier work [10,16], in which fewer experimental
data points were obtained, the available values of the
quantum defects were used directly to fit the data. Our

results lead us to conclude that this gives an incorrect
picture.
In conclusion, we have shown that resolution of ion

rotational states combined with the measurement of photo-
electron angular distributions has enabled the first com-
plete determination of the radial dipole matrix elements
and relative phases that describe the photoionization dy-
namics of a nonlinear polyatomic molecule. Significant
rescattering of the photoelectron, in particular into the
g-wave continuum channel, is invoked to explain the an-
isotropies observed for photoionization of NH3ð ~B 1E00Þ;
this is supported by the fit to our data and differs signifi-
cantly from the conclusions of earlier studies. Finally, we
note that the use of an appropriate ionization wavelength
allows the rotational resolution of small polyatomic ions to
be achieved with photoelectron imaging.
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TABLE I. Fitted magnitudes (rl�) and relative phases (�l�) of
the radial dipole matrix elements for ionization with associated
uncertainties. The �l� values include the Coulomb phase shifts.

l � rl� �l�ðdegÞ r2l�ð%Þ Flð%Þ
s � 0.357(12) 0* 12.7(17) 12.7(17)

p � � � � � � � 13.0(11)

� 0.361(8) 0* 13.0(11)

d � 0.137(4) 31(9) 1.9(5) 53.0(7)

� 0.387(2) 16(3) 15.0(3)

� 0.601(3) 149(2) 36.1(4)

f � � � � 10.7(2)

� 0.084(1) 162(3) 0.7(1)

� 0.143(1) 153(1) 2.1(1)

� 0.282(1) 153(1) 8.0(1)

g � 0.171(7) 92(9) 2.9(10) 10.5(17)

� 0.276(8) 64(23) 7.6(12)

� 0.000(5) � � � 0.0

� � � � � � �
� � � � � � �
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