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Photoelectron angular distributions (PADs) obtained from ionization of potassium atoms using
moderately intense femtosecond IR fields (∼1012 Wcm−2) of various polarization states are shown to
provide a route to “complete” photoionization experiments. Ionization occurs by a net three-photon
absorption process, driven via the 4s → 4p resonance at the one-photon level. A theoretical treatment
incorporating the intrapulse electronic dynamics allows for a full set of ionization matrix elements to be
extracted from 2D imaging data. 3D PADs generated from the extracted matrix elements are also compared
to experimental, tomographically reconstructed, 3D photoelectron distributions, providing a sensitive test
of their validity. Finally, application of the determined matrix elements to ionization via more complex,
polarization-shaped, pulses is demonstrated, illustrating the utility of this methodology towards detailed
understanding of complex ionization control schemes and suggesting the utility of such “multiplexed”
intrapulse processes as powerful tools for measurement.

DOI: 10.1103/PhysRevLett.112.223001 PACS numbers: 32.80.Fb, 32.80.Qk, 32.80.Rm

So-called “complete”measurements of ionization dynam-
ics aim to obtain the amplitudes and phases of the ionization
matrix elements which describe the ionization event in
terms of the partial wave decomposition of the outgoing
photoelectron [1,2]. Since determining the phases requires
anobservable inwhich interferencesbetweenpartialwavesare
present, photoelectron angular distributions (PADs) are
required for complete measurements. Such experiments have
long been performed for atomic systems [1,3] where, for
example, PADs obtained via pump-probe schemes utilizing
linearly polarized light and a range of pump-probe geometries
[4–6], or different polarization states [7], have allowed the
relativeamplitudeandphaseof twoionizationmatrixelements
to be determined [8]. For molecules, various experimental
techniques, including molecular frame PADs [9–11], time-
resolved rotational wave packet studies [12,13], and state-
resolvedmeasurements[14–16],havebeendemonstrated.The
common thread to all of these measurements is the necessity
ofadatasetcontainingsufficient information to reliablyobtain
the set of ionizationmatrix elements (whichmay be large) via
some typeof fittingprocedure.Here “sufficient” refers to both
the size of the experimental data set and the fundamental
level of detail present [2]. For example, measurements from
the Zare group demonstrated the level of detail obtainable via
polarization [14,15]; work from Elliott’s group investigated
the role of interferences between one and two photon ioniza-
tion pathways, including control of PADs [17–19].

Generalized control schemes utilizing shaped laser
pulses can be considered as intrapulse pump-probe experi-
ments; in this context, such schemes constitute highly
multiplexed light-matter interactions, in which a large
parameter space is interrogated coherently in the time
domain, and could be considered as a natural continuation
of serial measurement schemes for measuring atomic and
molecular properties. Furthermore, measurement of the
physical properties relevant to the control scheme allows
the control processes to be understood in detail, rather than
treated as a black-box optimization scheme, as pointed out
in Refs. [20,21]. In this Letter, we demonstrate this
principle using an experimental scheme originally designed
with the aim of controlling PADs [22,23] but, instead, make
use of the data to elucidate the ionization matrix elements.
Because of the high information content of the PADs
obtained, four experimental measurements prove sufficient
for a determination of the ionization matrix elements in this
case. The treatment presented herein can readily be
extended to more complex, arbitrarily shaped pulses, and
also to more complex ionization processes, including
molecular ionization in cases where the intrapulse dynam-
ics is computationally tractable, allowing for truly multi-
plexed measurements beyond the proof of concept shown
here. We demonstrate this principle by application of the
determined matrix elements to ionization via a polarization-
multiplexed pulse.
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The experimental setup has been covered in detail in
Refs. [22,24,25]. Here, we briefly outline the control
scheme for the case of polarization shaped pulses.
Moderately intense (∼1012 Wcm−2) laser pulses (795 nm,
30 fs, bandwidth 60 meV FWHM) were focussed into
potassium vapor (generated by a dispenser source) in the
interaction region of a velocity-map imaging spectrometer,
allowing measurement of 2D projections of the full 3D
photoelectron distribution. Basic control of the ellipticity of
the pulse was achieved via a λ=4 plate, while more complex
pulse shapes were attained with the use of a spatial light
modulator in a 4f configuration [22,26]. In the case of
cylindrically symmetric distributions, a single 2D projec-
tion is sufficient to reconstruct the full 3D distribution via
standard inversion techniques [27]; for noncylindrically
symmetric distributions, several projections must be
obtained and a tomographic reconstruction technique
applied to obtain the original 3D distribution [24,28,29].
In order to understand and treat the intrapulse light-

matter interaction (i.e., simultaneous excitation and ioniza-
tion dynamics) we split the problem conceptually into two
steps, (1) a nonperturbative absorption at the one-photon
level, the “pump” step, (2) a perturbative two-photon
ionization, the “probe” step [30]. This is essentially an
intrapulse 1þ 2 resonance-enhanced multiphoton ioniza-
tion scheme, where the first step is near resonant with the
potassium 4s → 4p transition, and the second step is
nonresonant. A schematic of the ionization pathways for
this net three-photon absorption process is given in Fig. 1.
The pump process describes the interaction of the control

field with the atom at the one-photon level. With a
moderately intense, near resonant field, coherent popula-
tion transfer is driven. These Rabi oscillations follow the
driving electric field and, crucially, depend sensitively on
the instantaneous properties of the light field. The pop-
ulation dynamics during the laser pulse are then given by
the time-dependent Schrödinger equation,

d
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where sðtÞ, pþ1ðtÞ, and p−1ðtÞ are the state vector compo-
nents for the 4s and 4pðm ¼ �1Þ states; ΩL=RðtÞ ¼
μL=REL=RðtÞ are Rabi frequencies, where μL=R are the
transition amplitudes, and EL=RðtÞ represents the electric
field expanded in a spherical basis; δ�1 represents the
detuning of the laser from the resonant frequency of the

transition. In this work, μL=R, E0 (total electric field
strength) and ℏ are all set to unity. For determination of
PADs, these simplifications are acceptable as only the
relative population of m ¼ �1 states will affect the angular
distribution [31]. To define the polarization state of the
light, a spectral phase ϕy is applied to the y component of
the E field [22]. An example of the population dynamics is
given in Fig. 1, illustrating how the difference in magni-
tudes of the ELðtÞ and ERðtÞ components describing an
elliptically polarized field give rise to different pþ1 and p−1
populations.
The probe process describes the subsequent absorption

of two photons resulting in ionization of the 4p excited
state. Generally, the ionization matrix elements for a
one-photon ionization process can be written as
hψe;ψ ijμ⋅Ejψni, where the subscripts denote the free
electron (ψe), ion (ψ i), and neutral (ψn) wave functions,
respectively, and μ⋅E defines the light-matter coupling; this
matrix element can be conveniently decomposed into radial
and angular parts [32]. For the specific case at hand, the
two-photon transition amplitude for a transition from state
jli; mii to a final state jlf; mfi, via a virtual intermediate
state jlv; mvi, can be written as a product of one-photon
transitions integrated over the laser pulse
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FIG. 1 (color online). Schematic of the three-photon ionization
scheme for potassium. jl; mi states colored red or blue are
accessed by ER or EL components of the field only, while states
colored green can be accessed by both components via different
pathways. Percentages are from Table I. The lower panel shows
an example of the population dynamics and the envelope of the
laser pulse.
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where the summation is over all pathways from the initial,
ionizable, states jli; mii, weighted by their populations
pmi

ðtÞ, and all polarization states q. Here, RlilfðkÞ are the
radial components and hlfmf; 1qjlimii are Clebsch-Gordan
coefficients which describe the angular momentum cou-
pling. In writing this form, we have assumed that (a) the
dipole approximation applies [32], (b) that the ionization
can be treated perturbatively, hence, the resultant matrix
elements are independent of the instantaneous pulse in-
tensity (i.e., constant over the pulse envelope), and (c) a
single active electron picture with no angular momentum
coupling of the virtual and final one-electron states to
the nascent ion core. We note that, most generally, these
approximations could be removed, resulting in a more
complex angular momentum coupling scheme with addi-
tional partial wave components due to additional electron-
ion scattering, and intensity-dependent RlilfðkÞ.
The observed photoelectron yield as a function of angle,

for a single k or small energy range dk over which we
assume the RðkÞ can be regarded as constant, is then given
by the coherent square over all final (photoelectron) states
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where the Ylmðθ;ϕÞ are spherical harmonics.
Finally, we note that the PAD can also be described

phenomenologically by βLM parameters [1], where

Iðθ;ϕ; kÞ ¼
X
L;M

βLMðkÞYLMðθ;ϕÞ: ð4Þ

The information content of the observed PADs can be
considered in terms of the number of L, M terms present
in this expansion, which will, therefore, depend on both the
inherent properties of the system and the laser pulse

parameters, as shown in Eq. (2). For example, use of linearly
polarized light restricts Eq. (4) to terms with M ¼ 0 only.
In order to apply the preceding treatment, the angular

momentum coupling coefficients are calculated analytically
and the population dynamics numerically, leaving only the
Rll as unknowns: determination of these complex radial
matrix elements is the aim of “complete” photoionization
experiments. To generate 3D photoelectron distributions,
PADs calculated according to Eq. (3) were convoluted with
a Gaussian radial distribution; 2D image-plane projections
were generated by summation of the 3D gridded volumetric
data. Although numerically intensive, this procedure gen-
erates 2D projections that can be compared directly with
2D experimental imaging data even in the case of non-
cylindrically symmetric distributions. The Rll were then
determined by optimizing the computed 2D projections. In
this procedure, the Rll were expressed in magnitude and
phase form, Rll ¼ jRlljeiδll , where −π ≤ δll ≤ π; also,
Rl1l2 ¼ R�

l2l1
. Because absolute phases cannot be deter-

mined, δ01 at the one-photon level was set to zero as a
reference phase. Technical details of this fitting procedure,
including uncertainty estimates and Monte Carlo sampling
of the fitting parameter (χ2) hyperspace, will be given in a
future publication [33].
The best fit images are shown in Figs. 2(a)–2(d). The

fitted results show a reasonable agreement with the exper-
imental data in terms of the form of the angular distribu-
tions, and trend with polarization but a less satisfactory
agreement in terms of the width and scaling of the features;
we attribute this to the assumption of a Gaussian radial
distribution. Nonetheless, the obtained ionization matrix
elements appear to be relatively insensitive to these issues
because they are primarily defined by the angular coor-
dinate of the image. The calculated βLM, as a function of
ϕy, are shown in Fig. 2(e). Nonzero values are found for
L ¼ 0; 2; 4; 6 and even M terms, consistent with the

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

0

0.2

0.4

0.6

0.8

 

 

βL,M

L=2

L=6
L=4

M=±
M= 2
M=±4
M=±6

-0.6

-0.4

-0.2

F
it

E
xp

er
im

en
t

(a) φy=0

Z

E
Y

(b) φy=π/5

Z

E
Y

(c) φy=2π/5

Z

E
Y

(d) φy=π/2

Z

E
Y

Linear Circular

(e)

a b dc

Linear Circularφy/rad

FIG. 2 (color online). Experimental and computed 2D photoelectron velocity map images. (a)–(d) Raw experimental data and fit
results. The laser propagates along the z axis; electrons are detected or integrated in the ðy; zÞ plane. (e) Calculated βLM parameters
[Eq. (4)] as a function of polarization (ϕy)

PRL 112, 223001 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
6 JUNE 2014

223001-3



experimental symmetry and the total number of photons
absorbed [1], and a smooth variation in the parameters is
observed with ellipticity.
The fitted parameters obtained are given in Table I. Here,

the magnitudes are normalized to give total cross sections
of unity at the one-photon and two-photon levels. The
results show that the final photoelectron wave function,
summed over all paths to each final state jRlilf j2 ¼ðPvjRlilv jjRlvlf jÞ2, is 57% f wave and 43% p wave in
character. This is consistent with the expectation from the
shape of the PAD, which has strong L ¼ 6 character, that
the f wave dominates, but also reveals a significant
contribution from l ¼ 1 partial waves, primarily via the
p → s → p channel. The relative phases of the final
continuum waves are quite different, revealing partially
destructive interference between the p and f waves. It is
interesting to note that since the scattering phase and
Wigner delay are directly related [34], these phase
differences indicate a significant difference in emission
time of all the continuum waves, including a dependence
on the virtual state since the p → s → p and p → d → p
paths accumulate different total phases [35].
To further validate these results, we next consider in

detail the full 3D distributions. Figure 3 shows the 3D
photoelectron distributions for two polarization states. The
experimental data [Figs. 3(a) and 3(c)] were tomograph-
ically reconstructed from a set of 2D images, as detailed in
Ref. [24]. The tomographic data provides a full 3D map of
the PADs, providing details which may be obscured in
single 2D projections of noncylindrically symmetric dis-
tributions. This data compares well to the calculated
distributions, Figs. 3(b) and 3(d), with Rll based only on
fitting of the less detailed 2D projections, confirming that
the full angular structure is well determined by the fitted
matrix elements. The fit results were further validated at the
level of the βLM parameters [Eq. (4)]; this analysis will be
discussed in a future publication [33].
Finally, we illustrate, in Fig. 4, the application of the

ionization matrix elements determined above to the case of

more complex polarization-shaped pulses. For such polari-
zation-shaped pulses, the PAD can be considered as a
coherent sum over the “basis states” given by the PADs
correlated with individual polarization states, as defined by
the βLMðϕyÞ expansion in Fig. 2(e); an experiment utilizing
a polarization-shaped pulse, thus, constitutes a highly
multiplexed interrogation of the light-matter interaction
in polarization space. Consequently, the PAD may be
highly structured, and is extremely sensitive to the exact
shape of the laser pulse, which affects the contributions of
each ionization pathway to the coherent summation (see
Supplemental Material [36]).
In this work, we have demonstrated the utility of complex

intrapulse light-matter interactions as a means to complete
photoionization experiments. Thismethodology is applicable
to any arbitrarily shaped laser field, providing the ionization
can be treated perturbatively and the photoelectron energy
spread is small [with respect to the response of RðkÞ], thus,
enabling a route to designing control fields with full under-
standing of the control process. Combined with tomographic
reconstruction, or othermeans of obtaining full 3DPADs, this
should be a powerful technique for understanding the
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FIG. 3 (color online). Experimental and computed 3D photo-
electron velocity distributions. (a),(c) Measured distributions
obtained via tomographic reconstruction; (b),(d) calculated dis-
tributions based on the fitted ionization matrix elements.

TABLE I. Fitted values for the relative transition matrix
element magnitudes, jRllj, and phases, δll. The square of the
magnitudes is expressed as a percentage of the total transition
amplitude, normalized to unity for each step (these percentages
are also shown in Fig. 1). Uncertainties in the last digit are given
in parentheses.

Transition jRl1l2 j jRl1l2 j2=% δl1l2=rad:

l1 l2

i → v p s 0.34 (3) 12 (4) 0a

p d 0.94 (8) 88 (11) −1.62ð4Þ
v → f s p 0.85 (8) 72 (12) −0.19ð3Þ

d p 0.14 (2) 2 (2) −2.08ð8Þ
d f 0.51 (9) 26 (13) 0.24 (7)

aReference phase, set to zero during fitting.

Z X
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Z X
Y

(a) -0.5π (b) -0.995π

FIG. 4 (color online). Calculated 3D PADs and 2D projections
for EX;YðtÞ obtained by application of a spectral phase mask to the
red half of the spectrum (similar to the experimental pulses
discussed in Ref. [22]) of (a) ϕy ¼ −π=2 and (b) ϕy ¼ −0.995π.
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ionization dynamics in many atomic systems and should be
extensible to the more complex case of molecular ionization
dynamics, including multiphoton ionization of chiral mole-
cules (which exhibits photoelectron circular dichroism
[37,38]), with the inclusion of the relevant angular momen-
tum couplings in Eq. (2) [39]. With the ongoing interest in
PADs in many related contexts [40]—most generally as
probes of molecular dynamics—our methodology has great
potential for detailed understanding of the role of ionization in
a range of measurements. The extraction of the ionization
matrix elements from experimental data in general wave
packet dynamics experiments would represent a significant
step beyond the semiquantitative models applied so far [41],
although suchproblemswill naturally be challenging. Finally,
we note the possibility of turning the methodology around,
and using well-characterized processes with known ioniza-
tion dynamics as in situ probes of complex laser fields in a
manner analogous to other ionization-basedmethods used for
attosecond pulse metrology [42].

We thank Albert Stolow for suggesting this collabora-
tion. We thank one of the referees of this Letter for
suggesting the application to pulse metrology.
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