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Motivation/Review
• Polarization, Alignment and Orientation Studies of Atomic Collisions were

motivated by the quest for the complete quantum mechanical information
about the processes of interest. Hence they are closely related to the idea of
“Complete Scattering Experiments” (Bederson).

• To carry out such experiments, one needs to resolve the initial and final
states, including their orbital angular momenta and magnetic quantum
numbers, the energy, scattering angle, and possibly the spin (of the
projectile and the target).

• This can be done by electron-photon coincidence setups with polarization
analysis of the light (Stokes parameters) and/or laser-preparation of the
initial state (time-reversed setup).

• Data from such experiments often serve as benchmarks for the
development of theoretical/computational methods. If a theory can
reproduce all the details, it can reasonably expected to predict quantities
of high(er) interest for applications (e.g., total cross sections for modeling
of plasmas and stars) correctly as well.
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Fig. 7.18 Differential cross section (a) and electron impact coherence parameters L⊥ (b), γ (c),
and Pℓ (d) for electron impact excitation of the 21Po state in helium from the ground state 11S at
an incident electron energy of 50 eV. The theoretical curves correspond to: RMPS [39], CCC [40],
and DWBA [41]. The sources for the experimental data are from [42]− [46].

imental datasets and theoretical predictions from the “R-matrix with pseudostates”
(RMPS) [39] and the “convergent-close-coupling” (CCC) [40] models for excita-
tion of the 21P in helium at an incident electron energy of 50 eV. A much simpler
first-order distorted-wave approach [41], formulated many years ago by Madison
and Shelton [47], does very well in reproducing the differential cross section (DCS)
and also the EICPs for small scattering angles. Not surprisingly, however, it fails for
the large scattering angles if the very detailed sublevel and phase resolved informa-
tion is compared. Similar problems, at comparable impact energies, are found with
predictions from the “first-order may-body theory” (FOMBT) [48].

At lower collision energies, such as 30 eV, simpler close-coupling-type methods
including only discrete target states can also be expected to predict the outcome of
the collision process with reasonable accuracy. This is shown in Fig. 7.19 where
experimental EICP results [49] for excitation of the 33Po state in helium are com-
pared with results from CCC [50] as well as 29-state [51] and 19-state [52] R-matrix
calculations. The overall agreement between experiment and theory is satisfactory,
slightly favoring (as expected) the CCC model. Note that the observed radiation
(33Po → 23Se) is depolarized in this case, but the EICPs directly after excitation
have been recovered (see also Chapter 2).

He 21P excitation: Problem solved in the mid 1990s

CCC & RMPS 
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Fig. 7.12 The amplitudes f+1 and f−1 for impact S → P excitation without accounting for electron
spin.

Fig. 7.13 Atomic P-state excitation and P → S photon emission along the quantization axis in the
natural coordinate frame. Only the magnetic sublevels with M = ±1 will be populated.

where we have defined the weighting factors w±=| f±1|2/σ with w++w− =1. As
the second parameter, we choose the alignment angle γ of the major symmetry axis
of the charge cloud in the scattering plane. This angle, defined mod π within the
interval −π

2 ≤ γ ≤ π
2 , is related to the phase angle δ (cf. Fig. 7.12) through (2.39),

δ = arg
(
f+1 f ∗

−1

)
= −2 γ ± π. (7.11)

Determination of the parameter set (σ ; L⊥; γ ) thus constitutes a complete scatter-
ing experiment, as can be seen from the relationship between the density matrices
describing the excited P state and the emitted photons in the optical decay of this
state (see Sect. 5.7).

The first Born approximation (FBA) is a useful starting point for the discussion of
experimental and theoretical data. For electron scattering, the selection rule ∆M = 0
holds along the direction of momentum transfer [50]. Furthermore, LFBA

⊥ = 0. Denot-
ing the incident energy by E and the energy loss by ∆E , the relation between the
scattering angle θ and the alignment angle γ FBA is directly read from the momentum
vector diagram in Fig.7.14, namely

tan γ FBA = sin θ/(cos θ − x) , (7.12)

where x = [E/(E − ∆E)]1/2. For ∆E > 0, γ FBA is always negative (note the sense
of rotation in the definition of γ in Fig. 7.14) and assumes its minimum value, γ FBA

min ,
at the scattering angle θmin, where ∆k is perpendicular to kout, i.e.,

two independent amplitudes 
in “natural frame”; 
in collision frame,
f0 and f1 = –f–1

angular-momentum
transfer (starts positive) 

length = (1+Plin)/2
width = (1-Plin)/2
height = 0; P4 can measure it

photon detector with polarization analysis
allows for complete experiment! 

DWBA o.k. for
angles < 90o
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Fig. 7.24 Differential cross section σ and coherence parameters (L⊥,Pℓ,γ,ρ00,P) for electron im-
pact excitation of the He 11S→ 31D transition at an incident electron energy of 40 eV. The experi-
mental data of Mikosza et al. [59] and McLaughlin et al. [57] are compared with CCC calculations
(solid line) of Fursa and Bray [50] and with the predictions from the First Born Approximation
(dotted line).

the observed radiation in a scattered-electron–single-photon coincidence is almost
unpolarized (P1,P2,P3≈0.0) for scattering angles in the range between 100◦ and
120◦.

These findings become considerably more transparent in the parameters intro-
duced in (7.19–7.24). We first discuss the relative sizes. Figure 7.25 displays the

He 31D excitation: Problem solved numerically as well
Interpretation is more difficult

three amplitudes

electron-(single)-photon 
coincidence insufficient

triple coincidence needed (done by
Mikosza & Williams); need theory to 
distinguish true from “ghost” solution



He 31D excitation: 40 eV (CCC predictions)

left: actual 
charge cloud

right: apparent 
charge cloud from 
electron-single-photon
coincidence setup



Two Examples of Experimental Progress: 
Magnetic Angle Changer (MAC)  and Reaction Microscope (REM)

(There are many more, e.g., FELs, HHG, ...)



• solu t ion
Michael Allan's high-resolution spectrometer to measure:

– specific angles
– specific transitions (energy selection)

Magnetic Angle Changer (MAC)



• A m agn et ic an gle-ch an ger (R ead an d C h an n in g) a llows m easu r em ent s a t
ex t r em e an gles, in clu d in g 180◦ .

The "Magnetic Angle Changer" (MAC), developed by Reid and Channing, 
makes it possible to measure the full angular range, including 180o and 
other angles for which stainless steel may be in the way.



The Reaction Microscope
Ullrich, Moshammer, Dorn, Schmidt, Cocke, Schmidt-Böcking, (+ Cocke), 

Rep. Prog. Phys. 66 (2003) 1463

Used in A. Dorn's group for (e,2e) and even (e,2eγ)
They can get the full 3D-picture in a single shot!

4.2 Differential Cross Sections 51

spectrometer using three toroidal electron analyzers in conjunction with time- and
position-sensitive detectors to observe the three outgoing electrons. This setup en-
ables the simultaneous observation of two or even three (in double ionization pro-
cesses) outgoing electrons. Figure 4.7 shows a schematic illustration of their triple
coincidence spectrometer.

Fig. 4.8 The reaction microscope of Ren et al. [48]. The projectile-electron beam is crossed with
a supersonic gas beam. The projectile is created by a pulsed ultraviolet (UV) laser illuminating a
photocathode. The outgoing electrons and ions are extracted by a homogeneous electric (E) field,
created by a series of parallel electrodes, and detected by two-dimensional position- and time-
sensitive multi-hit detectors. A pair of Helmholtz coils generates a uniform magnetic (B) field,
which forces the electrons into cyclotron trajectories and guides them onto the detector. The time-
of-flight for each particle from the collision region to the respective detector is determined by the
clock signals from the projectile pulse and the detectors.

A very important experimental development in electron-atom/molecule scatter-
ing (and also heavy-particle collisions) is the reaction microscope described by
Ullrich et al. [47]. In contrast to conventional electron spectrometers, it uses recoil-
ion and electron momentum spectroscopy to measure the vector momenta of outgo-
ing charged particles.

A recent version, developed by Ren et al. [48] to study single ionization pro-
cesses, is shown in Fig. 4.8. The RM operates on entirely different principles from
conventional electron spectrometers. Briefly, a pulsed beam of electrons crosses a
supersonic atom beam. The ejected electrons and the recoiling ions are extracted in
opposite directions by a weak uniform electric field parallel to the incident electron
beam direction. A uniform magnetic field is also applied in this direction to confine



This is how it works ...



This is how it really looks like!



Examples of Theoretical/Computational Progress
• Theory: Some of formulations have been extended (e.g., P – P transitions,

advanced angular momentum gymnastics, collisions in fields, ...)

• Computation: The enormous increase of computational power has led to
the development of methods that can solve the Schrödinger (even Dirac)
Equation with high accuracy for “simple systems” (H, He, quasi-one and
quasi-two electron targets). They include:
– Convergent close-coupling (CCC)

– R-matrix with pseudostates (RMPS)

– Exterior complex scaling (ECS)

– Time-dependent close-coupling (TDCC, also for heavy-particle impact)

• For more complex targets and processes, such as the heavy noble gases,
ionization with excitation, fully-differential ionization, molecular targets, ...
– B-spline R-matrix (BSR) has had significant success

– DWBA with proper 3-body Coulomb boundary condition (3C, 3DW, M3DW, ...)
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Selected Examples for Electron Impact:
Spin Polarization, Propensities, P2 Controversy,  Atoms & Molecules

Setup at Münster (1980 – 2010)
(I actually worked on this!)



Two Sets of Observables:

Generalized STU Parameters

Generalized Stokes Parameter
matrix with elements Qij (n).

P1: 0o/90o linear
P2: 45o/135o linear
P3 = -h2: left/right circular

^



Spin-Dependent Angular Momentum Transfer 
and Propensities (h2 = -P3 = Lperp)

Experiment: Hg 3P1
Herting et al., 2002

8 eV

10o
5-state 
Breit-Pauli
R-matrlx

Relativistic
Distorted-Wave

up

down

average

The average value is 
positive at small angles.

Many attempts have been
made to explain this propensity,
with varying levels of success.



Propensities are just that ...

Experiment: Hargreaves, 
Khakoo et al.

Phys.	Rev.	A	85 (2012)	050701
Theory: BSR

e-Ne at 25 eV
is an exception.
Why???

rock solid

very sensitive
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Topological angular momentum in electron exchange excitation of a single atom

J. F. Williams, L. Pravica, and S. N. Samarin
ARC Centre of Excellence for Antimatter and Matter Studies Centre for Atomic, Molecular and Surface Physics (CAMSP),

School of Physics, M013, University of Western Australia, Perth 6009, Australia
(Received 15 July 2011; published 6 February 2012)

In a single free two-valence-electron atom, the motion of the electron spin is a consequence of quantum
statistics and the Pauli exclusion principle. Subsequently, during an electron impact exchange excitation from
a 1S0 MS = 0 to a 3S1 MS = 0 state, the electron spin is “parallel transported” around a closed path with a
geometrical Berry phase of π radians creating an aligned exchange spin angular momentum. This alignment is
observed via the Stokes parameter P2 of the photon decay into a 3P state. The geometric phase is in addition to
the dynamic phase. Measurements from zinc and mercury atoms in different laboratories show the effect close
to the excitation threshold where there are no competing excitation processes. Similar effects are expected in
other atomic and molecular quantum scattering processes where comparable geometrical or topological paths
exist. Electron quantum scattering theories use antisymmetrized wave functions but none include this geometrical
exchange angular momentum.

DOI: 10.1103/PhysRevA.85.022701 PACS number(s): 34.80.Dp

I. INTRODUCTION

The realization of basic concepts of quantum mechanics has
led to the use of electron intrinsic spins as quantum memory
elements and polarized photons as quantum information carri-
ers. The advances are frequently underpinned by observations
and predictions of tunable geometrical and topological phase
transitions between electronic states, particularly in insulating
materials, and have inspired learning how to make diverse and
complex materials and to control their electronic properties.
The idea and uses of topological phase has pervaded many
areas of science and it is also a unifying concept of its
many profound observational consequences. Its applications
are many and varied, for example, in magnetism [1], surface
physics [2], topological insulators [3], quantum dot resonance
fluorescence [4], cold atoms [5], the quantum Hall effect
[6], and magnon dynamics [7]. Recently, Berry recalled [8],
instructively, the diversity of fundamental ideas and paths
leading to his concept and related geometrical and topological
phases. Here we explain our recent observations [9] in terms
of a geometric Berry phase [10,11] where, in a free single
atom with only two electrons in the outer valence orbits,
spin-polarized electron exchange excitation from a singlet
S = 0, MS = 0 to a triplet S = 1, MS = 0 state is described
essentially as parallel movement of electron spin around a
closed path with an inherent phase change of π radians in
the wave function. The process causes alignment rather than
polarization of the electron charge cloud. The path in a single
atom provides exact quantum phase change calibration in
addition to the dynamic scattering phase change. We explain
two independent observations of zinc (3d10) 4s2 and mercury
(5d10) 6s2 ground-state atoms excited by a spin-polarized
electron beam.

Following the formulation of the intrinsic spin of fermions
[12], seminal contributions [13–15] expanded the concepts
and far-reaching effects of electron spin which underpin our
approach. The combination of intrinsic spin and topological
phases has progressed from thought experiments [16,17] into
three types of measurements, usually to observe a topological
phase. Here we do not distinguish between geometric and

topological phases. The first type transports two beams of
particles in well-separated paths, recombines the beams, and
searches for interferences, with or without [18] a simultaneous
classical dynamic phase. A second type prepares particles
in states |1⟩ and |2⟩, parallel transports them around cyclic
paths in some parameter space, and observes frequency shifts
of transitions between those states [19,20]. The third type
prepares particles in states a|1⟩ + b|2⟩ and transports them
along a closed path and observes the polarization of photons
from the decay of an excitation process, which we follow
here. Broader geometrical considerations concern the ideas
of how such phases and their consequences can be detected
in, for example, wave vortices [8] and chemical reactions
[21]. Generally these types of observations are most clear in
particle-scattering experiments with incident spin-polarized
particles (and/or spin asymmetrical targets and/or geometries)
and when observations are made of asymmetries without
which opposing fermion spin effects may cancel. Interwoven
in such experiments are the effects of spin-orbit coupling
arising from either external or internal origins and which
may either enable or confuse their interpretations. Our initial
fundamental approach uses a beam of spin-polarized electrons
and a beam of single two-valence-electron atoms without
external electric and magnetic fields which then cannot be
invoked to explain our observations. We chose to explore
the electron spin exchange excitation from a “pure” singlet
S = 0, MS = 0 state to a triplet S = 1, MS = 0 state
with zero orbital angular momentum in both initial and final
states was not expected and where a spin-orbit interaction
was not expected. These expectations are discussed later. The
scattering conditions were chosen so the dynamic phase was
small and accurate optical detection methods could be used
to observe angular-momentum changes. This approach, thus,
chose a simple excitation process in an atom with two electrons
in the valence shell and with the Pauli exclusion principle
controlling the symmetry of the eigenfunctions and the motion
of the electron spins. The experimental environment was
confined to the simplicity and exactness of single atoms in
a beam.

022701-11050-2947/2012/85(2)/022701(8) ©2012 American Physical Society

"The task remains for theory to include a topological nondynamical phase."

The P2 Controversy
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Comment I on “Topological angular momentum in electron exchange excitation of a single atom”

Christopher J. Bostock,* Dmitry V. Fursa, and Igor Bray
ARC Centre for Antimatter-Matter Studies, Curtin University, GPO Box U1987, Perth, Western Australia 6845, Australia

(Received 4 April 2012; published 9 January 2013)

In their recent paper, Williams et al. [Phys. Rev. A 85, 022701 (2012)] report on the apparatus and
experimental method for the measurement of the Stokes parameter P2 associated with spin-polarized electron
impact (3d10s2) 1S0 → (3d104s5s) 3S1 excitation of zinc. On the basis of a qualitative semiclassical argument, they
make the following claim regarding the discrepancy between theory and experiment for P2: “The task remains
for theory to include a topological nondynamical phase.” We analyze the validity of this assertion.

DOI: 10.1103/PhysRevA.87.016701 PACS number(s): 34.80.Dp

Discrepancies between theories and experiment are the
hallmark of progress in physics. The past two decades have
seen immense progress in the theoretical understanding of
electron-atom collisions. Excitation and ionization processes
are now able to be routinely calculated utilizing recently
developed advanced theoretical methods [1–5]. Some of these
techniques have also been shown to work very well in the
fully relativistic domain [6,7]. Together, these methods have
resolved many long-standing discrepancies between theory
and experiment.

Recently, Pravica et al. [8] have outlined the experimental
method for the measurement of the P2 Stokes parameter as-
sociated with spin-polarized electron-impact (3d104s2) 1S0 →
(3d104s5s) 3S1 excitation of zinc. The light polarization,
measured for the optical decay to the (4s4p) 3P0,1,2 states,
was found to be significantly different from zero (nearly 10%
for the final 3P0 state) in the cascade-free region just above
the excitation threshold, whereas, all presented calculations
predicted less than 0.01%. Using the relativistic convergent
close-coupling (RCCC) method [9] with the state multipole
theory of Bartschat et al. [10], we also obtain near 0% for
P2 in consistent agreement with R-matrix and relativistic
distorted-wave theories [8].

Williams et al. [11] suggest that the electron-atom collision
theories neglect the “geometric exchange angular momentum”
that is utilized in the paper of Berry and Robbins [12] by stating
“Electron quantum scattering theories use antisymmetrized
wave functions, but none include this geometrical exchange
angular momentum.” Furthermore, they suggest “the nonzero
P2 values are interpreted as consequences of the rotational
motion of the exchanged electron spin causing an effective
angular momentum associated with the spin-orbit interaction.”
We address these two statements below.

Berry and Robbins [12] explicitly state that their method
of employing a transported spin basis that exchanges the spins
along with the positions, rather than a fixed spin basis, produces
exactly the same results as conventional quantum mechanics.
A verbatim quote from their conclusion reads:

“. . . this quantum mechanics leads to the same physics
(e.g., the exclusion principle) as more conventional
quantum mechanics.”

*c.bostock@curtin.edu.au

Therefore, it would be inconsistent for any scattering
theory to employ both antisymmetric wave functions and
a transported spin basis because they are two separate and
distinct means to achieve a phase change of (−1) in the
exchange of two spin-1/2 particles. To employ both methods
would lead to a destruction of the wave function’s symmetry
properties, which enforce the Pauli exclusion principle.

The spin-orbit interaction, Darwin term, and relativistic
mass corrections all follow from the nonrelativistic limit of the
Dirac equation. In the RCCC method, which is entirely based
on the Dirac equation, we are not free to insert extra ad hoc
spin-orbit interaction terms. Furthermore, applications of the
Dirac equation to semiclassical [13,14] and nonrelativistic lim-
its [15,16] of electron dynamics have indicated the emergence
of geometric phases in the dynamics. For example, Mathur [15]
highlights that: “The spin-orbit interaction is shown to arise
as a Berry phase term in the adiabatic effective Hamiltonian
for the orbital motion of the Dirac electron.” In a similar
vein, Shankar and Mathur [16] report that: “The Thomas
precession in the nonrelativistic limit of the Dirac equation
may be attributed to a non-Abelian Berry vector potential.”
The important point to draw from these papers is that the
geometric phase dynamics emerge from the Dirac equation
in various nonrelativistic and semiclassical approximations. It
would be erroneous to insert extra geometric phase terms into
ab initio scattering theories based on the Dirac equation.

Berry’s review articles [17,18] clearly demonstrate the
importance of accounting for phases when the parameters of a
quantum-mechanical wave function are slowly cycled around
a circuit. However, the essential theme across many areas
of physics is that geometric phases arise naturally from the
underlying equations describing the phenomena. For example:
(i) Berry [19] highlights that his geometric phase approach for
the well-known Aharonov-Bohm effect [20] can be shown
to be equivalent to that obtained by properly incorporating
the vector potential A into the Schrödinger equation. (ii)
In analyzing the cyclic changes in the polarization of light
traversing twisted dielectrics, Berry [21] shows that the geo-
metric phase manifesting itself can be derived from Maxwell’s
equations. Likewise, the geometric phases that manifest in
light propagating through twisted optical fibers [22,23] can
be explained using classical electrodynamics (Maxwell’s
equations) by integrating the parallel transformation of the
electric-field vector inside the optical fiber [24].

016701-11050-2947/2013/87(1)/016701(2) ©2013 American Physical Society

Theorists did not agree (and still don’t!)

Last sentence: ”We analyze the validity of this assertion.”
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The experimental studies with zinc atoms leading to the
present paper were reported recently in a brief communication
[9] as “unexpected effects,” and without explanation, in
the spin-polarized excitation (3d104s2)1S0 → (3d104s5s)3S1
process. That paper outlined briefly the relevant apparatus
and experimental methods from the viewpoint of traditional
polarized electron scattering from a beam of zinc atoms,
the observations of photon polarizations, and the deductions
of Stokes parameters and their comparison with quantum
scattering calculations. Subsequently we became aware of the
work of Goeke [22] and Goeke et al. [37] on the spin-polarized
excitation in the similar (3d106s2)1S0 → (3d106s7s)3S1 pro-
cess for mercury atoms which is included here as independent
evidence supporting our observations. The present paper
provides further details of instruments and techniques, an
exhaustive description of measurements made to validate and
to establish the experimental certainty, and then interprets
the observations of nonzero linear Stokes P2 parameter data
(defined later) in terms of a topological phase.

II. EXPERIMENTAL METHOD

The implementation of our approach rests on the well-
known quantum descriptions [23,24] relating the observable
intensity of electric dipole radiation emitted in a given direction
and in a given state of polarization to expectation values of
components of the total electronic angular momentum J of the
excited state. An intuitive picture of the dipole radiation and its
polarization was developed from an orthogonal right-handed
xyz axis coordinate system defined by the incident electron
beam momentum vector ke and electron spin Pe for planar
scattering geometry [24,25] as represented in Fig. 1. Briefly,
the z axis is defined by the propagation vector ke of a
spin-polarized electron beam and the electron transverse spin
locates the y direction such that planar symmetry of scattering
is defined. Photons, emitted from an atom located at the origin,
are observed along the y axis. The observed photon intensity

FIG. 1. (Color online) The geometrical (xyz) reference frame
and scattering geometry. The spin P e momentum k0 vectors of the
incident electron beam define the scattering (yz) planar symmetry
with the target atoms at the origin. Photons emitted along the y axis
are analyzed with wavelength filters and linear and circular polarizers
before detection with a photomultiplier.

I (θ ) is measured for the linear polarizations parallel to the xz
plane with the polarizer transmission axis at an angle θ with
respect to the incident electron beam direction and similarly
for circular polarization with positive I (σ+) or negative I (σ−)
helicities.

The circular polarization of the emitted photons is
proportional to the quantum expectation value of the angular
momentum of the excited state in the y direction, i.e., the
orientation ⟨Jy⟩. The linear polarizations are proportional to
quantum expectation values of combinations of second-order
components of the angular momentum which describe
the xz coplanar alignment [25,26] of angular momentum
normal to ⟨Jy⟩. Quantitative information providing a
complete description of the polarization of outgoing photons
then is obtained from the Stokes parameters Pi which
are defined as P1 = [I (0◦) − I (90◦)]/[I (0◦) + I (90◦)],
P2 = [I (45◦) − I (135◦)]/[I (45◦) + I (135◦)], and P3 =
[I (σ+) − I (σ−)]/[I (σ+) + I (σ−)] and from the total
intensity which is equal to each of the denominators in
those expressions. In that way, those observables can be
related [21,22] to physical pictures of the expectation values
of components of the total electronic angular momentum
J of the excited state and to the orientation and alignment
(tensors) of the electron charge cloud of the excited state or
equivalently calculated the quantum scattering amplitudes
and phases.

The implementation of the corresponding experimental
approach has been described previously [9]. Briefly, the
polarized electrons arise by photoemission from a GaAs
surface by 830-nm circularly polarized light in a UHV system
at 4 × 10−11 Torr. Both zinc and mercury atoms have two
electrons in their outer shell with energy-level separations
providing optical transition with short radiative lifetimes and
enabling efficient polarization analyzers for the radiation
detected by single pulse counting systems with nanosecond
timing resolution. Relatively large cross sections and long
particle counting times resulted in good statistical counting
accuracy. For both zinc and mercury atoms, excitation from
the ground ns2 1S0 state to the ns (n + 1)s 3S1 state, with
observation of the decay radiations into the ns np 3PJ=0,1,2
sublevels (with n = 4 for zinc and 6 for mercury), is of interest
within about 0.5 eV of threshold where there is no cascade
radiation and no alternative excitation process. Importantly,
the fine-structure states J = 0,1,2 for both atoms were well
separated. The measurements were made for single atoms in a
beam in an electric and magnetic field-free environment.

A. Validity of the techniques

The brief communication [9] of the unexpected results for
zinc atoms gave rise to many questions about the experimental
details. Here we describe the many tests made to ensure
the validity, accuracy, and precision of the techniques and
measurements, particularly for the validity of the nonzero
values of P2. These tests are mentioned with far more
detail than usually presented because of this first reported
interpretation of a topological phase for single atoms and of
the associated need to define precisely the observed quantities.

(i) During a 6-year period the whole apparatus was
taken apart and moved to a preferred environmental
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(viii) Further confirmations of the validity of the measure-
ments are the values of P1 and P3, which show the expected
and predicted results. If nonzero values of P2 were caused by
some instrumental effect, there is no reason why P1 and P3
should not have been affected. Three transitions with different
wavelengths were studied and all three exhibit the same
behavior. Furthermore, the nonzero P2 values were evident
in three different transitions and their values agreed with the
depolarization indicated by the 6j symbols.

In summary, these eight considerations indicate strong
support for the validity and self-consistency of the
measurements.

Additional evidence for the validity and significance of our
measurements was obtained from the Stokes parameters for
excitation of a neighboring 1S state where exchange does not
occur. Observations of the 518.2-nm decay radiation from the
excited 4s6s 1S0 state to the 4p1P state are shown in Fig. 4.
Within about the first 0.6 eV above the 8.19-eV threshold
for excitation all three integrated Stokes parameters are zero
within the statistical uncertainties. This result is consistent
with the absence, at least below detection levels, of exchange
excitation for a well LS-coupled singlet state with a spherical
electron charge cloud. Both P2 and P3 are negligibly small
compared with the data for the 5s3S excitation. The data are
also consistent with the expectation that Mott scattering is
not likely to be effective for the S-state excitation without

exchange. In summary, our apparatus and techniques measured
zero Stokes parameters for a 1S state where zero should
be measured where both exchange and Mott scattering are
expected to be zero. About 1 eV above threshold the three
Pi parameters are definitely nonzero, most likely by transfer
of polarization through cascade from higher states, but the
possibility of resonance phenomena cannot be excluded for an
electron energy resolution of about 0.3 eV; however, it is only
the threshold region that is of concern here.

IV. EXCHANGE AND SPIN-ORBIT EFFECTS
IN MERCURY

The results from the zinc studies alone are sufficient and
necessary to justify our interpretation in the next section.
However, the marked similarity of behavior between all of
the above data for zinc and mercury requires the following
comments. The common factors are the exchange excitation
process from a 1S to a 3S state, the electronic structure of two
electrons in the outer valence shell, and that the P3 values of
the fine-structure levels are in the ratio of 1, 1

2 , and -1/2 and P2
values in the ratio required by the Clebsch-Gordan coefficients
of −1, 1/2, and 1/1, the third value not being determined with
sufficient certainty. Moreover, the energy resolutions of the
mercury and zinc data are similar, which assists their visual
comparison.
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FIG. 2. The integrated Stokes parameters Pi=1,2,3 for zinc atoms excited from the ground 4s1S0 state to the 5s3S1 state and observed by the
subsequent radiative decay to the 4p 3P0,1,2 states with photon wavelengths for J = 0,1,2 of 468.1, 472.3, and 481.1 nm, respectively. The data
were normalized to an electron beam polarization which varied for different measurements but was normally of the order of 66 ± 0.5%. The
threshold excitation energy for the 4s5s 3S1 state is 6.65 eV and for the first cascading 5p 3P state at 7.6 eV, as shown by the vertical lines.
The open circles indicate measurements using unpolarized electrons and the closed circles using polarized incident electrons and normalized
to the average incident spin Pe..
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in three different transitions and their values agreed with the
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compared with the data for the 5s3S excitation. The data are
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not likely to be effective for the S-state excitation without
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expected to be zero. About 1 eV above threshold the three
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possibility of resonance phenomena cannot be excluded for an
electron energy resolution of about 0.3 eV; however, it is only
the threshold region that is of concern here.
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The results from the zinc studies alone are sufficient and
necessary to justify our interpretation in the next section.
However, the marked similarity of behavior between all of
the above data for zinc and mercury requires the following
comments. The common factors are the exchange excitation
process from a 1S to a 3S state, the electronic structure of two
electrons in the outer valence shell, and that the P3 values of
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to the average incident spin Pe..

022701-4

e + Zn (4s2) —> e + Zn (4s5s)3S1 —> e + Zn (4s4p)3P0,1,2 + hn
Farago & Wykes (1969); Wykes (1971) suggested optical Pe measurement
Eminyan & Lampel (1980): P3 = factor(Jf) x Pe (confirmed experimentally)
K.B. & K. Blum (1982): P1 = P2 = 0 (independent of Pe for this transition)

P3/Pe

P2/Pe

P1

???



The latest development (Clayburn and Gay, ICPEAC 2017)

More in T.J. Gay’s talk.



The latest development (Clayburn and Gay, ICPEAC 2017)

I like these three 
points a lot! J



PHYSICAL REVIEW A 87, 016702 (2013)

Comment II on “Topological angular momentum in electron exchange excitation of a single atom”
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A recent article by Williams et al. [Phys. Rev. A 85, 022701 (2012)] highlights a discrepancy between
experiment and theory for the linear light polarization P2 measured after impact excitation of zinc atoms by a
spin-polarized electron beam. The claim is made that current collision theories must be modified by including
a geometric (Berry) phase in the calculations in order to reproduce the experimental data for Zn and similar
data from the Münster group for Hg. We show that the e-Hg data can be qualitatively reproduced by our fully
relativistic B-spline R-matrix approach without any further modification.

DOI: 10.1103/PhysRevA.87.016702 PACS number(s): 34.80.Dp

A serious discrepancy between experimental data and
theoretical predictions was recently reported [1] for spin-
polarized electron-impact excitation of the (4s5s) 3S1 state
in Zn atoms. The linear light polarization P2, measured for
optical decays to the (4s4p) 3P0,1,2 states with a photon detector
aligned along the direction of the spin polarization Pe of the
incident electron beam, was found to be significantly (nearly
10% for the final state 3P0) different from zero, whereas, all
available numerical calculations predicted an effect of less
than 0.01% in the cascade-free region just above the excitation
threshold. In 1982, Bartschat and Blum [2] predicted a zero
result for P2/Pe if the following assumptions were valid: (i)
Relativistic effects, both for the projectile-target interaction
and in the target structure description alone, can be neglected;
(ii) the orbital electronic angular momentum L and the spin S
of the excited target state are well defined, i.e., configuration
interaction with terms of different L’s and S’s is negligible.
The (4s5s) 3S1 state in Zn seems to be a very good candidate
for such a case, and Zn is sufficiently light that spin-orbit
effects during the excitation process are likely small. Hence,
very small absolute values of P2/Pe were expected, and the
experimental results reported in Ref. [1] came as a major
surprise.

After discussing the P2/Pe discrepancy between theory and
experiment once again for e-Zn excitation in their subsequent
paper [3], to which this Comment is directed, Williams et al.
conclude with the firm recommendation: “The task remains
for theory to include a topological nondynamical phase.” No
suggestion, however, is made how this might or should be
performed. We are not aware of any electron-atom collision
theory that includes such a phase. The above statement about
“theory,” however, seems to imply a view that something is
missing. It is worth pointing out, therefore, that the most
successful ab initio theories, especially those based on some
variant of the close-coupling expansion for the projectile-
target collision system, employ properly antisymmetrized
wave functions for all electrons in the system rather than
the alternative formulation proposed by Berry and Robbins
[4]. Note that Berry and Robbins themselves emphasize the
alternative character of their approach. In Sec. 7 (p. 1784) of
their paper, they state that “. . . this [their formulation] quantum
mechanics leads to the same physics (e.g., the exclusion
principle) as more conventional formulations, . . . .”
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FIG. 1. P2/Pe for spin-polarized electron-impact excitation of the
(6s7s) 3S1 state in Hg with subsequent optical decay to the (6s6p) 3P0

state. The experimental data of Goeke [5] are compared with the
DBSR prediction based on the model described in Ref. [6].

We have no doubt that tremendous experimental effort
and attention to detail were exercised in generating the
experimental e-Zn results. As elaborated on in Refs. [1]
and [3], the data appear to be consistent against all cross
checks performed to date and, hence, remain a mystery that we
cannot explain at the present time. Figure 1, however, shows
that the experimental data, obtained in Münster for the e-Hg
collision system nearly 30 years ago [5], which were used in
Ref. [3] as further supporting evidence for the need to include a
Berry-type phase, can, at least, be qualitatively reproduced by
the Dirac-based B-spline R-matrix (DBSR) model described
in Ref. [6] without making any further changes to the method
or the accompanying computer code. As seen in the figure,
we obtain absolute values of up to nearly 5% for e-Hg in the
cascade-free region.

We are currently investigating the dependence of these
predictions on the details of the model, in particular, the
description of the target structure. These calculations are ex-
tremely demanding and computationally expensive. Hence, we
cannot yet pinpoint an unambiguous reason for the differences
in the theoretical results for Zn and Hg. A promising candidate
is a significant admixture (about 7% in the present DBSR
model) of what would correspond, in a semirelativistic model,

016702-11050-2947/2013/87(1)/016702(2) ©2013 American Physical Society

The experimental data from the Münster
group (Goeke, Wolcke, Hanne, Keßler) 

were never published! Why???

BSR gets nonzero P2/Pe for Hg, but not for Zn.
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a geometric (Berry) phase in the calculations in order to reproduce the experimental data for Zn and similar
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relativistic B-spline R-matrix approach without any further modification.
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in Zn atoms. The linear light polarization P2, measured for
optical decays to the (4s4p) 3P0,1,2 states with a photon detector
aligned along the direction of the spin polarization Pe of the
incident electron beam, was found to be significantly (nearly
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threshold. In 1982, Bartschat and Blum [2] predicted a zero
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(ii) the orbital electronic angular momentum L and the spin S
of the excited target state are well defined, i.e., configuration
interaction with terms of different L’s and S’s is negligible.
The (4s5s) 3S1 state in Zn seems to be a very good candidate
for such a case, and Zn is sufficiently light that spin-orbit
effects during the excitation process are likely small. Hence,
very small absolute values of P2/Pe were expected, and the
experimental results reported in Ref. [1] came as a major
surprise.

After discussing the P2/Pe discrepancy between theory and
experiment once again for e-Zn excitation in their subsequent
paper [3], to which this Comment is directed, Williams et al.
conclude with the firm recommendation: “The task remains
for theory to include a topological nondynamical phase.” No
suggestion, however, is made how this might or should be
performed. We are not aware of any electron-atom collision
theory that includes such a phase. The above statement about
“theory,” however, seems to imply a view that something is
missing. It is worth pointing out, therefore, that the most
successful ab initio theories, especially those based on some
variant of the close-coupling expansion for the projectile-
target collision system, employ properly antisymmetrized
wave functions for all electrons in the system rather than
the alternative formulation proposed by Berry and Robbins
[4]. Note that Berry and Robbins themselves emphasize the
alternative character of their approach. In Sec. 7 (p. 1784) of
their paper, they state that “. . . this [their formulation] quantum
mechanics leads to the same physics (e.g., the exclusion
principle) as more conventional formulations, . . . .”

7.7 7.8 7.9 8.0 8.1 8.2 8.3 8.4
Energy (eV)

Hg (6s7s) 3S1 ---> (6s6p) 3P0

P2/Pe

−0.10

−0.08

−0.06

−0.04

−0.02

 0.00

 0.02

FIG. 1. P2/Pe for spin-polarized electron-impact excitation of the
(6s7s) 3S1 state in Hg with subsequent optical decay to the (6s6p) 3P0

state. The experimental data of Goeke [5] are compared with the
DBSR prediction based on the model described in Ref. [6].

We have no doubt that tremendous experimental effort
and attention to detail were exercised in generating the
experimental e-Zn results. As elaborated on in Refs. [1]
and [3], the data appear to be consistent against all cross
checks performed to date and, hence, remain a mystery that we
cannot explain at the present time. Figure 1, however, shows
that the experimental data, obtained in Münster for the e-Hg
collision system nearly 30 years ago [5], which were used in
Ref. [3] as further supporting evidence for the need to include a
Berry-type phase, can, at least, be qualitatively reproduced by
the Dirac-based B-spline R-matrix (DBSR) model described
in Ref. [6] without making any further changes to the method
or the accompanying computer code. As seen in the figure,
we obtain absolute values of up to nearly 5% for e-Hg in the
cascade-free region.

We are currently investigating the dependence of these
predictions on the details of the model, in particular, the
description of the target structure. These calculations are ex-
tremely demanding and computationally expensive. Hence, we
cannot yet pinpoint an unambiguous reason for the differences
in the theoretical results for Zn and Hg. A promising candidate
is a significant admixture (about 7% in the present DBSR
model) of what would correspond, in a semirelativistic model,
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The experimental data from the Münster
group (Goeke, Wolcke, Hanne, Keßler) 

were never published! Why???

BSR gets nonzero P2/Pe for Hg, but not for Zn.
Hg is not Zn!

I suggest to look at Hg again!
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In their recent paper, Williams et al. [Phys. Rev. A 85, 022701 (2012)] report on the apparatus and
experimental method for the measurement of the Stokes parameter P2 associated with spin-polarized electron
impact (3d10s2) 1S0 → (3d104s5s) 3S1 excitation of zinc. On the basis of a qualitative semiclassical argument, they
make the following claim regarding the discrepancy between theory and experiment for P2: “The task remains
for theory to include a topological nondynamical phase.” We analyze the validity of this assertion.

DOI: 10.1103/PhysRevA.87.016701 PACS number(s): 34.80.Dp

Discrepancies between theories and experiment are the
hallmark of progress in physics. The past two decades have
seen immense progress in the theoretical understanding of
electron-atom collisions. Excitation and ionization processes
are now able to be routinely calculated utilizing recently
developed advanced theoretical methods [1–5]. Some of these
techniques have also been shown to work very well in the
fully relativistic domain [6,7]. Together, these methods have
resolved many long-standing discrepancies between theory
and experiment.

Recently, Pravica et al. [8] have outlined the experimental
method for the measurement of the P2 Stokes parameter as-
sociated with spin-polarized electron-impact (3d104s2) 1S0 →
(3d104s5s) 3S1 excitation of zinc. The light polarization,
measured for the optical decay to the (4s4p) 3P0,1,2 states,
was found to be significantly different from zero (nearly 10%
for the final 3P0 state) in the cascade-free region just above
the excitation threshold, whereas, all presented calculations
predicted less than 0.01%. Using the relativistic convergent
close-coupling (RCCC) method [9] with the state multipole
theory of Bartschat et al. [10], we also obtain near 0% for
P2 in consistent agreement with R-matrix and relativistic
distorted-wave theories [8].

Williams et al. [11] suggest that the electron-atom collision
theories neglect the “geometric exchange angular momentum”
that is utilized in the paper of Berry and Robbins [12] by stating
“Electron quantum scattering theories use antisymmetrized
wave functions, but none include this geometrical exchange
angular momentum.” Furthermore, they suggest “the nonzero
P2 values are interpreted as consequences of the rotational
motion of the exchanged electron spin causing an effective
angular momentum associated with the spin-orbit interaction.”
We address these two statements below.

Berry and Robbins [12] explicitly state that their method
of employing a transported spin basis that exchanges the spins
along with the positions, rather than a fixed spin basis, produces
exactly the same results as conventional quantum mechanics.
A verbatim quote from their conclusion reads:

“. . . this quantum mechanics leads to the same physics
(e.g., the exclusion principle) as more conventional
quantum mechanics.”

*c.bostock@curtin.edu.au

Therefore, it would be inconsistent for any scattering
theory to employ both antisymmetric wave functions and
a transported spin basis because they are two separate and
distinct means to achieve a phase change of (−1) in the
exchange of two spin-1/2 particles. To employ both methods
would lead to a destruction of the wave function’s symmetry
properties, which enforce the Pauli exclusion principle.

The spin-orbit interaction, Darwin term, and relativistic
mass corrections all follow from the nonrelativistic limit of the
Dirac equation. In the RCCC method, which is entirely based
on the Dirac equation, we are not free to insert extra ad hoc
spin-orbit interaction terms. Furthermore, applications of the
Dirac equation to semiclassical [13,14] and nonrelativistic lim-
its [15,16] of electron dynamics have indicated the emergence
of geometric phases in the dynamics. For example, Mathur [15]
highlights that: “The spin-orbit interaction is shown to arise
as a Berry phase term in the adiabatic effective Hamiltonian
for the orbital motion of the Dirac electron.” In a similar
vein, Shankar and Mathur [16] report that: “The Thomas
precession in the nonrelativistic limit of the Dirac equation
may be attributed to a non-Abelian Berry vector potential.”
The important point to draw from these papers is that the
geometric phase dynamics emerge from the Dirac equation
in various nonrelativistic and semiclassical approximations. It
would be erroneous to insert extra geometric phase terms into
ab initio scattering theories based on the Dirac equation.

Berry’s review articles [17,18] clearly demonstrate the
importance of accounting for phases when the parameters of a
quantum-mechanical wave function are slowly cycled around
a circuit. However, the essential theme across many areas
of physics is that geometric phases arise naturally from the
underlying equations describing the phenomena. For example:
(i) Berry [19] highlights that his geometric phase approach for
the well-known Aharonov-Bohm effect [20] can be shown
to be equivalent to that obtained by properly incorporating
the vector potential A into the Schrödinger equation. (ii)
In analyzing the cyclic changes in the polarization of light
traversing twisted dielectrics, Berry [21] shows that the geo-
metric phase manifesting itself can be derived from Maxwell’s
equations. Likewise, the geometric phases that manifest in
light propagating through twisted optical fibers [22,23] can
be explained using classical electrodynamics (Maxwell’s
equations) by integrating the parallel transformation of the
electric-field vector inside the optical fiber [24].

016701-11050-2947/2013/87(1)/016701(2) ©2013 American Physical Society

Theorists did not agree (and still don’t!)

Theorists’ Conclusion: 
A geometrical phase may be used to interpret the results
from a full quantum calculation, but it won’t give any new
results (somewhat similar to Bohmian Mechanics).



The “Straightforward” Close-Coupling Formulation

• Recall: We are interested in the ionization process

e0(k0, µ0) + A(L0, M0; S0, MS0
) → e1(k1, µ1) + e2(k2, µ2) + A+(Lf , Mf ; Sf , MSf

)

• We need the ionization amplitude

f(L0, M0, S0; k0 → Lf , Mf , Sf ; k1, k2)

• We employ the B-spline R-matrix method of Zatsarinny (CPC 174 (2006) 273)

with a large number of pseudo-states:

• These pseudo-states simulate the effect of the continuum.

• The scattering amplitudes for excitation of these pseudo-states are used to

form the ionization amplitude:

f(L0, M0, S0; k0 → Lf , Mf , Sf ; k1, k2) =
∑

p

⟨Ψk2

−

f |Φ(LpSp)⟩ f(L0, M0, S0; k0 → Lp, Mp, Sp; k1p).

• Both the true continuum state |Ψk2

−

f ⟩ (with the appropriate multi-channel

asymptotic boundary condition) and the pseudo-states |Φ(LpSp)⟩ are consistently

calculated with the same close-coupling expansion.

• In contrast to single-channel problems, where the T -matrix elements can be

interpolated, direct projection is essential to extract the information in multi-

channel problems.

• For total ionization, we still add up all the excitation cross sections for the

pseudo-states.

Ionization in the Close-Coupling Formalism

This direct projection is the essential idea;it doesn’t come from first principles, but it works.
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• These pseudo-states simulate the effect of the continuum.

• The scattering amplitudes for excitation of these pseudo-states are used to

form the ionization amplitude:

f(L0, M0, S0; k0 → Lf , Mf , Sf ; k1, k2) =
∑

p

⟨Ψk2

−

f |Φ(LpSp)⟩ f(L0, M0, S0; k0 → Lp, Mp, Sp; k1p).

• Both the true continuum state |Ψk2

−

f ⟩ (with the appropriate multi-channel

asymptotic boundary condition) and the pseudo-states |Φ(LpSp)⟩ are consistently

calculated with the same close-coupling expansion.

• In contrast to single-channel problems, where the T -matrix elements can be

interpolated, direct projection is essential to extract the information in multi-

channel problems.

• For total ionization, we still add up all the excitation cross sections for the

pseudo-states.

Ionization in the Close-Coupling Formalism 

This direct projection is the essential idea; 
 it doesn’t come from first principles, but it works. 



Triple-Differential Cross Section for Direct Ionization

experiment: Ren et al. (2011)A Benchmark Test: E0 = 195 eV; Phys. Rev. A 83 (2011) 052711

Helium



The$latest:$(e,2e)$on$Ar$(3p6)$
E0"="66"eV;"E1"="47"eV;"E2"="3"eV;"θ1"="15

o"

X. Ren et al. (Phys. Rev. A 93 (2016) 062704)

Several theories worked o.k. for Ne (65 eV), but 
only BSR reproduced the Ar data consistently well.



No More Spectators:
Ionization with Excitation of Helium

Three Electrons Change Their Quantum State (Movie by A. Harris)



Triple-Differential Cross Section Ratio

experiment: Bellm, Lower, Weigold; measured directly

Helium (n =	2;	symmetric	energy	sharing) Phys. Rev. Lett. 107 (2011) 023203
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Helium (n =	2;	asymmetric	energy	sharing) Phys. Rev. Lett. 107 (2011) 023203



20 40 60 80 100 120
0

200

400

600

800

1000

1200

20 40 60 80 100 120
0

200

400

600

800

20 40 60 80 100 120
0

200

400

600

800

20 40 60 80 100 120
0

200

400

600

800

20 40 60 80 100 120
0

200

400

600

800

20 40 60 80 100 120
0

200

400

600

800

20 40 60 80 100 120
0

200

400

600

800

20 40 60 80 100 120
0

200

400

600

800

20 40 60 80 100 120
0

200

400

600

800

 

 

θ1 = 24o

n=1   E=112.6 eV
n=3   E=161 eV

E1=44 eV

E2=44 eV

    expt. [5]
    BSR-1255

θ1 = 36o

 

 

θ1 = 48o

 

 

θ1 = 32o

 

 

θ1 = 44o

 

 

θ2 (deg)

θ1 = 56o

 

 

θ1 = 28o

 

 

n=
1/

n=
3 

 C
ro

ss
 S

ec
tio

n 
R

at
io

 

θ1 = 40o

 

 

θ1 = 52o

 

 

Helium:	n=3;	it	still	works	JJJ ... Phys. Rev. A 93 (2016) 012712



Transmission	Asymmetry	for	Longitudinally	Polarized	Electrons	
in	Chiral	Molecules	

S.	Mayer	& J.	Kessler,	Phys.	Rev.	Lett.	74,	4803	(1995)

D-Yb(hfc)3

L-Yb(hfc)3

A = [I(P) − I(−P)] / [I(P) + I(−P)]
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Dissociative	Electron	Attachment	of	Longitudinally	Polarized	Electrons	
in	Chiral	Molecules	

Dreiling	&	Gay,	Phys.	Rev.	Lett.	116,	093201	(2016)

This work is relevant for the 
Vester-Ulbricht model on the
origin of biological homochirality.



Two Examples on Heavy-Particle Impact:
Vortex formation in antiproton impact on atomic hydrogen
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Ovchinnikov,	Macek,	Schultz; Phys.	Rev.	A	90,	062713	(2014)

Electronic probability density
(contours) and current (arrows)
for 5 keV impact for different
impact parameters.

Note the vortex formation
for the large impact parameters



320 10 Impact Ionization

Fig. 10.18 Three-dimensional, fully-differential angular distributions of electrons ejected from the
(a) Li(2p) and (b) Li(2s) state by 24 MeV O8+ impact. The electron energy is fixed at 1.5 eV and
the momentum transfer qqq at 0.3 a.u. for the Li(2p) state and at 1.0 a.u. for the Li(2s) state [54].

10.2 Ionization by Heavy-Particle Impact: Reaction Microscope
Studies with Optically Prepared Targets

Until now, few angle-differential studies have been conducted of ionization pro-
cesses by heavy-particle impact involving aligned or oriented targets, except for
electron transfer processes, such as those described in 8.3 and 8.4. Here we will
discuss the pioneering study at the test storage ring in Heidelberg [54] using highly-
charged oxygen ions as projectile and a Li MOT as target.

In the Heidelberg experiment [54], a 24 MeV pulsed O8+ ion beam and a reaction
microscope with a Li MOT as target was used. The electrons and recoil ions pro-
duced in the collisions were extracted. The magnetic trapping field of the MOT was
momentarily turned off to allow for an undisturbed extraction and detection of the
target fragments. The recoil-ion momentum resolution in the plane perpendicular
to the extraction field of ±0.05 a.u. is primarily due to the size of the reaction vol-
ume and in the direction of the extraction field (±0.03 a.u.) due to the time structure
of the projectile pulses. For the electron, the corresponding values are ±0.05 and
±0.01 a.u., respectively. Using the beam direction as axis of quantization, studies of
the polarization of the MOT fluorescence light indicate a contribution of ML = −1
and ML = 0 of about 70% and 30%, respectively. The scattering plane is determined
by the momentum transfer from the projectile to the target atom qqq and the initial
projectile momentum ppp0.

Figure 10.18 shows the angular distributions of electrons ejected from the (a) 2p
and (b) 2s state of Li, respectively at the qqq-values indicated. It is seen that for Li(2s)
ionization, the electron distribution is symmetric with respect to the (ppp0,qqq) plane,
whereas this is not the case for electrons coming from the oriented Li(2p) atoms.
The breaking of this symmetry by the target polarization is known as orientational
dichroism.

A more quantitative analysis of this observation is given in Fig. 10.19, which
displays the electron angular distribution in the azimuthal plane. In this plane, the

Ionization of a Li MOT target by a 24 MeV pulsed O8+  ion beam

2p 

2s

Hubele et al., Phys. Rev. Lett. 110 (2013) 133201
An “orientational dichroism” in the angular 
distribution of the ejected electrons due to the 
oriented 2p (m = -1) state was observed.



Photons and Pulses are coming to PAO...
Example: Light-induced Coherent Quantum Control

Hint: We have two posters on this next doorJ



• Two-pathways interference 
is a way to achieve 
coherent control. 

• Photoionization of an atomic system by the fundamental and the 
second harmonic (w + 2w) of a femtosecond VUV pulse is an 
example of coherent control of the photoelectron angular distribution.

The Basics
• One of the goals of “quantum control” is to steer electrons into specific 

directions or locations (e.g., selected bond breaking in a molecule).
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example of coherent control of the photoelectron angular distribution.
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Bichromatic Atomic Ionization with Linearly 
Polarized Light

• Two-pathways interference is enhanced  by 
tuning  the first harmonic near an intermediate
state (e.g. 2p in H). 

• In the case of linearly polarized light, 
the electric field is expressed as

• Ionization leading to partial waves with different parities 
can cause an asymmetry in the angular distribution.

p-wave d-wave

Asymmetry

2 Douguet et al.: Photoelectron angular distribution in two-pathway ionization of neon with femtosecond XUV pulses
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Fig. 1. ! + 2! ionization scheme by linearly polarized light
in neon with (2p53s)1P as the intermediate state in the single-
active-electron model (left) and both (2p53s) J = 1 states in
the multi-electron model (right). See text for details.

the target structure obtained from a multi-configuration
Hartree-Fock (MCHF) calculation and only a few inter-
mediate states accounted for in the second-order PT ion-
ization amplitude. Finally, we considered pulses with an
infinite number of cycles (PT-1) using a variationally
stable method [14–17], which e↵ectively accounts for all
intermediate states in the second-order PT ionization am-
plitude.

There exist two states, 2p5(2P3/2)3s and 2p5(2P1/2)3s,
with total angular momentum J = 1, which can be reached
via optically allowed transitions from the (2p6)1S0 initial
state. As previously mentioned, these states are relatively
well described in the LS-coupling scheme, since they have
predominant (93% [18,19]) 3P and 1P character, respec-
tively. Therefore, we employ the LS-coupling scheme no-
tations to label these states in the following development.

The ! + 2! process using (2p53s) J = 1 as inter-
mediate states is presented in Fig. 1. The scheme in the
one-electron model is shown on the left panel, where we
denote the electronic states by listing only the active elec-
tron. Therefore, the intermediate state (only the 1P state
is possible) is simply labelled 3s, and this notation will be
further used throughout the manuscript. One-photon ab-
sorption of the second harmonic produces s- and d-wave
photoelectrons, while two-photon absorption of the fun-
damental produces p- and f -wave photoelectrons. In the
multi-electron model (right panel of Fig. 1), these waves
couple to the residual ionic state to make the symme-
tries indicated at the top. The intermediate 3P1 and 1P1

states, corresponding to the 2p ! 3s one-electron excita-
tion, have, respectively, 16.67 eV and 16.85 eV excitation
energies [19]. Since only 1P1 can be e�ciently excited, and
it is well separated from other optically allowed states, it
enables us to treat the e↵ect of an “almost” isolated reso-
nance. Consequently, it represents an excellent situation,
with a minimum of additional complications, to compare

results obtained by di↵erent models in a multi-electron
system.

This manuscript is organized as follows. In the next
section, we introduce our theoretical models, while Sect. 3
is devoted to the presentation and analysis of our results.
Finally, Sect. 4 contains our conclusions and perspectives
for the future. Unless indicated otherwise, atomic units
are used throughout this manuscript.

2 Theoretical approach

We consider a linearly polarized electric field of the form

E(t) = F (t) [cos!t+ ⌘ cos(2!t+ �)] , (1)

where ⌘ represents the amplitude ratio between the har-
monics, � is the carrier envelope phase (CEP) of the sec-
ond harmonic, and F (t) is the envelope function. We em-
ploy the commonly used sine-squared envelope F (t) =
F0 sin

2(⌦t), where ⌦ = !/2N , with N � 1 denoting the
number of optical cycles.

The details of our TDSE approach can be found in [10,
13,20]. The present TDSE calculations di↵er from our pre-
vious ones for electrons initially in an s-orbital in that we
now independently propagate the electronic wave packets
initially in the 2p (m = 0,±1) orbitals and then average
the results over the magnetic quantum numbers m to sim-
ulate an isotropic initial 2p6 (1S) state. Here we only show
briefly the main steps in the PT approach and describe
the physical models.

In second-order PT, the PAD for an initially unpolar-
ized atom is given by

dW

d⌦

=
C

2J0 + 1

X

M0µ
JfMf

���⌘U (1)
J0M0;JfMf ,kµ

+ U

(2)
J0M0;JfMf ,kµ

���
2
,

(2)
where k is the linear momentum and µ the spin component
of the photoelectron, respectively; J0 is the initial total
electronic angular momentum with projection M0; Mf is
the projection of the residual ionic angular momentum Jf ;
C is a normalization coe�cient that is independent of the
transition matrix elements and not relevant for our fur-
ther derivations. In Eq. (2) we summed over Jf , assuming
incoherently excited fine-structure levels of the residual
ion.

We choose the quantization z-axis along the electric
field of the laser beams. In the dipole approximation, the
ionization amplitudes are given by

U

(1)
J0M0;JfMf ,kµ

= �ihJfMf ,kµ(�) |Dz | J0M0iT (1)
, (3)

U

(2)
J0M0;JfMf ,kµ

= �
ZX

n

hJfMf ,kµ(�) |Dz | ⇣nJnMni

⇥ h⇣nJnMn |Dz | J0M0iT (2)
En

. (4)

Here Dz =
P

i dz,i =
P

i zi is the z-component of the
dipole operator, where the summation is taken over all
atomic electrons, and the sum (integral) in (4) is taken

1s
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the target structure obtained from a multi-configuration
Hartree-Fock (MCHF) calculation and only a few inter-
mediate states accounted for in the second-order PT ion-
ization amplitude. Finally, we considered pulses with an
infinite number of cycles (PT-1) using a variationally
stable method [14–17], which e↵ectively accounts for all
intermediate states in the second-order PT ionization am-
plitude.

There exist two states, 2p5(2P3/2)3s and 2p5(2P1/2)3s,
with total angular momentum J = 1, which can be reached
via optically allowed transitions from the (2p6)1S0 initial
state. As previously mentioned, these states are relatively
well described in the LS-coupling scheme, since they have
predominant (93% [18,19]) 3P and 1P character, respec-
tively. Therefore, we employ the LS-coupling scheme no-
tations to label these states in the following development.

The ! + 2! process using (2p53s) J = 1 as inter-
mediate states is presented in Fig. 1. The scheme in the
one-electron model is shown on the left panel, where we
denote the electronic states by listing only the active elec-
tron. Therefore, the intermediate state (only the 1P state
is possible) is simply labelled 3s, and this notation will be
further used throughout the manuscript. One-photon ab-
sorption of the second harmonic produces s- and d-wave
photoelectrons, while two-photon absorption of the fun-
damental produces p- and f -wave photoelectrons. In the
multi-electron model (right panel of Fig. 1), these waves
couple to the residual ionic state to make the symme-
tries indicated at the top. The intermediate 3P1 and 1P1

states, corresponding to the 2p ! 3s one-electron excita-
tion, have, respectively, 16.67 eV and 16.85 eV excitation
energies [19]. Since only 1P1 can be e�ciently excited, and
it is well separated from other optically allowed states, it
enables us to treat the e↵ect of an “almost” isolated reso-
nance. Consequently, it represents an excellent situation,
with a minimum of additional complications, to compare

results obtained by di↵erent models in a multi-electron
system.

This manuscript is organized as follows. In the next
section, we introduce our theoretical models, while Sect. 3
is devoted to the presentation and analysis of our results.
Finally, Sect. 4 contains our conclusions and perspectives
for the future. Unless indicated otherwise, atomic units
are used throughout this manuscript.

2 Theoretical approach

We consider a linearly polarized electric field of the form

E(t) = F (t) [cos!t+ ⌘ cos(2!t+ �)] , (1)

where ⌘ represents the amplitude ratio between the har-
monics, � is the carrier envelope phase (CEP) of the sec-
ond harmonic, and F (t) is the envelope function. We em-
ploy the commonly used sine-squared envelope F (t) =
F0 sin

2(⌦t), where ⌦ = !/2N , with N � 1 denoting the
number of optical cycles.

The details of our TDSE approach can be found in [10,
13,20]. The present TDSE calculations di↵er from our pre-
vious ones for electrons initially in an s-orbital in that we
now independently propagate the electronic wave packets
initially in the 2p (m = 0,±1) orbitals and then average
the results over the magnetic quantum numbers m to sim-
ulate an isotropic initial 2p6 (1S) state. Here we only show
briefly the main steps in the PT approach and describe
the physical models.
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ized atom is given by

dW

d⌦

=
C

2J0 + 1

X

M0µ
JfMf

���⌘U (1)
J0M0;JfMf ,kµ

+ U

(2)
J0M0;JfMf ,kµ

���
2
,

(2)
where k is the linear momentum and µ the spin component
of the photoelectron, respectively; J0 is the initial total
electronic angular momentum with projection M0; Mf is
the projection of the residual ionic angular momentum Jf ;
C is a normalization coe�cient that is independent of the
transition matrix elements and not relevant for our fur-
ther derivations. In Eq. (2) we summed over Jf , assuming
incoherently excited fine-structure levels of the residual
ion.

We choose the quantization z-axis along the electric
field of the laser beams. In the dipole approximation, the
ionization amplitudes are given by
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Experimental Setup at FERMI (Trieste, Italy)

Results: (more	details	at	K.C.	Prince’s	ICPEAC	Talk)
The delay between the two pulses was controlled to a
precision better than 3.1 attoseconds (as). This is
equivalent to controlling the phase 𝜙 to high precision
[K.C. Prince et al., Nat. Phot. 10 (2016) 176-179]
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Multi-Photon Two-Color Ionization of Atoms and Ions by Femtosecond Laser Pulses
N. Douguet, J. Venzke, K. Bartschat, E.V. Gryzlova, E.I. Staroselskaya, and A.N. Grum-Grzhimailo

Department of Physics and Astronomy, Drake University, Des Moines, IA 50311, USA

Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow 119991, Russian Federation
Research Supported by the United States National Science Foundation under PHY-1430245 and XSEDE-090031

Introduction and Motivation

•Very short and intense laser pulses can be used to study the details of (valence) electron interactions
in atoms and molecules.

• Typical laser intensities in this field range from 1012 to 1015W/cm2.

• 1014W/cm2 is a million billion times
stronger than the radiation that the
Earth receives from the Sun directly
above us on a clear day.

• Such intensities can rip electrons away from
atoms in several ways:

–Multi-photon ionization

–Above-threshold ionization

– Field (tunnel) ionization

−1.51

−13.6 1s

2s 2p

3s 3p 3d
−0.85

−3.4

Energy (eV)

Photoelectric Effect

Above−Threshold Ionization

Multi−photon Ionization

Coherent Control [1,2]

•Two-pathway interference occurs when the final state can be reached by two paths.

• Two-pathway interference is one way to achieve “coherent control” of quantum phenomena.

• Femtosecond XUV pulses containing both the fundamental frequency and its second harmonic can
achieve coherent control through interference of two-photon and one-photon processes.

• For linearly polarized light, the asymmetry parameterA(0◦) determines the relative likelihood
for the electron going to the left or the right.

•With circularly polarized light, a “circular dichroism” (i.e., a dependence on the
relative helicities) can be studied.
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Numerical Method

•We use bichromatic Electric Fields of the form

E(t) = F (t) [cos(ωt) + η cos(2ωt + φ)] ẑ (linear polarization)

E(t) = F (t)
[
cos(ωt) x̂− sin(ωt) ŷ + η

{
cos(2ωt + φ) x̂ + H sin(2ωt + φ) ŷ

}]
(circular)

with a sin2 envelope function F (t) and helicity H = ±1 for the second harmonic.

•We solve the Time-Dependent Schrödinger Equation

ĤΨ(r, t) =

⎛
⎝−

∇2

2
−

1

r
+

√
4π

3
r

∑
q=0,±1

E∗q (t)Y1q(θ,ϕ)

⎞
⎠Ψ(r, t) = i

∂

∂t
Ψ(r, t)

where Eq(t) denotes the spherical components of the
electric field, with E0 = Ez for linear polarization and
E±1 = ∓(Ex ± iEy)/

√
2 for circular polarization.

•We propagate the initial wavefunction Ψ(r, t = 0) in
time using Finite Differences.

•We use the Crank-Nicolson Approximation

Ψ(r, t +∆t) ≈
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•We predict a strong dependence of the PAD on the mutual helicities.

Results for Neon [3]
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• The experiment at FERMI [3] was the first realization of quantum control with an FEL.

• The predicted Fano-like resonance shape of the asymmetry and the dependence on the
pulse delay were qualitatively confirmed.

Results for He+ [5]
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•We obtain excellent agreement with experiment for both the photoelectron spec-
trum and angular distribution (which still suffers from some noise).

• The circular dichroism changes sign at an NIR intensity around 1.5·1012W/cm2.

Conclusions and Future Plans

•We have developed a numerical method to describe multi-color laser-atom interactions.

•We are constantly working on improving the efficiency of the code by optimizing the time-
propagation algorithm and the space-time grid.

•A direct comparison between experiment and theory is very difficult, due to lim-
itations on both sides — approximations needed by theory and major challenges in performing a
“clean” experiment with well-defined FEL pulses.

•Our He+ work is the first case where such a direct comparison became possible.

• Significant progress is expected in this rapidly developing field.
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Photoionization Scheme with Circularly 
Polarized Light in Atomic Hydrogen 

• The electric field is in the XY plane and propagates along the Z axis. 

Photoelectron angular distribution in bichromatic atomic ionization induced by
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We investigate two-pathways interferences between nonresonant one-photon and resonant two-
photon ionization of atomic hydrogen. In particular, we analyze in detail the photoionization medi-
ated by the fundamental frequency and the second harmonic of a femtosecond VUV pulse when the
fundamental is tuned near an intermediate atomic state. Following our recent study [Phys. Rev.
A 91, 063418 (2015)] of such e↵ects with linearly polarized light, we analyze a similar situation with
circularly polarized radiation. As a consequence of the richer structure in circularly polarized light,
characterized by its right-handed or left-handed helicity, we present and discuss various important
features associated with the photoelectron angular distribution.
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I. INTRODUCTION

The control of quantum phenomena represents a cru-
cial challenge, from both experimental and theoretical
standpoints. One possible way to achieve “coherent con-
trol” at the quantum level [1–3] is to manipulate two-
pathways interferences by tuning a parameter that is di-
rectly responsible for the interference phenomenon. As
a result, the probability for finding the a↵ected quan-
tum system in a definite final state can be varied in a
predictable manner.

In two-pathways coherent control of photoionization,
one may adopt a scheme in which the photoelectron is
emitted from absorption of an odd number of photons
through one path and an even number of photons through
another path, as for instance in !+2! processes. The re-
sulting interference induces noticeable e↵ects only if the
two paths have comparable probability amplitudes. The
latter condition might be fulfilled by tuning the funda-
mental frequency near an optically allowed intermediate
state, thus enhancing the probability for two-photon ab-
sorption. However, the interference phenomenon does
not a↵ect the total ionization yield (unless an external
electric field is applied [4, 5]), but instead manifests itself
in the photoelectron angular distribution (PAD) [6–11].
Therefore, the phase di↵erence between two distinct ion-
izing pathways can, in principle, be used to manipulate
the PAD.

The study of two-pathways interferences in photo-
ionization is not limited to the domain of coherent con-
trol, but it is also essential in order to model cer-
tain experimental conditions. Recent advances in high-
harmonic generation (HHG) and X-ray free-electron
lasers (XFELs) have enabled experimentalists to reach
the extreme ultraviolet (XUV) and X-ray wavelength do-
main on the femtosecond (fs) and even attosecond (as)
time scales. Radiation from XFELs usually carry at least
a tiny fraction of the second harmonic, which cannot al-

ways be filtered out completely. Hence, it is important
to understand the e↵ects of two superimposed harmon-
ics [12] in ionization experiments for di↵erent light polar-
izations. An additional promising idea consists in being
able to deconvolve the PAD in order to determine the
phase di↵erence, or the time delay, between the funda-
mental and the second harmonic of a VUV pulse. Finally,
counterrotating circularly polarized laser fields have re-
cently attracted significant attention, since it was demon-
strated that one can generate electron vortices in photo-
ionization by circularly polarized attosecond pulses in he-
lium [13], as well as isolated elliptically polarized attosec-
ond pulses in neon [14].
In a recent study [15], we considered two-pathways

interferences induced by linearly polarized light. In
this case, a “left-right” asymmetry is created along
the direction of the electric field as a result of inter-
ference between partial waves with opposite parities.
The theoretical treatment involved solving the time-
dependent Schrödinger equation (TDSE) numerically us-
ing the split-operator algorithm or the matrix iteration
method [16, 17]. Furthermore, the time-dependent calcu-
lations were complemented by predictions obtained from
a perturbative formalism at su�ciently low field intensi-
ties.
For the present work, we modified our time-dependent

code in order to handle light of arbitrary polarization.
As a natural next step, we now consider atomic photo-
ionization processes in a circularly polarized bichromatic
field, i.e., an electric field of the form

EEE(t) = F (t)
h
cos(!t)x̂� sin(!t)ŷ

+ ⌘
�
cos(2!t+ �)x̂+ H sin(2!t+ �)ŷ

 i
(1)

with fundamental frequency ! and second harmonic 2!.
The same envelope function F (t) is used for both the fun-
damental and the second harmonic, while the ratio of the
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H with 2p as stepping stone:
Visualizing the PAD in 3D
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FIG. 4: (Color online) Three-dimensional PADs calculated in the TDSE approach for 1012 W/cm2, N = 40, and relative phase
� = 0. The PADs have been averaged over the photoelectron line and rescaled to improve visualization. Calculations for equal
helicities are shown in panels (a), (b), and (c), while results for opposite helicities are depicted in panels (d), (e), and (f). The
fundamental frequency is given in atomic units.
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FIG. 5: (Color online) Same as the upper row in Fig. 4 for 1013 W/cm2.

terference e↵ects. In addition, the polar asymmetry also
remains constant. This is a somewhat unexpected re-
sult since the left-right asymmetry for linearly polarized
light oscillates as a function of the relative phase between
harmonics (see, for example, [7, 8, 10, 15]). The result
can be understood, however, by recalling that the polar
asymmetry A is defined with respect to a direction that,
itself, rotates with the angle �. As mentioned above, it is
defined by the absolute values of the anisotropy parame-
ters, independent of �. The angle  , which characterizes
this direction and the orientation of the symmetry plane
of the PAD, is a linear function of the relative phase,
 (�) =  (0�) � �, as expected from Eq. (17). At the
same time, the real and imaginary parts of �1

3 oscillate
as functions of �, as shown in Fig. 3.

Although the polar asymmetry and its associated an-
gle  provide a quantitative description of the asym-
metry generated by interfering one-photon and two-
photon pathways with circularly polarized light, they
only contain limited information on the PAD. For this
reason, it is desirable to directly visualize the three-

dimensional PAD [19]. Figure 4 exhibits the PADs for
1012 W/cm2 and � = 0 for di↵erent fundamental fre-
quencies, i.e., on the left and right wing of the resonance
(! = 0.330 a.u. and 0.410 a.u.), and at the resonance en-
ergy (! = 0.375 a.u.). In addition, the PADs are shown
for equal (upper panels) and opposite (lower panels) he-
licities. As anticipated from the values of the asymme-
try parameters in Fig. 2, valid for both cases H = ±1,
the asymmetry of the 3D PADs is large on the left wing
(panels (a) and (d)) and almost vanishes, resembling a
donut-like shape, on the right wing (panels (c) and (f))
of the resonance. Since the TDSE and PT results are in
very good agreement, only the TDSE results are shown
here. The maximum asymmetry is observed near the res-
onance. It is combined with a rapid rotation of the PADs
by approximately 90� from ! = 0.330 a.u. to 0.375 a.u.
and by 180� when scanning from the left to the right
wing of the resonance. This result is in agreement with
Eq. (36) and the computed values of  in Fig. 2(c).

Figure 5 exhibits the PADs at the largest intensity
studied in this work, 1013 W/cm2. The shapes of the

I	=	1014 W/cm2

N.	Douguet et	al.	Phys.	Rev.	A	93 (2016) 033402



• The circularly polarized XUV pulse (FWHM = 100 fs and I = 1013W/cm2 with 
positive helicity (H = +1) creates oriented He+(3p ; m = +1) via sequential 
absorption of two XUV photons:

(1) Ionization :  He (1s2) + hn (48.37 eV) à He+(1s) + e–

(2) Pumping : He+(1s) + hn (48.37 eV) à He+(3p; m = +1)

• The overlapping circularly polarized optical laser pulse (FWHM = 170 fs)  with 
(H = +1)  or (H = –1)  ionizes the oriented He+(3p ; m = +1) ion.

(3) Multiphoton ionization: He+(3p; m = +1) + 4 hn (1.58 eV) à He++ + e–

• An overlapping circular XUV + NIR field is created at the FEL at FERMI 

NIR

XUV

Circular Dichroism in Oriented He+
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Multiphoton ionization scheme
(lowest order perturbation theory LOPT)

(l, m) =
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Motivation

Entanglement and Bell Correlation in Electron-Exchange Collisions

K. Blum and B. Lohmann*

Institut für Theoretische Physik, Westfälische Wilhelms-Universität Münster, Wilhelm-Klemm-Straße 9, D-48149 Münster, Germany
(Received 14 June 2015; published 21 January 2016)

Elastic collisions between initially unpolarized electrons and hydrogenlike atoms are discussed, aiming

to analyze the entanglement properties of the correlated final spin system. Explicit spin-dependent

interactions are neglected and electron exchange only is taken into account. We show the final spin system

to be completely characterized by a single spin correlation parameter depending on scattering angle and

energy. Its numerical value identifies the final spins of the collision partners to be either in the separable,

entangled, or Bell correlated regions. We emphasize explicit examples for the mixed spin system in order to

illustrate the abstract concepts. The analysis of published experimental and numerical data reveals the

possibility to create tunable pairs of collision partners with any desired degree of spin entanglement.
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Tunable entanglement resource in elastic electron-exchange collisions out of chaotic spin systems
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Elastic collisions between initially unpolarized electrons and hydrogenlike atoms are discussed aiming to

analyze the entanglement properties of the correlated final spin system. Explicit spin-dependent interactions are

neglected and electron exchange only is taken into account. We show the final spin system to be completely

characterized by a single spin correlation parameter depending on scattering angle and energy. Its numerical value

identifies the final spins of the collision partners to be either in the separable, entangled, or Bell correlated regions.

The symmetry of the scattering process allows for the construction of explicit examples applying methods of

classical communication and local operations for illustrating the concepts of nonlocality versus separability. It is

shown that strong correlations can be produced violating Bell’s inequalities significantly. Furthermore, the degree

of entanglement can be continuously varied simply by changing either the scattering angle and/or energy. This

allows for the generation of tunable spin pairs with any desired degree of entanglement. It is suggested to use

such nonlocally entangled spin pairs as a resource for further experiments, for example in quantum information

processes.

DOI: 10.1103/PhysRevA.94.032331

A	Possible New	Direction

Another hint: We also have 
a poster on this next doorJ



General Theory

• Typically, Bell correlations are discussed for two particles forming a pure state

of zero spin or orbital angular momentum.

• Examples are:

• two electrons (or other spin-1/2 particles) starting from a 1S0 state;

• two-photon decay for an S→S optical transition.

• The situation proposed by Blum and Lohmann is different from a pure state.

They consider the scattering of an unpolarized electron beam from an also

unpolarized beam of (quasi-)one-electron atoms (H, Li, Na, ...)

• After the collision, the projectile and the target valence electron are

correlated due to the possibility of exchange.

• The total spin of the system is an energy- and angle-dependent mixture of

singlet and triplet states.

• The degree of correlation is determined by the spin correlation

parameter P , which depends on the collision energy and the scattering angle.

• The limiting values are P = +1/3 for pure triplet and P = −1 for pure singlet

scattering.
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General Theory (continued)

• One can go further and analyze the density matrix for the combined

projectile + target spin system.

• According to criteria derived by Peres (Phys. Rev. Lett. 77 (1996) 1413) and

Horodecki et al. (Phys. Lett. A 223 (1996) 1), the system can be classified as

• separable (S) if P > −1/3,

• entangled (E) if P < −1/3,

• Bell-correlated (B) if P < −1/
√
2.

• In the Bell-correlated regime, any further manipulation of the electron that

remains in the target would also affect (in a nonlocal way) the continuum electron

that is long gone!

• Due to the energy- and angle-dependence of P , the degree of

entanglement is tunable!

• The electron−atom system after the collision can thus serve as a source to

provide the desired degree of entanglement in (hopefully) forthcoming

sophisticated experiments on quantum information processes.
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“Spukhafte Fernwirkung = spooky action at a distance”
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Practical Considerations

• A direct measurement of P would require a coincidence experiment with

polarization analysis of both electrons.

• This seems (nearly) impossible with current technology.

• Fortunately, one can substitute this experiment by a setup using

initially spin-polarized beams.
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Basic Setup (Alternative Experiment)

• Consider the elastic scattering of an electron beam with degree of spin

polarization Pe from a spin-polarized target with spin polarization PA.

• One now measures the asymmetry

1

PePA

N↑↑ −N↑↓

N↑↑ +N↑↓

where N↑↑ (N↑↓) are the count rates for parallel (anti-parallel) spin orientations

of the projectile and target spins.

• This asymmetry can also be written as

P = −Aex =
σ↑↑ − σ↑↓

σ↑↑ + σ↑↓
=

σt − σs

3σt + σs

where σ↑↑ (σ↑↓) and σs (σt) denote the angle-differential cross sections for parallel

(anti-parallel) spin orientations of the projectile and target spins or triplet

(singlet) scattering.

• The DCS for unpolarized projectile and target beams is given by

σ
u
=

1

4
σs +

3

4
σt.
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Practical Considerations

• A direct measurement of P would require a coincidence experiment with

polarization analysis of both electrons.

• This seems (nearly) impossible with current technology.

• Fortunately, one can substitute this experiment by a setup using

initially spin-polarized beams.

• Such experiments were performed about 20 years ago in Bielefeld (Baum and

collaborators) and at NIST (McClelland, Kelley, and collaborators), with the

main motivation being to provide benchmark data for electron-atom

collision theories.

• For such systems, very accurate calculations based on convergent close-coupling

formulations such as CCC and R-matrix with pseudo-states (RMPS) have now

become possible.

• Blum and Lohmann used the existing results, which were limited to particular

energies and angles, for their analysis.

• Because of possible applications in quantum information, it would be very

useful to have accurate and comprehensive numerical data available over

a dense energy-angle grid.
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Spin entanglement in elastic electron scattering from lithium atoms
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In two recent papers [Blum and Lohmann, Phys. Rev. Lett. 116, 033201 (2016); Lohmann et al., Phys. Rev.

A 94, 032331 (2016)], the possibility of continuously varying the degree of entanglement between an elastically

scattered electron and the valence electron of an alkali-metal target was discussed. To estimate how well such a

scheme may work in practice, we present results for elastic electron scattering from lithium in the energy regime

of 1–5 eV and the full range of scattering angles 0◦–180◦. The most promising regime for Bell correlations in this

particular collision system are energies between about 1.5 and 3.0 eV, in an angular range around 110◦ ± 10◦. In

addition to the relative exchange asymmetry parameter, we present the differential cross section that is important

when estimating the count rate and hence the feasibility of experiments using this system.

DOI: 10.1103/PhysRevA.95.042707

We also have results for H, Na, K, Rb, and Cs.
The best targets seem to be Li and Na.
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