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A Velocity Map Imaging (VMI) spectrometer for detecting near-zero kinetic energy (100 meV down to 5 meV) photoelectrons has been
implemented at the Advanced Light Source at Lawrence Berkeley National Laboratory. The instrument permits the study of dynamical
effects associated with slow moving electrons at energies previously unexplored by other techniques used for similar studies. “Proof of
Principle” experiments were performed to study the photoelectron angular distributions of helium and neon by measuring the photon energy
dependence of the asymmetry parameterβ. The results agree well with previous measurements and theoretical calculations in the energy
range where such data are available.

Keywords:Velocity map; imaging; spectrometer; photoelectrons; correlation; angular distribution; asymmetry.

Se ha desarrollado un espectrómetro basado en la técnica de mapeo de velocidades por imágenes (VMI) para detectar fotoelectrones con
enerǵıas cińeticas cercanas a cero (desde 100 meV a 5 meV). Este espectrómetro se encuentra en la fuente de radiación sinchrotronica de
Berkeley (Advanced Light Source). El instrumento permite realizar estudios asociados a la dinámica de electrones ultra-lentos, en rangos de
enerǵıa inexplorados con otras técnicas. El sistema se ha validado con una serie de experimentos-prueba, en los que se midió la distribucíon
angular de fotoelectrones producidos en la ionización simple de Helio y Néon. En particular se determinó la dependencia en energı́a
del paŕametro de asimetrı́a β. Los resultados obtenidos concuerdan de manera muy satisfactoria con predicciones teóricas y mediciones
disponibles.

Descriptores:Mapeo de velocidades; espectrómetro; fotoelectrones; correlación; distribucíon angular; asimetrı́a.

PACS: 31.70.-f; 32.80.-t; 32.80.Zb

1. Introduction

The Velocity Map Imaging (VMI) technique [1] has tradi-
tionally been used in combination with lasers to study ki-
netic energy release distributions of fragmented ions and
of photoelectrons. More recently it has been used with
synchrotron radiation to study energy and momentum shar-
ing in the photoionization of atoms, molecules, and clus-
ters [2-5]. However, most of these efforts using VMI and
other techniques have been dedicated to measure photoelec-
tron angular distributions (PADs) of photoelectrons with ki-
netic energies greater than 100 meV above the ionization
threshold. Among other techniques used are imaging sys-
tems such as COLd Target Recoil Ion Momentum Spec-
troscopy (COLTRIMS) [6] andCöıncidences entre Ions et
Electrons Localiśes (CIEL) [7-8], as well as angle-resolved
spectroscopy techniques using time-of-flight spectrometers
or hemispherical analyzers with small acceptance angles.

Photoelectron angular distributions of near-zero kinetic
energy photoelectrons are crucial for gaining insight into the
dynamics governing electron-electron and electron-ion cor-
relation effects that arise from the interaction between slowly
moving electrons and ions. The studies of these dynamics
begin with the characterization of PADs close to threshold.
This is accomplished by measuring the anisotropy parameter
β given by

dσ

dΩ
=

(σtot

4π

)
[1 + βP2(cos θ)]

whereσtot is the total cross section, P2 is the second order
Legendre polynomial, andθ is the angle between the polar-
ization vector of the photon beam and the ejection angle of
the ionized electrons [9-10].

2. Experimental

The detection of near-zero kinetic energy photoelectrons was
achieved using a VMI spectrometer originally designed to
study fragmentation dynamics of small molecules [4-5] and is
described in detail by Rolleset al. [4] and references therein.
Here we describe modifications made to this apparatus to op-
timize it for the detection of low kinetic energy photoelec-
trons. The lens configuration and voltages were optimized
using SIMION simulations and then fine tuned experimen-
tally. A doubleµ-metal shielding was implemented in order
to attenuate magnetic fields in the interaction and flight path
regions. Further modifications included utilizing molybde-
num electrodes to minimize contact potentials in the interac-
tion region, a time-of-flight tube made ofµ-metal, as well as
using highly stable, low-voltage power supplies. At the in-
teraction region, a gas jet is perpendicularly crossed with a
synchrotron photon beam. In order to detect photoelectrons
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with 100 meV down to 10 meV kinetic energies, potentials in
the range -125 V to -15.5 V were applied to the repeller elec-
trode, -110 V to -14 V to the extractor lens, -87 V to -10.5 V
to the focusing lens, and -10.5 V to -1.5 V to the drift tube
(see Fig. 1 in Rolleset al. [4]). The upper ranges of voltages
correspond to 100 meV electrons and the lower voltages cor-
respond to 10 meV electrons. The electrons are then incident
upon a delay line position sensitive detector (PSD) located at
the end of the drift tube. The front of the detector was held at
+200 V to pre-accelerate the electrons. The experimental ar-
rangement used in these measurements allows photoelectrons
to be collected over 4π steradians.

The suitability of the modified VMI spectrometer for de-
tecting low kinetic energy photoelectrons was tested by mea-
suring 5 meV to 100 meV photoelectrons from the helium 1s
mainline. The mainline is observed when a photon incident
upon a helium atom causes the ejection of a single electron
from the 1s state while the second electron remains in the
ground state. As shown in Fig. 1, a beta of1.74 ≤ β ≤ 1.95
was measured for 10 meV – 100 meV photoelectrons. These
β values show only their corresponding small statistical er-
rors and are very close to the expectedβ value of 2 for the

TABLE I. He satellite beta values for n = 2, 3, 4 measured 50 meV
above each satellite threshold compared with satellites measured
600 meV above the satellite threshold [13]. Beta values become
more negative with an increase in principle quantum number n.

n Red et al. (50 meV) Heimannet al. (600 meV)

2 -0.16± 0.01 -0.10± 0.10

3 -0.28± 0.01 -0.29± 0.16

4 -0.30± 0.02 -0.39± 0.16

FIGURE 1. He mainline beta values plotted as a function of photon
energies (eV) (bottom axis) and the electron kinetic energies (meV)
(top axis). The beta values obtained are close to the expected value
of 2 for electron kinetic energies 100 meV down to 5 meV above
the ionization threshold. The error bars plotted are only statistical
error bars and are often smaller than the actual data points. Note
that the beta value axis starts at a value ofβ = 1.2.

FIGURE 2. Panel (a) shows the Ne Rydberg autoionizing states be-
tween the2P1/2 and2P3/2 thresholds from 21.56 eV to 21.63 eV.
The positions of the nd’ and ns’ transitions for n = 12 to 18 are
indicated. Panel (b) shows the beta values corresponding to the Ne
autoionizing Rydberg states (red dots). These values are compared
to previous experimental data [16] (blue) and theoretical calcula-
tions [17] (green).

helium mainline. The measuredβ values decrease consider-
ably for photoelectron kinetic energies lower than 10 meV.
This is most likely the result of small electron trajectory dis-
tortions due to electric fields and/or small stray magnetic
fields.

In the case of satellites, a single photon incident upon a
helium atom causes one electron to be ionized from the atom
while simultaneously exciting, via electron-electron correla-
tion, the remaining electron from the 1s ground state into a
state with higher principal quantum number n [11-13]. Val-
ues ofβ for the n = 2, 3, and 4 satellites were obtained and
are compared in Table I to values reported by Heimannet
al. [13]. Our helium satellite measurements at photoelectron
kinetic energies of 50 meV above the ionization threshold
are in accordance with previous measurements conducted by
Heimann [13] at 600 meV above threshold, indicating that
β does not change much with photon energy. According
to general arguments pertaining to the contribution of par-
ity unfavored angular momentum transfer in these types of
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transitions (Heimann [13] and Greene [14]), He satellite beta
values become more negative with an increase in principle
quantum number n, which is also reflected by the He satellite
β values we obtained.

In a second experiment, we were able to measure the beta
values for the autoionizing ns’ and nd’ Rydberg series in neon
which lie between the P3/2 and P1/2 ionic limits. The mea-
surements were carried out for photoelectron kinetic energies
of 5 meV - 446 meV above the first ionization threshold. Fig-
ure 2a shows the neon photo-ion yield as a function of pho-
ton energy and Fig. 2b shows the measured values ofβ as
a function of photon energy. In this energy range, the val-
ues ofβ are between−1.0 ≤ β ≤ 1.0. An analysis based
on parity favored and unfavored transitions [15] shows that,
depending on the series term,β will have a more negative
value for nd’ Rydberg states. This is because Rydberg states
decay via pure parity unfavored transitions; whereas the ns’
series has a mixture of parity favored and unfavored transi-
tions. Parity unfavored transitions contribute negative values
of beta because they originate from anisotropic interactions.
The beta values obtained compare very well with the pub-
lished data as shown in Fig. 2b. In addition, the neon mea-
surements were expanded to include the photon energy range
21.595 eV – 22.01 eV, a range not previously covered by
other groups performing similar measurements using differ-
ent techniques [16-17].

3. Summary

A modified VMI spectrometer was used at Beamline 10.0.1
of the ALS to measure PADs of low kinetic energy photoelec-
trons (5 meV – 100 meV). Measurements at these low kinetic
energies are important in the characterization and study of
correlation effects where the time with which the slow mov-
ing electrons have to interact is greatly extended. Two exper-
iments were conducted to test the suitability of the apparatus
using helium and neon. The data analysis has provided valu-
able insight into important modifications necessary for the
VMI apparatus, such as drift tube length and incorporation of
additionalµ-metal shielding. These modifications will prove
valuable in future PADs measurements at the low kinetic en-
ergy range. In addition, the successes of these experiments
have opened the door for a series of electron-ion coincidence
experiments to study the double photoionization of helium at
energies much lower than the 100 meV above threshold.
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