
Journal of Physics E: Scientific Instruments

A high resolution threshold electron spectrometer
for use in photoionisation studies
To cite this article: G C King et al 1987 J. Phys. E: Sci. Instrum. 20 440

 

View the article online for updates and enhancements.

Related content
Near-threshold photoionisation studies of
N2
M Zubek, G C King and P M Rutter

-

Double-excitation and double-escape
processes studied by
photoelectronspectroscopy near threshold
George C King and Lorenzo Avaldi

-

Observation of the argon photoelectron
satellites near threshold
R I Hall, L Avaldi, G Dawber et al.

-

Recent citations
A study of the photoelectron spectra of -
tetrahydrofurfuryl alcohol over the outer
valence energy region (9-25 eV)
Marcin Dampc et al

-

Advances in threshold photoelectron
spectroscopy (TPES) and threshold
photoelectron photoion coincidence
(TPEPICO)
Tomas Baer and Richard P. Tuckett

-

High-Resolution Threshold Photoelectron
and Photoion Spectroscopy of Molecular
Nitrogen in the 15.0-52.7eV Photon
Energy Range
Andrew J. Yencha et al

-

This content was downloaded from IP address 153.19.42.120 on 08/11/2018 at 09:35

https://doi.org/10.1088/0022-3735/20/4/021
http://iopscience.iop.org/article/10.1088/0953-4075/21/21/014
http://iopscience.iop.org/article/10.1088/0953-4075/21/21/014
http://iopscience.iop.org/article/10.1088/0953-4075/33/16/201
http://iopscience.iop.org/article/10.1088/0953-4075/33/16/201
http://iopscience.iop.org/article/10.1088/0953-4075/33/16/201
http://iopscience.iop.org/article/10.1088/0953-4075/22/20/013
http://iopscience.iop.org/article/10.1088/0953-4075/22/20/013
http://dx.doi.org/10.1016/j.cplett.2017.04.084
http://dx.doi.org/10.1016/j.cplett.2017.04.084
http://dx.doi.org/10.1016/j.cplett.2017.04.084
http://dx.doi.org/10.1039/C7CP00144D
http://dx.doi.org/10.1039/C7CP00144D
http://dx.doi.org/10.1039/C7CP00144D
http://dx.doi.org/10.1039/C7CP00144D
http://dx.doi.org/10.1016/j.elspec.2014.07.004
http://dx.doi.org/10.1016/j.elspec.2014.07.004
http://dx.doi.org/10.1016/j.elspec.2014.07.004
http://dx.doi.org/10.1016/j.elspec.2014.07.004


J. Phys. E: Sci. Instrum. 20 (1987). Printed in the UK 

A high resolution threshold 
electron spectrometer for use in 
photoionisation studies 
G C King, M Zubekl., P M Rutter and F H Read 
Department of Physics, Schuster Laboratory, Manchester 
University, Manchester M13 9PL, UK 

Received 22 May 1986, in final form 3 1 July 1986 

Abstract. An electron spectrometer is described for use in 
threshold photoionisation studies. The spectrometer 
incorporates a penetrating field extractor stage, a 127' 
cylindrical deflection analyser and an electrostatic lens system 
to match the two together. The high collection efficiency. 
resolution, transmission and sensitivity of the spectrometer are 
demonstrated with threshold photoionisation measurements in 
argon and helium. The spectrometer is also able to handle non- 
threshold photoelectrons. The high performance and ease of 
operation of the spectrometer suggest that it could be used as a 
general diagnostic tool on synchrotron vuv and soft x-ray beam 
lines. 

1. Introduction 
Threshold photoelectron spectroscopy has been shown to be a 
powerful technique in the study of photoionisation of atoms and 
molecules (see, for example, Peatman et a1 1969, 1978, 
Delwiche et a1 1981). The technique allows the direct and 
accurate determination of ion excitation energies and the 
measurement of photoionisation cross sections close to their 
thresholds rather than far above the thresholds as in 
conventional photoelectron spectroscopy, which it therefore 
complements. Important advantages of threshold photoelectron 
spectroscopy over conventional photoelectron spectroscopy at 
fixed wavelength are that very high transmission can be 
achieved for electrons of near-zero kinetic energy without loss of 
energy resolution and that Doppler broadening becomes very 
small for such electrons. Another use of threshold photoelectron 
spectrometers is in the study of threshold photo-double- 
ionisation where the interest lies in the motion of the two low- 
energy outgoing photoelectrons and the strong electron-electron 
correlations involved. It was for these studies that the present 
threshold spectrometer was built and developed. During the 
threshold photo-double-ionisation studies the wider advantages 
of the threshold spectrometer became apparent. These include: 
high transmission (- 100%): high resolution (-3 meV), high 
sensitivity, relatively simple mechanical construction and stable 
operation. These properties suggest that the spectrometer could 
be useful as a diagnostic tool on synchrotron vuv and soft x-ray 
beam lines to test the characteristics of the photon beam. 

A variety of designs of threshold photoelectron analysers 
have been described in the literature. The basic requirement of 
these analysers is that low-energy photoelectrons (< 10 meV) 
should be transmitted with high efficiency (-50-100%) whilst 
more energetic electrons are discriminated against. In 
photoionisation studies, designs have been based either on 
angular discrimination of higher energy electrons by baffles or 
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on time-of-flight measurements. Angular discrimination was first 
used by Baer et a1 (1969). In their technique, called the 
steradiancy technique, the photoelectrons were generated in a 
homogeneous electrostatic extracting field. After acceleration 
the electrons passed through a long tube that suppressed most of 
the energetic electrons since these tend to have a transverse 
velocity component that is too large to allow them to pass 
through the tube. Peatman et a1 (1975) developed this device 
further to eliminate spurious autoionisation peaks in 
photoelectron spectra. Spohr et a1 (1 97 1) described a threshold 
analyser based on the same principle but with the single tube 
replaced by a plate containing numerous closely spaced parallel 
channels having a large length-to-diameter ratio. Stockbauer 
(1979) described an apparatus consisting of a' drift tube followed 
by a 127O cylindrical deflection analyser. In this apparatus the 
photoelectrons were accelerated by some voltage, typically 3 V. 
and the analyser was tuned to pass only those electrons that had 
the energy corresponding to this acceleration voltage. In this 
way only electrons that were produced with a small initial 
kinetic energy could be detected. Time-of-flight analysers for 
threshold photoelectron studies have been described by, for 
example. Tsai et a1 (1974) and Baer et a1 (1979). These devices 
utilised the finite time-of-flight of the electrons before they 
reached the detector. 

Threshold electron spectrometers have also been used in 
electron impact measurements. Perhaps the most successful of 
such spectrometers have been those based on the 'penetrating 
field' technique described by CvejanoviC and Read (1974a). 
Spectrometers of this type have been used, for example, for 
threshold ionisation studies (CvejanoviC and Read 1974b) and 
for threshold excitation measurements (Hammond et a1 1985). 
In this technique a weak electrostatic field, sometimes having a 
quadrupole configuration, is allowed to penetrate into the region 
containing the collision volume. Scattered electrons of very low 
energy are collected over a wide range of initial angles by this 
field and are directed and accelerated towards a 90' cylindrical 
deflection analyser. In this way electrons of low energy, typically 
from 0 to about 3 meV. are detected with high efficiency whilst 
those of higher energy are discriminated against. This penetrat- 
ing field technique has been used in the present spectrometer. 
The main differences between the present spectrometer and the 
earlier penetrating field devices are the use of a 127" cylindrical 
deflection analyser (CDA) and the provision of an electrostatic 
lens to match the CDA to the penetrating field extractor stage. 
The purpose of the CDA is to discriminate against non-threshold 
electrons that leave the interaction region in the direction of the 
exit hole, and that would otherwise produce a tail on the high 
energy side of the response function of the spectrometer. 

2. Constructional details 
A schematic diagram of the threshold photoelectron 
spectrometer is shown in figure 1. The essential parts of the 
spectrometer are: the cage surrounding the interaction region, 
the extracting electrode outside the exit aperture of the cage, an 
asymmetric electrostatic lens, a 127O CDA and an electron 
detector. 

The cage surrounding the interaction region is a crucial part 
of the spectrometer and is illustrated schematically in figure 2. 
The cage must allow penetration of the extracting field and 
passage of the photon beam and yet allow energetic 
photoelectrons to leave the region without producing low energy 
secondary electrons at solid surfaces. Such low energy 
secondary electrons would tend to be drawn into the threshold 
spectrometer and thus contribute a spurious background signal. 
The target cage is therefore designed and constructed to make it 
as transparent as possible. The framework of the cage is 40 mm 
high and has a diameter of 20 mm and is constructed from 

0022-3735,%7,/040440 + 04 $02.50 1987 IOP Publishing Ltd 



A high resolution threshold electron spectrometer 

Hypodermic Photon 
needle ,beam D e f l e c t o r  

Channel electron 
mul t ip l ier  

Figure 1. Schematic diagram of the spectrometer. The target gas beam 
enters from below (i.e. perpendicular to the plane of the paper) through 
the hypodermic needle while the photon beam is perpendicular to the 
gas beam direction and the optical axis of the extraction and lens 
system. The numbers below the electrodes indicate typical applied 
voltages measured with respect to the local earth of the spectrometer 
(see text). The numbers in parenthesis above the electrodes indicate 
diameters of apertures in mm. 

E n t r y  r i n g -  

Figure 2. Schematic diagram of the cage surrounding the interaction 
region. Only one of the three entry or exit rings is shown. 

Advance wire of diameter 0.5 mm. Upon this framework is 
wound 0.02" diameter tungsten wire spaced at 2 mm 
intervals. The use of thin wire rather than mesh results in a 
higher transparency of the target cage, a value of approximately 
98% being achieved. The struts that support the upper and lower 
parts of the frame are situated outside the shielding wires, again 
minimising the probability of low energy secondary electrons 
being drawn into the analyser. Three rings attached to the frame 
provide entry and exit holes for the photon beam and entry for 
the extracting field. These rings have a diameter of 3 mm. After 
construction the whole assembly was gold plated to minimise the 
effects of contact potential variations. 

The target gas beam emanates from a gold-plated 
platinum-iridium hypodermic needle of bore 0.5 mm. This 
hypodermic needle is positioned on the central axis of the target 
cage and is electrically isolated from the rest of the interaction 
region so that its potential can be altered to optimise the 
performance of the spectrometer. The potential difference 
between the tube and the rest of the interaction region is 
typically tens of mV. The orifice of the hypodermic needle is 
placed approximately 3 mm from the photon beam axis for 
optimum performance of the spectrometer. 

An electrode which has an aperture of diameter 3 mm is 
situated 2 mm outside one of the exit holes of the cage. This 
electrode produces the extracting field that draws out the low 
energy photoelectrons and directs them towards the analyser. 

The effect of the extracting field on the threshold photoelectrons 
is illustrated in figure 3,  which shows the computed trajectories 
of electrons that are produced at the centre of the interaction 
region with an initial kinetic energy of 2 meV. As can be seen, 
electrons having an energy as low as this are collected over 
4n sr, and form a crossover near the exit hole of the target cage. 

/ E x t r a c t i n g  
e l e c t r o d e  

U T a r g e t  cage 

Figure 3. Computed trajectories of low energy (2 meV) photoelectrons 
produced at the interaction region. 

The beam crossover region is imaged onto the entrance 
plane of the CDA by a three-aperture asymmetric-voltage lens 
that has a spacing ( A )  to bore (D) ratio of 0.5 and a value of D 
of 6 mm. The object and image distances are 3 0 .  The focal 
properties of the lens are given by Harting and Read (1976). 
The operating voltages of the lens are shown in figure 1 and are 
measured with respect to the local earth of the spectrometer 
which corresponds to the zero of electron kinetic energy. 
Angular definition of the electron beam is essentially provided 
by the extracting stage and so an additional pupil is not 
necessary. A single set of electrostatic deflectors is used to steer 
the electron beam into the CDA. 

The 127' CDA has a mean radius of 25.4mm, inner and 
outer electrodes of radii 12.7 and 38.2 mm respectively and a 
height of 45 mm. The relatively large gap between the inner and 
outer electrodes helps in the minimisation of the effects of patch 
fields and of noise due to electrons being scattered off the outer 
electrode. Possible problems due to fringing fields were 
minimised by the use of Jost correctors (Jost 1979) at the 
entrance and exit planes of the analyser and similar field cor- 
rectors at the top and bottom of the CDA, as shown in figure 1. 
The central field-correcting electrodes would normally be held 
at the mean analysing potential of the analyser but it was found 
useful to superimpose small potentials (of magnitude 9 0 . 2  V) on 
these electrodes to produce a deflecting action on the electrons 
and so maximise the transmitted signal. A real aperture of 
diameter 1 mm is placed at the entrance plane of the CDA while a 
slit of dimensions 1 x 5 mm is placed at the exit plane. The 
analyser can be operated at pass energies as low as 0.3 eV, 
giving a bandpass of 0.015 eV, over periods of several weeks 
with excellent stability. The inner electrode is solid while the 
outer electrode is made from high transparency mesh clamped in 
a simple frame. There is no evidence of noise arising from 
electrons scattered off surfaces in the CDA. 

It would be possible and perhaps advantageous to use a 
hemispherical deflection analyser, although it would be more 
difficult to construct the outer hemisphere from mesh of high 
transparency. 

A channel electron multiplier with a conical input (Mullard 
B419/01) is used to detect transmitted electrons and a potential 
of 25 V is applied to its input to optimise the electron detection 
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efficiency. Any possible field penetration from the channel 
electron multiplier into the analyser is minimised by a fine 
mesh screen placed between the two. 

Molybdenum is used for all electrodes that are exposed to 
the electron beam. Other mechanical parts of the threshold 
spectrometer are constructed from aluminium, which is non- 
magnetic, is easy to machine and presents no problems due to 
outgassing. Since the electron energies in the spectrometer are 
low, it is essential to bake the whole spectrometer continuously. 
A temperature of 100 OC was found to be adequate. The baking 
is conveniently achieved by resistive heating of 0.25 mm 
diameter nichrome wire that is wound non-inductively in four- 
bore ceramic rods distributed around the spectrometer. A 
heating power of 35 W is used. The sum of the ripple and noise 
voltages on all the electron optical elements is less than 2 mV 
peak to peak. 

The spectrometer is housed in a stainless steel vacuum 
chamber of diameter 350 mm which is pumped by a 510 1 s-' 
turbomolecular pump (Balzers type TPU5 10). A mumetal shield 
and a single pair of Helmholtz coils placed in a horizontal plane 
are used to keep magnetic fields in the interaction region less 
than 5 x lo-' T. 

3, Performance of the spectrometer 
To test the spectrometer it was attached to a toroidal grating 
monochromator (TGM) on the Daresbury Laboratory Synchro- 
tron Radiation Source. This provides radiation over the range 
10-100 eV within an energy band as small as 0.015 eV. Photons 
from the output of the TGM were transported to the interaction 
region by a Pyrex capillary tube of internal bore 2 mm. The exit 
of the tube was placed 5 mm from the entrance ring in the cage 
surrounding the interaction region. Care was taken to minimise 
noise due to background photons. The photon flux passing 
through the interaction region was measured using a 
combination of a sodium salicylate film and a photomultiplier 
tube that had been previously calibrated against a standard 
photodiode. 

In the present measurements the yield of threshold electrons 
is measured as  the incident photon energy is varied across the 
region of interest. Output pulses from the electron detector are 
amplified, shaped and counted and their numbers are stored in a 
P D P l l  minicomputer operating in a multiscaling mode. The 
minicomputer also changes the energy of the photon beam in 
synchronism with the channel address via a stepper motor 
attached to the grating of the TGM. The photomultiplier signal is 
used to ensure that each channel dwell time corresponds to the 
same number of incident photons at the interaction region. 

3.1. Threshold photoionisation measurements in argon 
Argon is a convenient atom with which to test the performance 
of the spectrometer for several reasons. Its threshold 
photoionisation spectrum is simple, the photoionisation cross 
sections have been well studied and there exist Rydberg states 
lls ' ,  12s', 13s', 14s', etc, that converge to the 'P1/2 state of Ar- 
and which autoionise, leading to the production of electrons with 
energies of 3, 38, 62, 81 meV, etc respectively. The ability of the 
spectrometer to suppress the more energetic of these electrons is 
a good test of its performance. The threshold spectrum shown in 
figure 4 demonstrates the high performance of the spectrometer. 
Threshold electrons are produced as the photon energy crosses 
the energies of the 2P312 and 2Pl /2  states of Ar- at 15.760 and 
15.938 eV respectively. The photon energy scale was calibrated 
by making measurements of the photoabsorption spectrum of 
N2 in the same energy region. This gave an uncertainty in the 
energy scale of i 3  meV. The observed positions of the peak 
maxima in the spectrum shown in figure 4 are 15.760 and 
15.937 eV respectively, in agreement with the spectroscopic 
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Figure 4. Threshold photoionisation spectrum of argon in the region of 
the *P3:2,1,2 states of Ar'. The channel width is 2.5 meV. The observed 
ratio of peak heights is 6.7  : 1. 

values. The fact that the maxima of the threshold peaks occur at 
the spectroscopic values indicates that the widths of the peaks 
are determined by the energy spread of the photon beam, and 
that the energy resolution of the threshold spectrometer is much 
smaller than the observed widths of the peaks. The photon flux 
in this measurement was approximately 2 x 10' photons/s, while 
the estimated target gas pressure was 2 Pa. The count rate in the 
2P3 peak was 4 x lo4 counts/s, while the signal-to-noise ratio 
was approximately 103:1 as is clearly demonstrated by the 
almost complete absence of noise in the energy region between 
the two peaks. 

As can be seen from figure 4 there is no evidence of a peak 
at the energy (15.798 eV) of the 12s' autoionising state which 
gives rise to electrons of energy 38 meV. The 11s' autoionising 
state lies just 3 meV above the 'P3,2 ion state and so the ejected 
electrons cannot be resolved in energy from the threshold 
electrons by the spectrometer. The ejected electrons therefore add 
to the intensity of the peak corresponding to the 2P3 ion state, 
which explains why the ratio of the heights of the two peaks is 
not the ratio of statistical weights, 2 : 1. The observed ratio of the 
peaks is 6.7:l which indicates (Peatman et a1 1975) that the 
energy resolution of the spectrometer is approximately 3 meV. 
This cannot be deduced directly from the observed width 
(FWHM= 17 meV) of the peaks in the threshold spectrum since 
this width is dominated by that of the incident photon beam. 

3.2. Threshold photoionisation measurements in helium 
The initial reason for constructing the spectrometer was to study 
photo-double-ionisation processes in helium (King et a1 1986). 
Here doubly excited states close to the double ionisation 
potential (79.005 eV) are of interest as well as the continuum 
above the double ionisation potential. The photoionisation cross 
sections in this region are smalI cm2) and so the 
spectrometer must have high transmission for the threshold 
electrons that are produced. In these measurements there is also 
present a large yield of much more energetic (-55 eV) 
photoelectrons that arise from the more probable process of 
excitation of the He+(ls) state. It is these energetic electrons that 
could strike the cage surrounding the target region and produce 
low energy secondary electrons that could constitute an 
unwanted background. A threshold spectrum covering the 
region of the We-(n  = 2) states is shown in figure 5. The photon 
energy scale has been calibrated by assuming that the maximum 
of the threshold peak occurs at the spectroscopic value of the 
ion state, namely 65.401 eV (Martin 1973). The photon flux in 
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Figure 5 .  Threshold photoionisation spectrum of He+(n = 2). The 
signal-to-noise ratio in the peak is 185 : 1. The channel width is 
10.0 meV. 

this measurement was approximately 1 x lo9 photons/s and the 
estimated target gas pressure was 6 Pa. The count rate in the 
He'(n=2) peak was 505 counts/s. The width of the peak is 
55 meV (FWHM) and corresponds to the energy width of the 
photon beam. The high signal-to-noise ratio of the spectrum, 
185 : 1, demonstrates the high rejection ratio for non-threshold 
photoelectrons. 

3.3. The use of the spectrometer for  non-threshold 
photoelectrons 
The present spectrometer has been designed primarily for the 
detection of threshold electrons of near-zero energy. It is 
however, unlike most other threshold analysers, also able to 
handle non-threshold photoelectrons (> 10 meV). For this mode of 
operation the extracting electrode is electrically connected to the 
target region whose potential then corresponds to the primary 
kinetic energy of the photoelectrons. The instrument then 
becomes a conventional photoelectron spectrometer. The object 
of the electrostatic lens is the interaction region, increasing the 
object distance by about 1.5D. The focal properties of the three- 
aperture lens can be easily adjusted to accommodate this 
change. The extracting electrode becomes the pupil of the 
system and defines the half angle of the electron beam to be 7'. 
Using the spectrometer in this mode of operation photoelectrons 
of energies from a few eV up to 55 eV were collected and energy 
analysed. It was also found possible to use the spectrometer to 
cover the more difficult energy region between threshold and 
2 eV above threshold (Zubek et a1 1986). 

4. Summary 
A new threshold spectrometer has been described and its 
performance demonstrated. It features high collection efficiency 
and transmission of threshold electrons, high energy resolution, 
high rejection of non-threshold electrons and high stability. It is 
primarily for use in threshold studies but it can also be used in a 
mode that is suitable for non-threshold photoelectron studies. 
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