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The design and construction details for a new high resolution, angle-resolved electron spectrometer system specifically designed for

use on the National Bureau of Standards’ synchrotron radiation faci
mean-radius hemispherical electron energy analyzers in a cryogenical
measure vibrationally resolved photoelectron branching ratios and an

1. Introduction

The many uses of photoelectron spectrometry (PES)
with synchrotron radiation (SR) as a light source have
been reviewed in the recent literature [1-4]. The general
design considerations of the joint use of electron
analyzers and SR were reviewed by Smith and Kevan in
the previous meeting of this Conference [5] At the
International meeting on Sychrotron Radiation Instru-
mentation held in Hamburg, Sonntag and Wuilleumier
[6] reviewed the types of photoelestron spectromeiers
currently used for experiments in atomic and molecular
physics using SR. A common objective of the various
instruments discussed has been the exploitation of the
intense, continuous spectral nature of SR io perform
differential experiments as a function of photon energy.
These efforts have had 2 major impact in the diverse
areas of atomic and molecular physics, surface and solid
state science, as well as material and biclogical studies
71

The instrument described herein is a second genera-
tion electron spectrometer sysiem designed to optimize
experimental capability and match the custom mono-
chromators available at the Synchrotron Ultravioles
Radiation Facility (SURF) of the National Burean of
Standards. The first generation apparatus consisted of a
single 5 cm mean-radius rotatable analyzer, which had
an overall resolution of about 110 meV in typical opera-
tion [8]. While adequate for a wide variety of experi-
ments involving simple diatomic molecules [9], this reso-
lution was inadequate to clearly resolve vibrational de-
tail in polyatomic systems, particularly in resonance

0167-5087 /84 /803.00 © Elsevier Science Publishers BV,
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lity (SURF-II) are described. The system features two 10.2 cm
ly-pumped, magnetically-shielded chamber and may be used to
gular distributions from small molecules.

regions [10,11]. Moreover, increased sensitivity was
needed to examine vibrational and electronic autoioni-
zation dynamics within narrow autoionizing resonances
[9]. To enable these more sophisticated experiments and
to circumvent some of the limitations imposed by the
initial design, an entirely new instrument was conceived
and its fabrication implemented. After extensive labora-
tory testing, the instrument is now installed on the
normai-incidence beam line at SURF and is undergoing
final testing and calibration. An initial report was made
on this instrument at the Hamburg meeting [12}. Briefly,
the system consists of a 97 cm long, 76 cm diameter
triply magnetically-shielded chamber, which is pumped
with both a 500 1/s turbopump and a 2000 1/s cryo-
pump. There are two 10.2 cm mean-radius hemispheri-
cal electron energy analyzers. One of the analyzers is
mounted on a bearing fixture and is rotatable through
120°. The other analyzer remains fixed and monitors
electrons along the major polarization axis of the incom.
ing radiation. Fig. 1 shows a schematic of the instru-
ment and most of its major features.

2. Experimental and scientific objectives

The present apparatus is designed to measure photo-
electron angular distributions and vibrational branching
ratios as a function of photon energy. The basic experi-
mental geometry for angle resolved PES is represented
in fig. 2. The photons are supplied via a monochromaior
such as the 2 m normal-incidence instrument at SURF
[13]. The differential cross section in the dipole ap-

V. DETECTORS
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Fig. 2. Schematic of limiting cases of photoelectron angular
distributions for randomly oriented atoms or molecules in the
dipole approximation. The rotatable photoelectron spectrome-
ter is indicated by the box labeled PES. The electric field vector
of the light E is shown perpendicular to the propogation
direction of the light on the axis labeled E. For a polarization
P =1 (linear polarization) and asymmetry parameter B =2, the
angular distribution is as shown in the top figure. For P =1
and 8 = — 1, the distribution is as shown in the bottom portion
of the figure.

proximation for photoionization of a randomly oriented
gas may be expressed as:

do, o, , . .
30 “Z;ii +(B,/4)(3P cos 26 + 1),
where,

B, = asymmeiry parameter for a vibrational state v,

8 = angle of electron ejection with respect to the prin-
cipal axis of polarization,

P = polarization of the incoming radiation with the
horizontal axis being the major axis,

s, = total cross section for producing vibrational state v
of a given electronic state.

The number of electrons ejected per unit light flux per
unit solid angle (dN,/dR2) is proportional to the dif-
ferential cross section; hence, we can recast the differen-
tial cross section equation directly into measurable
quantities:

dN, /d2=N,[1+(B8,/4)(3P cos 28 + 1}].

The solid angle of collection for the device is constant;
hence, by measuring the number of electrons as a func-
tion of @ and separately determining P, the asymmetry
parameter, 3,, and the quantity N, can be determined.
When a number of vibrational transitions are measured,
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Fig. 3. Sample photoelectron spectra of molecule O, showing

the vibrationally resolved structure. The branching ratios (BR)
and asymmetry parameters are shown at the top.

dividing N, by the sum over N, gives the branching
ratios within a given electronic transition [14]. Addition-
ally, if the total cross section for an electronic band is
known. the partial cross sections for aliernative vibra-
tional channels can be obtained.

The type of spectra and information we seek using
angle-resolved PES are shown in fig. 3. These spectra
were taken with our previous instrument with a com-
bined photon/electron resolution of about 110 meV.
Notice that different vibrational peaks display different
angular distributions; a hint that this process is being
affected by a resonant mechanism. Moreover, these
spectra can be accumulated as a function of wavelength,
producing wavelength-dependent branching ratios and
asymmetry parameters. This information is known to
embody the detailed dynamics of resonance phenom-
ena, such as shape resonances and autoionization [9]
Shape resonances result from angular momentum bar-
riers in the molecular field, which give rise to delayed
escape of the photoelectron within certain energy ranges.
The detailed molecular potential and especially the bas-
rier, are sensitive to molecular geometry and hence, in
addition 1o affecting total absorption cross section, shape
resonances can give rise to non-Franck-Condon behav-
ior [9] in the vibrational amplitudes and to vibrational

V. DETECTORS



State dependent variations in the asymmetry parameter
within somie energy range.

Autoionization, in which 2 highly ‘excited  neutral
state decays into the ionization continuum. also gives
fise 1o non-Franck-Condon behavior and 10 'variations
in the asymmetry parameters as a function of photon
energy and vibrational state As in the shape resonance
phenomena, the photoionization amplitudes for vibra-
tionally resolved transitions may be sensitive to molecu-
lar geometry due to the existence of the intermediate
autoionizing state. Multichannel Quantum Defect The-
ory (MQDT) has been used to calculate the branching
ratio and asymmetry parameter for molecular hydrogen
[9.15,16]. The details of the calculation have vet 10 be
tested experimentally, although excellent agreement has
been obtained with the high resolution photoionization
data of Dehmer and Chupka [17]. The future extension
of such caleulations 16 more complicated molecules is
greatly dependent on the availability of high quality
experimental data. A major objective of the research
made possible by the apparatus described here will be
to perform high resolution, ie: AE < 50 meV, photo-
electron spectrometry on selected molecules on a fine
wavelength ‘mesh. The branching ratios and asymmetry
parameters will be determined 5o as 1o characterize the
detailed dynamics of autoionization processes. This is
expected to stimulate additional theoretical work, either
with MODT or new ab initio methods, and to lead to
much greater insight inio ubiquitous autoionizing reso-
nances in molecular photoionizaton.

3. Chamber and vacuiim system
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of the cylinder. The vacuum chamber has 84 em diame:
ter end flanges and eight 25 cm diameter ports for
electrical, mechanical and light throughput. One of the
large end flanges supports both the mount for the
interior apparatus as well as 2 30 ¢m diameter port 1o
attach a cryopump. The Sryopump is of the closed-cycle
helium refrigerator type, with stated capacity of 2000
175 for air and 10000 1 /s for condensibles such as B 2O
Additional pumping is provided by a 500 1/5 turbo
molecular pump. The turbo molecular pump is also
used for pumping hydrogen and helium, which are
pumped ineffectively by the closed-cycle cryopump. The
entire chamber is constructed of type 304 stainless steel.
with metal-gasket flanges on all ports. The gasket seal-
ing material is copper for the standard 25 em diameter
flanges and gold for the large end flanges. For conveni-
ence, the large end flanges also accept a viton seal.

The magnetic shielding is effected with three lavers
of high permeability alloy material The outer two lavers
are 0.75 mm thick and the inper Iaver is 1.5 mm thick.
The spacing between layers is approximately 0.5 cm and
is maintained with aluminum spacers. All the side flange
ports are also triply shielded with capped inserts and
each layer of shielding is terminated with a cap at the
large circular ends. Where necessary, holes are punched
in the flange cap shielding to dccommodate throughputs
and 1o provide for pumping.

The effectiveness of the shielding can be estimated
from formulas developed in the literature. The attenua-
tion factor, g, for a single laver of shielding of inner
radius ,, outer radius # and permeability u, is given as
[18]

g %M*@{l ~(n/))

The vacuum chamber is designed to accomodate a
variety of experiments. such as photoion-photoelectron
coincidence measurements and various types of fluores-
cence spectrometers, in addition to the photoelectron
Spectrometry experiment. The system is modular and
will allow for a rapid exchange of experimenial insire
meniation,

The major design considerations for the vacuum
enclosure were:

1y accommodate two 102 oin mean radius analyzers:
2) optimize pumping speed:

3) Hexibility for exchange of experiment;

4) ability 1o adapt 16 several monochromators:

5y low residual internal magnetic fields,

The first three requirements mandated that the sys-
temi be large, so 45 10 enable the placement of the
electron flight path in the analyzers at-a distance of at
least 15 om from the walls, to allow for large and
perhaps multiple pumping ports and 16 provide space
for other types of experiments. The size and shape
chosen’ was 92 ¢m long, 76 em diameter chamber, ori-
ented such that the light enters perpendicular to the axis

This can be simplified for large diameter. D, and thin
shields of thickness, T, to:

g=pl/D,

The factor g is the ratio of the field outside the
shielding 1o the internal field on the axis of the cylinder.
in our case, the diameter i 76 cm; with a thickness of
0.75 mm. The magnetic field in the environment of the
SURF magnet at the region of the experiment is about 2
G. Under these conditions, standard engineering for-
mulas vield a permeability of ~ 300000 for the present
design. One effective laver of shielding should then give
a field on the axis of the chamber of about 6 mG.

At these external fields, the internal field inside the
outer shield is ~ 3000 © a5 can be estimated from [19]

B,,=25DB. /3T,

This is a desired range for the outer shield, s the
permeability is-a maximum for this internal flux range.
Two additional inner shislds provide fusther-extinction
of external fields. The individual attenuation factors for
the additional shields are of the order of 30 1o 40 each;
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hence a combined theoretical attenuation factor of
200000 or more might be expected. The shielding ef-
fectiveness of the inner layers is less, in part, because of
the smaller flux densities internal to the shielding, which
results in a diminished permeability. A more precise
calculation, based upon the method of Sterne [18,20]
yields similar values for the total attenuation factors.
The measured attenuation factor may be considerably
less, due to the approximations made and the imperfect
nature of the materials themselves.

In the absence of the spectrometers and their associ-
ated mounting hardware, the internal fields were mea-
sured to be no larger than several hundred pG. Prob-
lems developed, however, when the experimental ap-
paratus, which contained some limited amount of stain-
less steel, was inserted. Degaussing proved ineffective,
since the storage ring magnet ramps several times a day
and even the limited leakage through the shield per-
sisted in inducing magnetic behavior in some parts of
the apparatus. Additional leakage paths were provided
by stainless steel mounting.studs and other accessory
feedthroughs, which continued from the outer vacuum
envelope through the shielding layers. While these fabri-
cation techniques may be tolerated in a laboratory
environment, they are not suitable for use in the vicinity
of large magnetic fields, such as given by the magnet at

lution angle -
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SURF. The best policy is to fabricate using only metals
free of ferromagnetic materials. This policy has now
been rigorously implemented in the present system, with
the resulting return to low internal fields. Other storage
rings in general have smaller magnetic fields in the
region of the experimental station; however, the altera-
tions in the external field during delivery and installa-
tion could aggravate magnetic field problems.

4. Electron spectrometers

Fig. 4 shows a schematic of the electron spectrome-
ters. The entrance and exit lens system are three element
zoom lenses after the design of Read [21,22]. They are
of the type with an aperture to spacing ratio of 1 and in
these units have an image and object distance of five
times the aperture diameter. The actual spacing in our
case is 0.921 cm. Choosing these parameters, the lens
systems can be operated over an order of magnitude
variation in kinetic energies around a given pass energy,
while retaining unit magnification. The angular accep-
tance of the entrance lens is set by an aperture in the
cone mounted on the first lens element. This aperture,
along with its counterpart in the exit image plane,
determines the resolution of the instrument. This

Fig. 4. Details of the photoelectron spectrometer with power supplies shown. Electrodes shown as I are defleciors and elecirodes
marked H are Herzog correctors. Voltage Vy is the basic reference voltage of the system, referenced to ground. Al other lens voliages
are measured with respect 1o ¥y, Le. have their power supply common floating on V. They are: V,,, focus on entrance lens, V5 and
Vg, outer and inner hemisphere potentials, Vi exit lens focus and Vjy potential 10 establish kinetic energy at detector.

V. DETECTORS
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arrangement removes the necessity for entrance and exit
slits on the hemispherical plane. The fringing fields of
the hemisphere are corrected with Herzog 23] elec-
irodes labelled “H” in fig. 4.

The subject of hemispherical analyzers has been
covered in the literature [24] in recent years and only
those aspects which bear upon the present application
will be discussed here. In general, 2 hemispherical
analyzer consists of two concentric hemispheres of inner
radius R, and outer radius R,. The hemisphere poten-
tials necessary 1o focus a given energy electron can be
found by considering an electron starting at rest, which
is accelerated through a potential ¥ 1o arrive at the
normal to the equatorial plane at a kinetic energy
expressed in electron volts, E =V The electron will
pass through the device along the mean radius R.=(R,
+ Ry)/2 if the potenuial is adjusted 1o be IV along the
mean. This requires the inner hemisphere 10 be at 3
potential b =28 _/R. 1) and the outer at Vo=
V2R /R, — 1). To maintain a constant resolution and
transmission, as well as for simplicity of operation. it is
desirable to keep the pass energy of the analyzer fixed
for a given experiment. As a consequence, it is necessary
to accelerate or retard the entering electrons as nesded.
50 that their kinetic energy matches the pass energy of
the analyzers. An additional constraint is that the en-
irance cone must be at ground potential. so that the
ionization region remains field free.

A schematic of the potenual configuration is shown
in fig. 5. The total energy of the electron remains fixed
and equal to the initial kinetic energy. The various
elecirode potentials cause changes in the potential en-
ergy and corresponding changes in the kinetic snergy.
‘The kinetic energy of the elecirons on exiting ‘the en-

A.CoPorr et gl / High vesolition angle~ resolved photoeleciron speciromerer systeny

irance lens is the pass energy, B which is fixed for
given experiment. For ease of presentation, it is co
venient to refer to fig. 5 for the mnterplay of kinetic an
potential energy. Fig. 5 shows that a reference potenti:
¥, is used 1o adjust the kinetic energy of the electron 1
the pass energy, £, which determines the potentials o
the hemispheres, as in the above analysis. Hence, fc
varying initial kinetic ¢nergies E of the photoelectros
the reference voltage Vy, must be varied so that
E+Ve=E,,

OF rewritten

E=E - Vg,

The potentials of the inner and outer hemispheres mus
then be adjusted by the voltage equivalent of the initiz
kinetic energy, E, 1o account for the initial energy of th
electron. Hence, for an energy of analysis £,

M= E.QR, /Ry~ 1)~ (E,~ V)
=2E (R, /Ry=1y+¥,,

Vi=E, QR /R~ 1)~(E,~ V)
zzEa(Rm/Ri~1)+VR.

It is convenient to measure the potential on the hemi
spheres with respect to the reference voltage. Vi, then

%Rz %“ Vkaz‘ga(ﬂm/Rﬁ"})’
ViR=V,= Ve =2E (R,/R,~1).

As a consequence of these relationships; the potential o
the hemispherical electrodes are a constant value, if the:
are suitably referenced to the reference potential Vi.
The parameterization of the zoom lens focusin:
potentials is expressed {21.22] as a function of the rau.

Entrance Exit

Lens Leng
1 b
//i i 1| Detlectors. Herzoy }1 by :Chsnnei:ron
| Lens. Hemispheres |1+,
NN

- Distance

Fig. 5. Schematic of electron spectrometer lens svstem with an
illustrative porential energy plot. The electron is created at the
left ina figld free region with & kinstic energy £, Theelectron
first ‘sniers the entratice lens where it is aceelerated by the
focusing electrode and subsequently dlowed down by the third
elecirode. such that is kinetic energy is E,. After dispersion,

thig elecivon enters the sxit lens system and is focused on the
detector.

of the last electrode voltage 10 the first, both referencec
to the potential ai which the electron is ar rest Fig. :
indicates that this parameterization can be cast in term:
of the electron kinetic energy for convenience. For the
entrance lens system. the focusing potential on the
second electrode, Iy, depends upon the ratio E/E.
and is given by Read [21] and has been checked experi-
mentally. The value of V5, must, of course, take into
account that it is referenced to the reference voltage V.
To achieve best focusing conditions, Von is under com-
puter control and is varied as a function of photoelec-
tron energy and therefore reference voliage, while scan-
aing & photoeleciron spectrum. The axit lens system is
somewhat simpler, in that the entrance energy and exit
energy are fixed for o given choite of pass energy. The
energy -of the slectron on leaving ‘the exit lens is de-
termined by selecting the kinetic energy of the electron
with which the slsctron hits the detecior. A typical value
for Vi, is 7 V. This procedure allows Vi to be calcu-
lated, as well as being checked experimentally. Both lens
systems are operated in the mode of unit magnification.
Onee the pass energy is selected and the exit lens
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condition determined, only two voltages, Von and Vi,
need be adjusted to perform a photoelectron energy
scan. The kinetic energy, £, which determines Vy is
given by

E=hy~IP,

where hv» is photon energy and IP is the ionization
potential of the state under examination. Since £ = (£,
~ Vg), we can write Vy = E, — hp + IP. A precision 16
bit digital to analog power supply under computer
control furnishes V. All other power supplies are refer-
enced to this voltage.

Deflection electrodes in the position marked D in
fig. 4 are used to correct for small misalignments and
any residual field effects. One seeks to reduce electric
and magnetic fields by adequate shielding, so that all
deflection electrodes may be at the potential Vp.

The electrodes, including the hemispheres, are con-
structed of copper with ceramic or sapphire insulators.
The surfaces which are seen by the electrons are coated
with colloidal graphite to achieve a uniform surface
potential. An electrostatic screening box with apertures
for the gas jet and light capillary, encloses the interac-
tion region, to maintain a uniform electric potential in
the ionization region. It was found useful to install
grounded shields on the entrance lens assemblies and
electrode leads, so that electrical fields from these com-
ponents could not influence the interaction region.

After traversing the analyzer system, the electrons
are detected with a continuous channel electron multi-
plier. The pulses are amplified and accumulated with a
computer controlled scaler. A future modification will
be to replace the electron multiplier with a microchan-
nel plate/resistive surip area detector. This will permit
collecting a range of photoelectron energies simulta-
neously. An electron of energy E' = E, + 4 E, will hit
the exit plane displaced from the mean radius of the
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Fig. 6. Photoelectron spectra of the Ar”¥ °P, , peak taken with
a neon resonance line. The pass energy of the analyzer is 1 eV,
which results in a resolution of about 9 meV.
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Fig. 7. Photoelectron spectrum of N, taken at 5 eV pass energy

with the helium resonance lines. The resolution is about 50
meV.

hemispheres by a given amount, X, given by
X=2R AE/E,

This equation assumes first order focusing is obtained
and will be subject to errors due to higher order aberra-
tions far from the mean radius. The position between
the two hemispheres in the exit plane then becomes an
energy axis. This can be exploited to achieve greatly
enhanced sensitivity [25]. Implementation of this area
detector technology is currently underway.

The light intensity and polarization are monitored by
the same device as used on our previous apparatus [8],
although plans are underway to replace it with a device
more mechanically compatible with the new double
analyzer system. Briefly, the light monitoring device
consisis of a 90% transparént tungsien grid foliowed by
3 glancing angle reflections from gold surfaces to a solid
tungsten electrode. The photocurrents from the tungsten
electrodes are monitored and the signal differences upon
rotation through 90° give the polarization.

Fig. 6 shows a spectrum of argon taken with a
laboratory light source emitting the neon resonance
lines. The total resolution is 9 meV. Fig. 7 shows a
spectrum of N, taken with a laboratory light source
with 5 V pass energy. The resolution is about 50 meV.
These sample data indicate that this system is capable
of achieving significantly higher resolution/sensitivity
than previously possible with electron spectrometers
designed for use with synchrotron radiation.

5. Data scquisition

The entire system is controlled by an LSI 11,/23
computer via a CAMAC dataway. The basic reference
voltage and sweep are provided by a 16 bit digital to

analog converter, which has a range of +32 Vor +110
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V, with either 2 0.5 mV or 2 mV siep resolution. The
focus voltages are separately furnished by digital 1o
analog devices through a voltage isolated amplifier, The
stepping motor for the monochromator and angle drive
are controlled with feedback from absolute shaft en
coders. The operator furnishes wavelength, scan and
angle parameters, which are used 1o initiate the daia-
acquisition cycle. Upon completion of 4 spectrum a1 2
given wavelength, the photoelectron counts are printed
out locally as well as being stored on disk media for
subsequent detailed analysis. The time spent at a given
point is determined by the integrated light flux: hence,
the data come out already corrected for possible light
intensity variations. Variants of the main operating sys-
tem program are used for constant photoelectron energy
spectroscopy [26] and for constant initial state spectros-
copy. The operating system repeatedly checks for a
manual interrupt, which enables the operator to stop an
sxperiment without loss of data. This is useful for
example, for beam reinjection or 0 avoid temporary
changes in beam conditions.

The LSI 11 /23 computer is used for data analysis,
which can be as simple as summing points. or may
involve 2 complete non-linear least squares analysis
with a gaussian basis set. The branching ratios and
asymunetry parameters are deduced from measurements
at two angles and are frequently compared 10 a2 third
angle or an independent set of intensity ratios:

The system is calibrated as outlined previously [27]
using argon as a sample gas. The argon cross section
and asymmetry parameters are known and. along with 2
set of values for the photoelectric vield of the tungsten
detector, give the angle calibration factors and analyzer
transmission function. This information is necéssary for

accurate determination of the asymmetry parameters
and branching ratios. The calibration procedure is car-
ried out in varying degrees of complexity at frequent
intervals, 1o ensure the stability of the sysiem.

6. Summary

A photoélectron specirometer system incorporating
two herispherical analyzers has been tested sxtensively
using 2 laboratory light source. Fig. 6 shows 2 specirum
of argon taken using 2 neon resonance line. With a pass
energy of 1 eV and with 0.15 cm entrance and exit
apertures, the resolution obtained is about 9 meV, Fig 7
shows a specirum of M, taken at 5 'V pass erergy with
the helium resonance line. The resolution indicared is
about 50 meV, wiich would be 2 typical operating
condition when the specirometer is used with synchio-
tron radiation. The instrument has been mstalled at
SURF and initial testing is underway. The experimenial
program will begin shortly.

This work was supported in part by the Office of
Maval Research, the US Depariment of Energy and
MNATO Grant No. 1939,
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