Dual toroidal photoelectron spectrometer for investigating photodouble
lonization in atoms and molecules

T. J. Reddish, G. Richmond, G. W. Bagley, J. P. Wightman, and S. Cvejanovic®
Physics Department, The University, Newcastle-upon-Tyne, NE1 7RU, United Kingdom

(Received 2 January 1997; accepted for publication 16 April 1997

A photoelectron-photoelectron coincidence spectrometer, incorporating two independent toroidal
analyzers, has been developed to study photodouble ionization of gas targets using synchrotron
radiation. The energy-resolved and angle-dispersed electron images are recorded using
two-dimensional position-sensitive detectors. The design and performance of the spectrometer is
described, with particular emphasis on the electron optical properties of toroidal deflectors and their
associated electrostatic lenses. The operation and calibration of the spectrometer are discussed and
sample (,2e) results of helium are presented. ®97 American Institute of Physics.
[S0034-674807)02407-9

I. INTRODUCTION the photoelectrons whilpreservingthe initial angle of emis-
» ) o _ sion. As a direct consequence of their focusing propetfies,
An exciting new development in photoionization experi- yhe angular distribution of the electrons is mapped directly
ments has occurred during the last decade in the area Qfyq the detector. Although toroidal analyzers are being de-
photodouble ionizatioriPDI), i.e., veloped in a variety of field526-?°their design and opera-
hv+M—M2* +e +e t@on is _not yvell (_astablished nor trivi_al. Our dual toroidal con-
figuration is unique for PDI experiments and we have also
where* denotes the possibility of the doubly ionized atom or developed complex multielement electron lenses, based on
molecule being in an excited state. This field has blossomegylindrical and conical geometries, which could be applied to
because of larger vacuum ultraviolguv) light intensities at  other types of electron spectrometers. Consequently, this ar-
synchrotron radiation sources and due to the development @le presents our novel electron optical system and a ratio-
efficient coincidence techniques necessary for the detectiofale for its design, along with a description of the normal-
of the photoionization fragments. A variety of methods haveization procedure to correct for inevitable variations in the
been employe&ij6 depending on which two of the three analyzer's angular efficiency.
products are detected. The information obtained is generally
complementary but each method provides its own unique
insight into the process. PDI is of fundamental interest andl' THE TOROIDAL SPECTROMETER
importance as double ionization is a multielectron process, The apparatus is a photoelectron-photoelectron multico-
depending strongly on electron correlation and so cannot bigcidence spectrometer in which the two electrons, of speci-
described by the familiar independent electron model of théijed energies, are detected over a wide range of emission
atom. Atomic PDI results in an ion and two escaping elec-angles. It has been designed to operate at the Daresbury Syn-
trons which are subject to long-range Coulomb forces. Achrotron Radiation Sourc¢(SRS and currently uses vuv ra-
sensitive and direct way of studying the classic three-bodyiation from beamline 3.3. The spectrometer is housed in a
Coulomb continuum problem is to use synchrotron radiatiorcylindrical stainless-steel chamber, lined internally with two
and measure the angular distributions of the two outgoingoaxial mumetal cylinders and evacuated by two Leybold
electrons. Such measuremérits'°have only become fea- 10001/s turbomolecular pumps. A schematic diagram of the
sible during the last few years and have provided a powerfuipparatus is shown in Fig. 1, indicating the relative orienta-
stimulus for detailed theoretical investigatiods™® PDI of  tion of the two partial toroidal analyzers and their respective
helium is the archetypal system for these studies. This igetectors. The electrostatic analyzers are independent, i.e.,
because a bare nucleus is left behind and because no processy are able to detect dissimilar electron energies, with dif-
other than direct double ionization can occur. In contrast, alferent resolutions. Electrons emerge from the central interac-
heavier atoms are subject to oth@ndirec processes in- tion region defined by the intersection of the photon and gas
volving intermediate configurationg.e., ionic and neutral beams. Photoelectrons emitted in the plane orthogonal to the
states converging to higher double ionization thresholdsphoton beam that enter the analyzers are focused at the tor-
which also lead to the production of doubly charged ions. oidal entrance slit. Electrons of a specific energy traverse the
We have developed a spectrometer based on a toroidghp between two toroidal surfaces to the exit slits of each
geometry, which has properties ideally suited for measuringinalyzer. The exit lenses accelerate and refocus the energy-
the angle distributions of the escaping sl@x50 eV elec-  resolved electrons to their respective two-dimensional
trons. Toroidal analyzers have the capability to energy selegiosition-sensitive detectors. The final images are circular
arcs in shapdwith circle centers on the photon axisn

dpermanent address: Institute of Physics, University of Belgrade, P.O. BoWhi‘?h_ t_he pqsition around the perimet?r i_S directly related to
57, 11001 Belgrade, Yugoslavia. the initial azimuthal photoelectron emission angle.
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FIG. 2. A diagram showing the parameters that characterize toroidal sur-
FIG. 1. A schematic diagram showing the configuration of the two partialfaces, namely: cylindrical radiug), spherical radiugb), and sector angle
toroids along with lines indicating central trajectories of electrons with a(6).
selection of emission angles, as discussed in the text. The electron lenses are
not shown for reasons of clarity. The mechanical angular acceptances of the
two analyzers in the plane orthogonal to the photon beam are 100° and 180cusing. By introducing entrance and exit slits one constrains

these positions to be image “points” in any radial plane.

The multicoincidence capability can be realized as eIec-L.Jnder these conditions the ppmt—_to—pomt imaging conditions
on a curve between cylindricac=, 6=127° and

trons arriving anywhere on one detector can be Correlatege isoherical | —0 o= 180° h in Fia. 3
with electrons detected simultaneously anywhere on th emF|>sp ﬁ“lcf ‘?‘”"’:y?e“*f‘ U ”),a:: st\(/jvn N "9 'th
other detector. This enables independent angular distribu- . arafiel trajectories from a small extended source in the
tions[or triple differential cross section@DCS)] to be mea- axial plane, which is orthogonall to all the radial planes, are
suredconcurrently This capability is one of the novel fea- brou_ghlt to al‘ focus_rﬁfter defllec;mg throu_ghthan a'?'gllml a
tures of the apparatus and is a great asset in compensating ﬁ&rm Z ‘z‘ma yﬁelr't e_ap,g: ar (_)cusmg It?l € ax(;at plane 1s
the small (y,2e) cross sections. Furthermore, by rotation of ermed “paraliel-lo-point - focusing an IS condition can
the whole spectrometer around the linearly polarized "ghfallso be recognized in hemispherical analyzers. Parallel rays

source, an arbitrary choice of the emission angle of one elece-.nterlng the hemisphere in the axiak nonenergg disper-
tron can be made. sive) plane are brought to a focus after only 90°. The rays

The photoelectron spectrometer is also capable of funct-hen diverge and leave the hemisphere after deflecting

tioning effectively in a “threshold” mode in which one ex- through 180° as parallel rays resulting in lateral image inver-

tracts low energy0—10 meVf electrons over # steradians sion. For angle-resolved studies, one requires the initial an-
by the field-penetration techniqéé.Although the angular
resolving capability of toroidal analyzers is superfluous for
this type spectroscopy, the possibility to further select the
detector’s area which comprises the tightly focused image of
zero-energy electronsee Sec. Il E provides an enhanced
energy resolution. The suitability of this entrance lens design 10
and the criteria for threshold detection has been discussed
elsewheré? The spectrometer components and design will

now be discussed in more detail. C

100 T T

A. Toroidal deflectors -

The electron optical properties of toroidal deflectors /
have been studied by Toffoletet al,'® based upon earlier ot/
work by Wollnik,23 resulting in general design formulae. To- II Parallel-to-Point
roidal analyzers can be characterized in terms of a “cylin- |
drical” radius, a (the distance from the interaction region to | | | | [
the toroidal deflector entrangea “spherical” radius,b (the 001 ™00 120 140 160 180 200
radius of the central path through the defleftand a sector Deflecting Angle: 6
angle, 6, as defined in Fig. 2. Although toroidal analyzers
have axial symmetryothe)_/ ar.e the topologlcal "T‘k betwee IG. 3. A plot of the point-to-poin{solid) and parallel-to-poin{dashel
the more familiar 1%57 cylindrical and hem|5phencal analyz'focusing conditions as a function of the toroidal parameteasd 6 derived
ers. Toffolettoet al.™> show that the focusing properties of from the matrix formalism of Toffolett@t al. (Ref. 15. The point-to-point
toroids can be determined as a function of the sector aﬂg|e’ curve has asymptotic limits of 127° and 180° with the object and image

and the “cylindrical-to-spherical radius ratio”c% a/b) as positions at the entrance and exit surfaces of the toroids, respectively. In the
case of parallel-to-point focusing, the object position is on the axis of sym-

shown in_ Figs._ 2 and 3. _They describe the‘_ fOCUSinQ iN thEnetry due to the very weak focusing effects of the entrance lens in the axial
energy-dispersive, or radial, planes as “point-to-point” fo- plane.
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gular information in the axial plane to be preserved, whilewhere « is the maximum entrance half andli@ the energy
maintaining the focusing conditions in the energy-dispersivalispersive plangb is the spherical radiusy is the width of
plane. Therefore the variable, needs to be chosen so that the toroidal entrance and exit slitassumed equgland the
¢=0, i.e., the sector angle for point-to-point focusing alsodispersionD = (cm+2)/(c+1). Readet al?®> have shown
satisfies the condition for parallel-to-point focusifege Fig. that « for hemispherical analyzerD(=2) is 0.25 and we
3). have takenxk to be 0.33 for cylindrical analyzerd(=1).

The decision as to the actual physical size of the analyzFor our systemD=1.25, =1 mm, b=100 mm, a=5°,
ers was made after considering three main factors. The firgtnd « is assumed to be 0.3, resulting in a theoretical energy
was the aberration effects of a finite size interaction regiomesolving capability oA Epyyu/e Vo= 1/100, which models
on the toroidal focusing properties. In our perpendicularwell what we achieve in practice.
plane geometry, the size of the interaction region in the axial The inner and outer toroids were made from aluminum
plane is determined by the diameter of the photon beanalloy (Dural) due to its ease of machining, density, and avail-
(~1-2 mm, depending on choice of capillargnd in the  ability; with a tolerance of+0.1 mm in every plane. The
radial plane by the electron optical properties of the entrancerucially important mechanical alignment was attained using
lenses(but is typically ~1 mm). As this size is essentially several ball bearings with the same diameter as the intertor-
fixed, this can only be regarded effectively as a point sourceidal gap(50 mm). All aluminum surfaces were coated with
if it is small in comparison to the cylindrical radiua, Sec- aerosol graphite to avoid field perturbations produced by sur-
ond, the cylindrical radius determines the overall space foface oxidation and to reduce secondary electron emission.
the entrance lengwhich transports the electrons from the The toroids are partial and hence end effects produce electric
interaction region to the toroidal entrance )shind for rea- field distortions which ultimately limit the useful angular
sons that will be discussed in Sec. Il C, this length should notange and alter the focusing properties of the analyzers, as
be too small. Finally, the energy resolving power depends otthey do in the lenses. In hemispherical analyzdos ex-
the spherical radiugy, for a given entrance/exit slit width ample it is common to insert corrective “hoops” in the end
[see Eq(2)]. After considering the accelerating and focusingplane of the hemispheres to terminate the electric field; their
capability of the entrance lens, and the overall range of elegaotentials are adjusted semiempirically to optimize the en-
tron energies one may want to transport with it ergy resolution. Two similar corrective strips have been
(~1-50¢eV), a reasonable, minimum mean energy of thelaced on both sides of the toroid entrance and exit slits. As
electrons transmitted through the toroidal analyzer can béhe analyzers lack cylindrical symmetry, further strips etched
ascertained £5 eV). As the system should at least be ca-on a printed circuit board are used to terminate the field at
pable of resolving diatomic vibrational levels, an appropriatethe edge planes of the partial toroids and so maximize the
value for the spherical radiub, can be chosen. useful angular range.

Our design has a cylindrical radius of 95 mm and a
spherical radius of 100 mm, giving=0.95 and a sector B. Interaction region
angle of 142°. This corresponds to axial focusing from the
interaction region to the exit surfaces of the toroids, wherea
the object in the radial plane is moved to the toroidal en
trance slit by means of the entrance lens. The analysis

The interaction region is defined by the intersection of
the photon beam and of gas emanating from a copper hypo-
‘dermic needle positioned orthogonal to the photon beam.

Toffoletto et al® d i take int tth lerati hotons enter the interaction region via a Pyrex capillary
offoletto et al. = does not take Into account the accelera Iontube, with an internal diameter of either 1 or 2 mm. The glass

effects of entrance and exit lenses on the toroidal focusin%be is supported within an aluminum pipe, with an endpiece
con_dmons; however, tfley have mse_rted similar lenses "Which also contains an insulated cylinder which defines the
their system and have “found no detrimental effects on th

- hoton beam divergence as shown in Fig. 4. This collimating
angular resolution.” Our analyzer system was then modele

ing th ion 4.0 electronfion | kadfe ylinder is suitably biased to ensure none of its photoelec-
using thesiMION (version 4. electron/ion lens packa trons leave the endpiece, whose geometry is also designed to

Wh'Ch. provided supporting evidence  that the SYSteM—y, e vent the electric field from penetrating into the target vi-
!ncludmg the Ignses—ca-n be made to focus simultaneous| inity. The interaction region is surrounded by a 40 mm diam
in both the rad"."" and aX|§1I planes. . ., _cylindrical molybdenum foilcoaxial with the photon beam
The theoretical potentlals on the inner anq outer toro]d hich screens the photon beam path from the electric fields

surfaces can be determined using the following E3Xpress'°”'emanating from the toroid entrance lenses. During initial

tests the target shield contained an array of holes, which
(1) allowed the photoelectrons to enter the analyzer lens system.

The array of 2 mm diam holes, whose centers in the axial

plane were spaced at 10° intervals as viewed from the inter-
whereV, is the electron “pass” energye(Vp) andr is the  action region, allowed the angular properties of the analyzers
spherical radius of the toroidal surfateThe expression for to be investigated. We now perform experiments using a
energy resolutionfull width at half-maximum (FWHM)]  continuous 6.5 mm wide annular slit instead of the array of
can be expressed as holes. Two thin strips bridge the annular slit near the edges
of the analyzer angular acceptance ranges. These serve as
angle markers; their shadows are evident in the detected im-
ages as illustrated later in Fig. 8.
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wide slit in the middle of the entrance lens is important as it
restricts severely the image parameters, so reducing the
quantity of background electrons from reaching the detector.
As a design starting position, the “curved-slit” entrance
lens for this system was assumed to be described by the
Harting and Read planar slit geomeffyAs long as the slit
width, h, is small compared to the radius of curvature of the
element,r, the lens element can effectively be regarded as
planar—to first order. Leckéy shows that this approxima-
tion is reasonable as long d#2r<1. This approximation
(which only breaks down close to the interaction region
explains how one can achieve focusing in the radial plane,
with only small effects in the axial plane. Once designed, the
lens performance was then refined ussigion. However,
this was of limited use for studying the axial plane focusing
0 10 20 30 40 50 as the then available version efviioN assumed full axial
T a— symmetry, which is clearly inappropriate for our partial tor-
oidal analyzers. Consequently, the resulting end effects of
the lenses and analyzer could not be modeled effectively. In
FIG. 4. A scale diagram showing the entrance lenses and target region in trpractice a printed circuit boar(cPCB) was used to terminate
spectrometer in the radial or engrgy-di;persive plane. Iq the diagram, th, e lenses, which not only limits field penetrati()‘mm/to
photon beam enters the interaction region from above, via a capillary, an . . .
its flux is monitored with an aluminum photodiode. The entrance lenses arge nelghborlng lenses of the other analyMt avoids the
the slits formed by a series of coaxial cylindrical surfaces of increasing radii.Chal'ging effects of a Simple insulating plate. The PCB incor-
The acceptance angle in the radial planeci8° and the slit width variation porated additional “pads” where the interelement gap was
among the lens elements is also shown. relatively large, and whose potential could be altered empiri-
cally to provide the optimum lens termination. This addi-
An aluminum photodiode is used as a beam dump angional complexity has proved most effective allowing the tra-
flux monitor for the photons. The photodiode entrance iSectories within 10° from the nominal angular limits to be
carefully designed to accommodate the divergent photofocused at the detector. Nevertheless, due to noticeable im-
beam and to ensure no photoelectrons or electric fields perge deformations at the edges, about a 20° loss in the angular
etrate back into the interaction region. The photodiode currange at each edge was adoptadd anticipated reducing
rent is measured by an electrometer, whose analogue voltagige useful analyzer angular acceptances to 60° and 140° in
output is converted to pulses using a voltage-to-frequencyhe axial plane(Additional mechanical constraints limit its
converter. These pulses are accumulated to provide a meangular range in the 100° toroid to 60° anyway as the detec-

sure of the integrated photon flux. tor must be off-axis to allow the photon beam to pass$ by.
Ideally there should only be focusing in the radial plane
C. Entrance lens and none in the axial plane, but one effect of the lack of 360°

The lens elements on the two independent analyzers aRymmetry in the lenses is to make them weakly focus in the
axial plane. The degree of axial focusing depends on the

slits on the curved surfaces of a series of coaxial cylinders; ™ " ; Lo .
with increasing diameters, as shown in Fig. 4. The Cylinderguallty of field termination at the lens edges and the potential

are made from nonmagnetic stainless steel and support mgifferences between adjacent elements—particularly those

lybdenum foil which constitutes the curved surface close toClose to the interaction region where the curvature is rela-

the electron beam. The cylinders are mounted on a rigi(]jiVGIy large. Care was_therefo_re exercisgd not to distort the
polyvinyl-lidene fluoride disk to provide mutual insulation angular scg_le by avoiding high potentials- {80 V) on
and mechanical alignment. The lens system contains sevéﬂose specific lens elements.
elements(and a deflectgrwhich behave like two multiele- _
L . . . .. D. Exit lens

ment lenses providing an intermediate crossover in the vicin-
ity of the central electrode. The exit lens, shown in Fig. 5 and which also contains a

When using an electron energy analyzer to detect lowdeflector close to the toroidal exit slit, transports the elec-
energy photoelectrons the main concern is to avoid detectingons from the toroid exit to the detection plane. The ele-
background electrons of the same energy and/or trajectorigeents are formed from slits in the curved surfaces on a series
which will take them through the analyzer exit slit. The main of coaxial cones. Again, a simple planar slit was the starting
source of these undesirable electrons is a photoionizatiopoint in the design and the final system was modeled on
process from the target gas, with a large cross section andsamioN. This planar slit approximation is expected to be
lower threshold energy, resulting in high energy electrongoorer for this “conical” lens system because the radii of the
emitted in all directions from the interaction region. Thesetwo curved edges on each element are different. This results
fast electrons will inevitably hit metal surfaces and liberatein different trajectories above and below the optic axis. Sig-
low energy electrons, some of which will be in the field of nificant aberrations were therefore expected in the image
view of the analyzer. The intermediate crossover at the 2 mmguality of this lens. To counter these effects, the lens was
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the two-dimensional position-sensitive detector. The elements are forme

from slits in the curved surfaces on a series of coaxial cones and the electrc gr';v:'t':'r ;rr';v:r't’:r
beam impinges on the first of two microchannel plates at an angle of 52° t
the normal.

4 Delay H TAC Unit ———m——
designed to have a magnification of 0.5, giving a smallel
image size on the detector. A simple four-element lens was ) ) ) ] )
designed, which is essentially a standard three-element IeﬂflzéG.' 6. A diagram showing the processing electronics and computer inter-

) . N acing. Most items are self-explanatory and are discussed in theQext.
with a movable central position for optimizing performance. _ counters, ENegrating encoder unit, CLKclock pulse, V-F
These elements were made in 1 mm thick aluminum, using- Opto=floating electrometer, voltage-to-frequency converter, and optoiso-
spinning techniques, and coated with aerosol graphite. lator photon flux monitoring system.

In principle, the electron image at the exit of the toroid is
dispersedradially in energy and thus toroidal analyzers
should give both energgnd angle dispersed images. For a puter.” It computes the position of incidence using analogue
typical spectrometer one could envisage an energy-dispersé@tio methods and provides 0.5-4.5 ¥,¥) output pulses.
range of~10% of the mean pass energy. Significantly, theTwo 20 MHz oscilloscopes display the,f/) information
success of this potentially powerful multidetection techniquefrom the position computer, so providing a “live” image of
depends on the performance of the exit lens. This requires &€ detector which is invaluable for tuning and monitoring
conical lens system that can transport radially extended imthe spectrometer.
ages with minimal aberrations so that at the detector one The spectrometer is controlled by a dedicated 486DX66
would obtain concentric circular images with different radii PC via acAMAC interface.CAMAC has been adopted for the
corresponding to different energies. We have not yet pursue@ardware link as the apparatus functions at the Daresbury
this interesting option, but we are aware of others who aré&RS which has standardized on this system. A schematic
developing such lens syster’r?s. diagram of the processing electronics is shown in Fig. 6.
Parallel output registers are used to address external 12-bit
digital-to-analog converters, allowing the detected electron
energies to be scanned. The movement of the toroidal grating
The two position-sensitive detecto®SD are each monochromator is controlled usingGMAC stepper motor

comprised of two microchannel platddCP), with a 40 mm  unit and the photon energy is monitored. A dual counting
diam active area, and two-dimensional resistive anode ermodule (Borer 1008 is used as a clock pulse counter and
coders supplied by Quantar Technology Intmodel also accumulates the photon fl(see Sec. Il B
QT3394. The resistive anode is designed so that the charge For noncoincident spectra, the information from both de-
cloud from the MCPs will be divided in linear proportion tectors can be recorded independently. If one is only inter-
among the four corners, depending on the relative position oésted in integrated count ratgse., the §,y) information is
incidence. The corners of the anode are capacitively coupleidnored, TTL “strobe” pulses from both detectors are input
to shaping preamplifiers, which lie just outside the vacuunto cAmMAC counters(Kinetic Systems 3640 (An additional
system and are connected to the QT2401A “position comuseful feature of the position computer is its image gating

E. Electron detectors and processing electronics
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system, which allows one to restrict the area on the detec-  »*
tor's image from which one accumulates counts, thereby en-

abling angle-resolved experiments to be perform&te ca- 200" %
MAC counting modules are configured so that an accurate

value of the data accumulation time can be evaluated. The |
(gated (x,y) image from a detector can also be recorded -
usingCAMAC 12-bit ADC modulegBorer 1243 which digi- 1000

tize the analogue pulses from the position computer. These
ADC modules have 12-bit resolution and also contain a 256
word buffer to help reduce dead time.

For coincidence experiments, timing pulses from the two . . | | | | )
analyzers must also be processed, in addition to i) ( 0 e 10 I 00 200 300 30 A
positional information. The timing pulses are obtained from ™ T T '
the two TTL strobe pulses by using their fast rising edges to
trigger a TTL-to-NIM convertefLeCroy 223. These pulses 1500 [~
are fed into a time-to-amplitude converi@fAC) (Tennelec
TC862 as in conventional coincidence experiments. If there .,
is a valid TAC output then there will always be positional
information from the two PSDs available for this event. The
positional information from the two resistive encoders is
gated with the TAC unit, so removing the majority of uncor-
related events. The TAC signal is also delayed as the pro- °; o T W e e B

cessing of the timing signals is quicker than that of the _ _

information from the resistive encoders. Thus. the CO_FIG. 7. Angle-dispersed and energy-resolved photoelectron images from the
_(X’_y) n - . : ’ 180° and 60° analyzers. The lack of intensity in the vicinity of 20° and 160°
incidence unit synchronizes the two modes of data processtegrees in the large analyzer's image is due to the angle markers which are
ing and is used to instigate the analog-to-digital conversiomsed to check the angular scale, as discussed in Secs. IIB and IIl. The
of the TAC output and the corresponding two) values. Szzzelg frjg;:e‘;”arfglhiirss'gg ;fsénzszzfﬁft;]rza‘tgeif indicate the radial ranges
The (five) ADC modules obviously operate asynchronously ysis: '

to the computer system, which empties and stores the da}

once their buffers are full. They start their conversions W'thare first converted to polar () format and radially filtered

appropriate TTI.‘ pul_seg derived from the ?trobe” pulsesto use only the electrons within an annular ring centered on
whose purpose is to indicate the presence of “valid analogthe sharp image in further analysis

(x.y) pulses. In angle-dispersed images, the linearity of the angular

The count rate limitation in the electronics is governe_dsCale and its extent needs to be checked as they can be al-

$|t|mately bty that gf_th;a c.hajgef d|V|:;|on mi“_thOd méhe pos'('jtered significantly by the careless use of either the entrance
lon _cr?]m%uter,tan. |sﬁypt|pa| ot suc t_r<|a|3|s |\:e ‘Zn% f _en?o”c—)r exit lens. Physical “stops” marking the extremities of the
ers. The deteclor s efiectively a spatially extended “single image at 20° and 160° in the 180° analyzer are clearly iden-

detector as it can only process one event over its active ar&fiable in the recorded imageee also Fig. B The position

at any one time. For image-integrat€édTL) counting pur- of the physical stops in the recorded image can indicate that

poseis, the _c_ount rate_z I'm'tago,? ﬁ.lOOtIEHZiZFgE[ r:gfésure- the angular scale is slightly demagnified, particularly for low
ments requiring X,y) image detection, the 12-bi CON" yhotoelectron energies<(0.5 eV), requiring a small linear

version requires 13s and further time jite(particularly stretch—from the center outwards—to restore it to the labo-
between the two detectors in coincidence madstricts the ratory scale
(x,y) imaging count rate te<50 kHz. Additionally,cAmAC Furthermore, each part of the annular image can be

mt;larrut_pt handlln% and ;h_etasfyntc;]hronous nat.ure of (tjh? datﬁwought of as independent as the electron trajectories respon-
co”ect!on tcurrenty rfs rftslouer er_IE)hun(,(y)d_;naget da?j sible for that part are unique. Therefore variations in the
coliection fo count rates Z. These ditterent dead- yield as a function of9 will occur because of local electric

time limitations could be improved significantly by purpose- field irregularities, mechanical differencésg., entrance and
built hardware. These count rate restrictions are just tolerablgxit slit sizes mi’crochannel plate gain variations and the

for single photoionizatipn stu<_jies as one can generally "Cihevitable edge effects. The resultiigngulaj differential
duce the count r_ate_by improving _the electron and/or phOt(_)rI]wnIinearity is remarkably stable for a particular spectrom-
resolutlons—_whlch is usually desirable anyvv_aly. For COINCl-g ey tuning and so a normalization function can easily be
dence.countmg where the count rates &k s, no such found. Just as measured energy scales in photoelectron spec-
dead-time constraints exist. tra need to be calibrated with a feature of known energy, so
angular distributions have to be relative to a reliable stan-
dard. In the case of single photoionization, the angular dis-
Examples of the angle-dispersed images produced by theibution for the HE, n=1 state is the yardstick as it has an
toroidal analyzers are shown in Fig. 7. The well-defined im-asymmetry paramet¢iB(E)] of 2 for all photoelectron en-
ages are clearly circular arcs and have therefore suffereergies

500 [~ Tl _'r__r' .

500 —

fltle distortion from the electron optics. These,y) images

Ill. RESULTS
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FIG. 9. A spectrum of the time distribution of coincident events for 10
+10 eV electrons in helium, integrated over the acceptance angles of both
analyzers. The true-to-random ratio varies with photoelectron energy and
Emission angle (degrees) spectrometer orientatiofwith respect to the polarized light soujc&ypical
values in helium vary between 5-50 with “true” coincidence count rates of
0.1-1.05%

FIG. 8. (a) The angular distribution of the Hg(n=2) level at 10 eV above

threshold measured with the larg&80° analyzer(points and the calcu- 180 60 .. L .
lated distribution for the same process f# 0.83 andB=0.57 (full line). ( 9] ’ ek) ) contalm_ng the anQU|ar dl_strl_butlons of _the_
The positions of the angle markers are indicated by large squares at 200true” coincidences is created. The coincidence matrix is

and 340°(b) A distribution of 10 eV electrons recorded by the large ana- then multiplied by a correction matrix derived from the an-
lyzer in coincidence with an electron qf the same energy detected amywherﬁuiar normalization functions of both analyzers, as described
on the small analyzer, for the same orientation of the spectrometer & for . .
and after the subtraction of random couriy. Measurementb) corrected earlier. This procedure assumes that the two analyzers are
for the angular efficiency variation derived frota) (open circley com-  imaging identical areas in the interaction region so that the
pared with the calculated sum of the TD@8II line) as discussed in Sec. coincidence volume is the same for all matrix elements. This
21 iﬁiltletrfi/zirsrieasured spectra have been radially filtered and are presented 'Eainnot be guaranteed gxperimentaily, bUt_ V_Vith .careful han-
dling of the lens potentials—especially minimizing the use
of deflectors—the results show it is a reasonable approxima-
(i.e., co ¢ distribution. The He", n=2 level can also be tion in practice. Such coincidence volume problems are in-
used as its asymmetry parameter is reasonably well known agrent in this kind of experiment and are well recognized in
a function of energ’¥ and acts as an important consistencyconventional spectrometers.
check, particularly at low photoelectron energies whergits Angular distributions for the electrons emitted in the
is nearly O(isotropic distribution. These measurements are photodouble ionization of helium normalized in this way are
made regularly throughout the data collection process andisplayed in Fig. 10. These distributions are obtained from
are used both to determine the degree of polarization of thehe coincident data used in Fig. 8 and show the dramatic
light source and to derive the angular normalization curvevariation of the TDCS both withp; and 6;,, the mutual
An example of the normalization procedure is illustrated in
Fig. 8.

A typical distribution of coincident events—or TAC
spectrum—is shown in Fig. 9. As the toroidal analyzers and
their acceptance angles are large, the inherent transit time
spread in the electron trajectories dominates the width of the
coincidence peak, rather than the simple but effective way of
deriving fast timing pulses described in Sec. Il E. The distri-
bution of random events is uniform and we have found no
need for a noise antenna to remove electrical picRa.

For each coincident event the TAC outpit;, and the
(x,y) coordinates from both detectors are digitized and
stored. In the subsequent analysis, radial filtering is applied
to remove the electrons outside the sharp im@ge Fig. 7
and time filtering is used to subtract “random” events from FIG. 10. The polar plot of two triple differential cross sections for 10
under the coincidence peak. Optimizing the statistical re-10 eV electrons in helium with the angle between one ejected eleron

: - ° section centered ofy) and the light polarization directiothorizonta)
quirements for the latter procedure has been discussed Bag indicated. The TDCSs are arbitrarily normalized to the theory of Huetz

. 2 . . o
McCarthy and We|90|a- By mtegratlng_over :_I-O mtervals et al. (Ref. 1)) (solid curvg as discussed in the text, having taken into
(say on both images a two-dimensional matrix account the degree of linear polarizatic® € 0.83).

0, = 959 0, = 1380
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