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A novel spectrometer for spin-polarized electron energy-loss spectroscopy
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By making use of advanced methods for the calculation of electron trajectories in the presence of
space charge fields we have designed and built a novel electron energy-loss spectrometer for the
purpose of measuring spin flip excitations at surfaces. The measurement of the spin asymmetry
requires a deflection angle between the photocathode and the sample position which amounts to 90°
in total. That deflection angle is not provided by standard electron deflectors, or by a combination
of those. We show that a 90° deflection angle can be realized by a combination of two novel
deflectors with 90° and 180° deflection angles each. The performance of the new spectrometer
matches the performance of the best electron spectrometers developed for surface vibration
spectroscopy. ©2003 American Institute of Physics.@DOI: 10.1063/1.1597954#
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I. INTRODUCTION

Electron energy-loss spectroscopy~EELS! has estab-
lished itself as one of the major tools for studying element
excitations at solid surfaces. In particular for probing surfa
vibrations of adsorbed species and the dispersion of sur
phonons the capabilities of EELS are unsurpassed by
other technique. The commercial availability of EELS instr
mentation as developed in Ju¨lich added greatly to its popu
larity. Present day spectrometers feature energy resolut
of less than 1 meV in combination with a sensitivity whic
amounts to a small fraction of a monolayer for adsorb
vibrations.1–3 Progress in instrumentation became possi
through the development of efficient numerical methods
calculate electron optical properties of energy dispersive
vices beyond the limitations of the classical cylindrical a
spherical deflectors, and of lens systems which are not ra
symmetric. Novel energy dispersing elements compen
‘‘spherical’’ aberrations to first order.3 Furthermore, the spac
charge aberrations on electron trajectories and the resu
limitations on the magnitude of the monochromatic curr
produced by energy dispersive elements are understood
can be taken into account to some degree.1 With these im-
provements the performance of EELS spectrometers is
mately determined by the brightness of the available elec
sources, which was the goal for the design of spectrome
formulated some 30 years ago.4

While advanced spectrometers leave little to be des
when probing the vibrational degrees of freedom they
lacking an important feature when it comes to electronic
citations. That is, the dependence of electronic excitations
the spin of the electron and electronic excitations which
the spin could not be analyzed with satisfactory energy re
lution. A particular desideratum is a technique for probi

a!Author to whom correspondence should be addressed; electronic
h.ibach@fz-juelich.de
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surface and thin film magnons in the momentum space
yond the range accessible by optical techniques.5,6 The clas-
sical technique for measuring magnon dispersion, neu
scattering, by and large fails for surface and thin-film sy
tems as it is lacking surface sensitivity. On the other ha
theoretical calculations show that the cross section for e
tron exchange scattering from magnons should be h
enough to lead to detectable features in EELS, provided
one has means to discriminate them against other, non-s
flip, in particular vibrational excitations.7–9

In order to probe spin-flip events in EELS one makes u
of negative electron affinity GaAs-photocathodes which e
partially polarized electron beams when illuminated by c
cular polarized light.10,11 The orientation of the spin is per
pendicular to the cathode surface, i.e., longitudinal to
initial electron trajectory of the electrons when they are em
ted from the cathode. For the purpose of measuring the
asymmetry of surface excitations, the spin should be orien
perpendicular to the scattering plane and therefore transv
to the electron trajectory at the sample position. This requ
a deflection of the electron trajectory of 90° between
point of electron emission from the GaAs cathode and
sample. Unfortunately, a 90° deflection is incompatible w
the normal deflecting energy dispersive elements such as
cylindrical or spherical deflector which feature 127° a
180° deflection, in the absence of fringe field corrections12

Initial approaches to the problem13 therefore introduced an
additional deflector between the photocathode and elec
monochromator. However, with the present understandin
the adverse effect of the space charge on the magnitud
the monochromatic current it is clear that such an additio
deflection is likely to reduce the monochromatic current d
matically: High throughput spectrometers make effective
of the energy dispersion within the monochromator to red
the aberrations caused by space charge. It would also
unwise to introduce the required additional deflecting e
ment after the monochromator since such a deflection ca
il:
9 © 2003 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



e
e

im
et
u
iv
he
o
e

re
e
i

fir
0

li
e
b
-
e

de
ll

uc
o
o
ro
8
th
it
e
om

th
i

te
a
b
s
ca
w
th
di
he
is
e

ry

ol
tio
th

v

or-
arge

nd
sing
on
tion
is to
80°
gle

ates
jec-
0°

tor,
or.

80°
tor
tive
tal
ruc-
ne

the
tor
0°
ed
ed
n

ed
°
, as
The
he
e of

he
sign
le I.
ep

e.
ns at
ature
for

4090 Rev. Sci. Instrum., Vol. 74, No. 9, September 2003 Ibach et al.
image aberration which would likewise have an adverse
fect on the overall performance. The latter is because mod
electron spectrometers require a good quality stigmatic
aging from the cathode all the way through the spectrom
to the detector. An optimum design for a spectrometer sho
therefore combine a 90° deflection in the energy dispers
elements with stigmatic imaging of the entrance slit of t
first monochromator onto the exit slit of the last analyzer
the entire spectrometer. While the classical concepts of
ergy dispersive electron deflectors fail to fulfill these requi
ments, the design described in Ref. 2 provides sufficient fl
ibility to accomplish the task. The solution to be described
this article features a two-stage monochromator, the
stage being a 90° deflector which is followed by a 18
deflector. The combination of both deflectors provides
~nearly! stigmatic image of the entrance slit onto the exit s
in the presence of space charge. The overall performanc
the novel spectrometer matches the performance of the
spectrometer designed previously.14 For reasons to be dis
cussed later it supercedes the performance of a spectrom
with a single 90° deflector15 by far.

The article is organized as follows. The next section
scribes the basic concept of the new spectrometer as we
some of the technical details of the calculations in as m
as they deviate from Ref. 1. In Sec. III the focal properties
the 90° and the 180° deflector with and without the effect
space charge are discussed. It is shown that the focal p
erties of the sequential arrangement of a 90° and a 1
deflector in combination with the aberrations induced by
space charge lead to a pseudo-stigmatic image at the ex
as well as to an excellent resolution of the device. The ov
all performance of the spectrometer is discussed and c
pared with previous designs in Sec. IV.

II. BASIC CONCEPT AND TECHNICAL ASPECTS

The energy dispersing electrostatic deflectors used in
spectrometer are variants of the electrostatic deflector w
aberration correction as introduced in 1993.14 These deflec-
tors have a general cylindrical form of the deflector pla
which are convexly curved around the central electron p
~Fig. 1!.16 The top and bottom of the deflector are covered
plates and the deflector has a metallic entrance and exit
so that the fringe field becomes an integral part of opti
properties of the system. The deflector can be operated
the potential of the exit slit being reduced compared to
nominal pass energy. The system then works as a retar
deflector. By applying a negative ‘‘compression’’ bias to t
top and bottom cover plates the focal length within the d
persion plane~x, y plane! is extended and shortened in th
sagittal plane~x, z plane! spanned by the electron trajecto
and thez axis perpendicular to the dispersion plane~Fig. 1!.
Stigmatic focusing can be achieved for a particular bias v
age and at a particular deflection angle. The total deflec
angle at which stigmatic focusing is obtained depends on
ratio of the radii of the inner and outer deflection plates~146°
for the design introduced in 1993!. The angular aberration
coefficients of the deflector are controlled by the conca
curvature of the deflection plates@Fig. 1~a!#. The radius of
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curvaturer c is chosen such as to optimize the overall perf
mance of the device when operating under space ch
conditions.

The extra degree of freedom provided by the top a
bottom cover plates can be used to make a deflector focu
within the dispersion plane for a wide range of deflecti
angles which encompass a 90° as well as a 180° deflec
angle. The basic idea of the spectrometer described here
use a double pass deflector consisting of a 90° and a 1
section, oppositely curved so that the total deflection an
becomes 90°. Biases on the top and bottom cover pl
would be chosen such that within the dispersion plane tra
tories emerging from a point in the entrance slit of the 9
deflector are focused on the exit slit of the 180° deflec
with an intermediate focus at the exit slit of the 90° deflect
This is achieved by a positive and a negative biasUB on the
top and bottom deflection plates of the 90° and the 1
deflector, respectively. The positive bias on the 90° deflec
leads to a diverging beam in the sagittal plane, the nega
bias in the 180° deflector to a focusing within the sagit
plane. The question to be explored is whether the const
tion can be made such that also within the sagittal pla
trajectories emerging from a point in the entrance slit of
90° deflector are focused in the exit slit of the 180° deflec
~without an intermediate focus at the exit slit of the 9
deflector!. In that case the device would have the desir
stigmatic focusing properties. This is what is being explor
in detail with the help of numerical calculations of electro
trajectories.

The overall design of the new spectrometer is display
in Fig. 2. In addition to the combination of the 90°/180
monochromator the spectrometer has a 146° analyzer
used in conventional electron energy-loss spectrometers.
illumination of the photocathode is by a laser diode with t
beam passing through orifices in the outer deflecting plat
the 90° deflector and the shielding of the lens system. T
lens system again is as described in Ref. 1. The basic de
parameters of the monochromator are summarized in Tab

Calculations of electron trajectories involve a two st
process. Step I is the solution of the Laplace equation~or the

FIG. 1. Cross sections through the electrostatic deflector as used her~a!
displays the cross section which intersects the central path of the electro
a right angle. The outer and inner deflecting plates have a concave curv
of a radiusr c . ~b! shows the cross section in the energy dispersing plane
the 180° deflector.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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4091Rev. Sci. Instrum., Vol. 74, No. 9, September 2003 Spin-polarized energy-loss spectrometer
Poisson equation if space charge is involved! and step II is
the calculation of the electron paths. The computer time
quired for the second step exceeds the time required for
first step by a large factor, simply because one needs to
culate the trajectories of as many as 105 electrons in order to
determine resolution and transmission properties for e
particular pass energy and each current load of the spect
eter. Efforts to develop or use efficient computer codes th
fore pay off merely in the calculation of the electron traje
tories. Because of the linearity of the Laplace equation,
Laplace equation needs to be solved only once for each s
trometer geometry and each independently variable poten
The actual potential distribution in the device is then cal
lated by a linear superposition. The Laplace equation w
solved by the traditional though slow method of overrela
ation on a relatively coarse mesh. Electron trajectories
calculated by interpolating the potential between the g
points at each instantaneous position of the electron b
method which preserves the local differential properties
the Laplace equation. The Verlet algorithm is used to cal
late the actual trajectories. For further details the reade
referred to Ref. 1.

Modern spectrometers operate under conditions at l
of moderate space charge. For our particular problem

FIG. 2. Sketch of the electron spectrometer for spin dependent inel
electron scattering. Electrons emitted from the photocathode are deflect
total by 90° such that the spin is oriented perpendicular to the scatte
plane at the sample~see inset!. ki , kf , u, u0 , andM denote the initial and
final wave vector, the angle betweenki and the surface normal, the ang
between incoming and the emerging beam, and the magnetization o
sample, respectively.

TABLE I. Construction parameters of the 90°/180° deflectors. See Fig. 1
the notation.

Deflector r c /mm r a /mm r i /mm r 0 /mm H/mm

90° 25 60.3 20.3 42 48
180° 100 60.3 20.3 33.5 48
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space charge has an important effect on the formation of
stigmatic focus. The effect of space charge must therefore
taken into account with sufficient accuracy. To lowest ord
the space charge can be determined by calculating the e
tron trajectories causing the space charge in the zero cu
limit. The potentials at the deflector are chosen such a
have the desired focal properties, e.g., a~stigmatic! focus at
the exit slit. The space charge in the spectrometer is de
mined by feeding the spectrometer with a bundle of electr
which has the angular and energy distribution as provided
the cathode emission system or the previous deflector.
additional potential induced by the space charge is obtai
by solving the Poisson equation in the deflector with all p
tentials on the electrodes set to zero. This potential is lin
in the charge and thus linear in the current entering the
flector. It is therefore to be added to the potential aris
from the solution of the Laplace equation for the deflecti
plates. For a given, still small, current load the trajector
are then calculated again with the lowest order space ch
potential, and the bias on the top and bottom cover plate
adjusted in order to keep the focal properties of the device
desired. The trajectories for the feeding bundle can then
calculated with the modified bias and a second iteration
the space charge is thereby obtained. For small currents
first correction suffices, for higher currents more iteratio
may be needed. Technically, the appropriate number of it
tions was achieved by raising the current in steps and ca
lating the space charge correction to the trajectories with
space charge potential obtained in the previous step. Figu
displays the bias voltageUB required to keep the focus in th
dispersion plane at 90° and 180° deflection angle for incre
ing input currents. The biasUB is with reference to the volt-
age on the entrance and exit apertures. The deflection vol
is DU52 V on both deflectors. The input currents are chos
to be in the range as used under typical operating condit

tic
in
g

he

FIG. 3. Variation of the bias voltageUB necessary to keep the dispersio
plane focus at the exit slit as a function of the input current.~a! For the 90°
deflector,~b! for the 180° deflector. The reference level forUB is the voltage
on the entrance and exit apertures. Data are calculated for deflection
agesDU52 V. For largerDU the x axis scales up to larger currents. No
thatUB is positive with respect to the pass energy for the 90° deflector,
negative for the 180° deflector.

r
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4092 Rev. Sci. Instrum., Vol. 74, No. 9, September 2003 Ibach et al.
for DU52 V. For larger deflection voltages the current for
given focusing bias scales approximately as (DU)3/2.

III. FOCUSING PROPERTIES OF THE 90°Õ180°
DEFLECTOR COMBINATION

In this section we describe the focusing properties of
90° and 180° deflector. The key results for the 90° and 1
deflector in the absence of space charge are presented i
three panels of Figs. 4 and 5, respectively. The biasesUB on
the top and bottom deflecting plates were set to have e
trons emerging from a point in the entrance slit to foc

FIG. 4. Trajectories in the 90° deflector in the zero current limit.~a! Solid
and dashed lines denote trajectories and equipotential lines, respective~b!
Radial position at the exit slity(a) vs the entrance angle. Dashed lin
denote the width of the exit slit.~c! Trajectories in the sagittal plane.

FIG. 5. Trajectories in the 180° deflector in the zero current limit~details as
in Fig. 4!.
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within the dispersion plane in the exit slit. This setting pr
vides optimum conditions for transmission and resolution,
shown later. The trajectories for electrons emerging from
center of the entrance slit with anglesa50°, 61°, 62°, and
64° to the central trajectory are displayed in Figs. 4~a! and
5~a!. In Figs. 4~b! and 5~b! the displacement from the centra
path in the exit slity(a) is shown as a function of the angl
a. The first derivative]y/]a vanishes ata50° which indi-
cates a first order focus at 90° and 180°, respectively.y(a)
can be fit to an expansiony52y02caaa22caaaaa4

¯ in
which thecaa andcaaaa are aberration coefficients andy0 is
the displacement of the trajectory from the center path in
entrance slit. The minus signy0 reflects the magnification
21. The aberration coefficients are significantly smaller th
for the cylindrical and spherical deflectors which is owed
the concave curvature of the deflector plates perpendicula
the dispersion plane.14

The trajectories in the sagittal plane are displayed for
entrance anglesb50°, 61°, 62°, and64° in Figs. 4~c! and
5~c!. Within the 90° deflector one has no focusing at all. T
trajectories diverge with an even larger angleb at the exit slit
than they had initially. Within the 180° deflector one has
overfocusing: the focus is far ahead of the exit slit, appro
mately at 125°. Our initial hope was that beam divergence
the 90° deflector could be compensated by the overfocu
of the 180° deflector such that in total a stigmatic foc
would be achieved at the exit slit. In order to investigate t
proposition we fed the 180° deflector with the trajector
exiting from the 90° deflector. However, still an overfocusi
was obtained and thus no stigmatic image at the exit slit. T
overfocusing is, however, welcome as overfocusing defl
tors better accommodate larger space charges due to
currents loads: The space charge always causes the bea
diverge, both in the dispersion plane and in the sagittal pla
whereby the foci in the two planes are shifted to larger
flection angles. In order to keep the focus in the dispers
plane at the exit slit the biasUB applied to top and bottom
cover plates has to be changed to a more positive value.
in turn shifts the focus in the sagittal plane even further
larger deflection angles, and hence the overfocusing is
duced by the space charge. By playing with the design
rameters one can design a spectrometer which focuses
matically under space charge load, albeit not witho
considerable aberrations.

In order to study the full transmission properties of t
spectrometer under space charge conditions we proceed
follows. In a first step the properties of the 90° deflector a
calculated self-consistently in the presence of the sp
charge as caused by the electrons supplied by the cat
~see above!. An energy spread of 200 meV of the electro
emitted from the cathode is assumed. The feeding curren
set to 1mA. The angular aperture isa5b564°. The de-
flecting voltage in the 90° deflector is 6 V corresponding to
pass energy of approximately 2.7 eV. The bias on top
bottom cover plates are set to have a focus in the disper
plane. Transmission and resolution of the 90° deflector
studied by feeding 104 electrons with a particular energy int
the entrance slit. The energy is then varied and the fractio
electrons emerging the exit slit is recorded as a function
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



ele
e

olt
0.
th
e
rg
n
c

ith
th
th

on
-

ro
a

s
ge
is

he

8
a

in
nt
e
th

o

es-

the
op

the
at

he
as a
e

the
slit.
um
ter-

on-
the

on
t to

t
ac
fo

e

s a

vely

n,
and

d as
slit.

4093Rev. Sci. Instrum., Vol. 74, No. 9, September 2003 Spin-polarized energy-loss spectrometer
energy. The full width at half maximumDE90° of that trans-
mission curve and the beam parameters of the emerging
trons in the maximum of the transmission function are th
used to feed the 180° deflector in which the deflection v
age was 2 V~corresponding to a pass energy of about
eV!. Again the space charge potential is calculated with
energy spread of the beam entering the 180° deflector. Th
after, the transmission is calculated as a function of ene
using the spatial and angular distribution of the electro
emerging from the 90° deflector. The position of the traje
tories on the exit slit of the 180° deflector for electrons w
an energy corresponding to the maximum transmission of
device are displayed in Fig. 6 as crosses together with
rectangular exit slit. While the image is not perfect~a perfect
deflector would have all crosses inside the rectangle! the
quality of the image is such that about 50% of the electr
fall into the exit slit. A slightly better result would be ob
tained if the exit slit was made to match the curved shape
the image. In view of the problems one encounters in p
cessing the curved beam further in the spectrometer we h
abstained from using curved slits. The transmission a
function of energy is shown in Fig. 7. The curved ima
gives rise to a tail on the right-hand side of the energy d
tribution. Despite the relatively poor image the width of t
energy distribution,DEFWHM56.2 meV, is only about 20%
larger than for the 146° deflector. The reason is that the 1
deflector has a larger energy dispersion which compens
the low imaging qualities to a good extent.

The results in Figs. 6 and 7 are obtained after optimiz
the focus with respect to beams emerging from the ce
point in the entrance slit. A question which needs still furth
exploration is as to whether this routine also provides
optimum transmission and energy resolution for a bundle

FIG. 6. Position~denoted as crosses! at which the electron hits the exit sli
~rectangle! of the 180° deflector for both deflectors operating under sp
charge conditions and for potential settings which yield the best per
mance. The crosses represent the image of the entrance slit. Th
36 mm2 exit slit is marked as a rectangle.
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electrons which fills the entrance slit. This question is inv
tigated by studying the energy widthDEFWHM , the transmis-
sion maximum, the total monochromatic current, and
‘‘peak current’’ as a function of the bias voltage on the t
and bottom cover plates. The peak current is defined as
current per energy window emerging from the deflector
the point of the maximum transmission~e.g., at 0.5 in Fig.
7!. The quantities are plotted in Fig. 8 as a function of t
bias voltage on the 180° deflector. The energy spread h
clear, though shallow minimum which is practically at th
bias voltage where the nominal focus was found with
trajectories emerging from the center of the entrance
Both transmission and the peak current have their maxim
at the same point. This shows that the routine used to de
mine the optimum focus works satisfactory. Figure 8 dem
strates furthermore that the total current emerging from
deflector~which would be measured at the sample! displays
no indication of an optimum focus at all. This is the reas
that spectrometers can neither be optimized with respec

e
r-
0.6

FIG. 7. Transmission of the 180° deflector fed by the 90° deflector a
function of the electron energy. The energy spreadDEFWHM of 6.2 meV is
only 20% higher than for the standard 146° deflector despite the relati
poor quality of the image~Fig. 6!.

FIG. 8. Energy widthDEFWHM , the peak current, the peak transmissio
and the total output current as a function of the bias voltage on the top
bottom cover plates of the 180° deflector. The nominal focus is define
the optimum focus of a bundle emerging at the center of the entrance
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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applied potentials nor evaluated in their qualities by obse
ing the current at the sample.

IV. PERFORMANCE OF THE SPECTROMETER

As demonstrated with Fig. 8, the peak current is a go
measure of the performance of a spectrometer. The partic
virtue in referring to the peak current in comparing perfo
mances as well as in optimizing spectrometer designs is
the peak current anywhere along the electron path thro
the spectrometer can only be less than it was in the prece
spectrometer section. Hence the peak current is a si
quantity whereby the performance, e.g., of the first mo
chromator can be checked already without investigating
processing of the beam in spectrometer sections fur
down the path. We have therefore studied the peak cur
and the energy spreadDEFWHM for the 90° deflector and the
180° deflector, as fed by the 90° deflector as a function of
input current of the 90° deflector. We have considered t
cases, one where the 90° deflector operates with the s
deflection voltage~here 2 V!, and a second where a defle
tion voltage of 6 V is applied to the 90° deflector so that t
90° deflector operated as a retarding deflector.1 The energy
width of the feed beam to the 90° deflector~used to calculate
the space charge! is 200 meV, as before. The space charge
taken into account self-consistently as described in Sec
The data calculated for the combination of the 90°/180°
flectors are obtained by feeding the 180° deflector with
actly the trajectories as they emerged from the 90° deflec
as described above. The results are displayed in Figs. 9
10 for DU90°5DU180°52 V and DU90°56 V, respectively.
Both the peak currents emerging from the 90° deflector
from the combination of the two deflectors are initially pr
portional to the input current and level-off for higher inp
currents. In the case whereDU90°5DU180° the peak current
appears to pass through a shallow maximum. The satura
of the peak current is caused by the decreasing perform
of the 90° deflector due to the heavy current load. The
creasing performance is manifest also in the increase of
energy spread of the 90° deflector~Figs. 9 and 10!. The
energy spread of the 180° deflector stays nearly unaffe

FIG. 9. Peak current and energy spreadDEFWHM for the 90° deflector and
the 180° deflector~fed by the 90° deflector! as a function of the input curren
into the 90° deflector. Deflection voltages areDU90°5DU180°52 V.
Downloaded 27 Nov 2003 to 195.37.184.165. Redistribution subject to A
-

d
lar
-
at
h

ng
le
-
e
er
nt

e
o
me

s
II.
-
-
r,
nd

d

on
ce
-

he

ed

because of the lower space charge aberrations in the
deflector. The peak current obtained in the retarding cas
significantly higher than for the case where both deflect
operate at the same path energy. Hence it is advantageo
work with the retardation, provided that the cathode syst
is able to deliver the higher input current required for t
retarding combination. The energy resolution is practica
not affected by operating the 90° deflector in the retard
mode.

As a final step in the analysis of the new spectrome
we calculate the monochromatic current as measured in
detector with the beam shooting directly into the analy
and compare it to experimental measurements. To a g
approximation the monochromaticI M current scales with the
resolution of the monochromatorDEM and analyzerDEA as

I M}DEM
3/2DEA. ~1!

The exponent 3/2 arises from the space charge limited
rent and the scaling withDEA is because a smallerDEA cuts
out a smaller section of the energy distribution of the be
delivered by the monochromator. Assuming Gaussian tra
mission functions the total resolution of the spectrometer

DEtot5~DEM
2 1DEA

2 !1/2. ~2!

The maximum currentI M at a givenDEtot is easily calcu-
lated from Eqs.~1! and ~2! to occur if

DEA5A2

3
DEM ~3!

or

DEtot5A5

3
DEM . ~4!

Assuming again Gaussian transmission functions the frac
of the input current transmitted by the analyzer is

FIG. 10. Peak current and energy spreadDEFWHM for the 90° deflector and
the 180° deflector~fed by the 90° deflector! as a function of the input curren
into the 90° deflector. Deflection voltages areDU90°56 V and DU180°

52 V. Hence the 90° deflector operates as a retarding deflector. The
lution of the 90° deflector at 3mA (DEFWHM5300 meV) is calculated with-
out considering the finite energy spread of the cathode (DEFWHM

5200 meV).
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TA5TmaxA DEMDEA

DEM
2 1DEA

2, ~5!

in which Tmax is the transmission at the maximum of th
transmission function of the analyzer~compare to Fig. 7!.
After insertingTmax'0.7 for the 146° analyzer and Eq.~3!
one obtainsTA'0.5. The transmission for the lens syste
between monochromator exit and the analyzer entrance s
about 80%,1 which makes the current at the detector amo
to about 40% of the current at the sample. The overall re
lution is reduced according to Eq.~4!. With these consider-
ations the current at the detector can be calculated as a f
tion of the overall resolution once the current emerging fr
the monochromator versus resolution is known. We have
formed the corresponding calculations for two potential s
tings of the spectrometer:DU90°56 V, DU180°52 V, and
DU90°5DU180°59 V. The results for the current at the d
tector are shown in Fig. 11 as open diamonds. The o
circles and the closed squares are measurements with a
sten cathode and the photocathode, respectively. The cl
circles represent data of the best known spectrometer fe

FIG. 11. Monochromatic current at the detector as measured in the ‘‘stra
through’’ position for the best available spectrometer~Ref. 2! ~closed
circles! which was designed for highest resolution and the spin spectrom
~open circles and closed squares! characterized by a trade-off of resolutio
in favor of higher currents to match the requirements of measuring spin
transitions. The open diamonds are calculated from the simulations.
Downloaded 27 Nov 2003 to 195.37.184.165. Redistribution subject to A
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t
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nc-

r-
t-

n
ng-
ed

ur-

ing the 146° aberration compensated deflectors. Figure
demonstrates that the numerical calculations match the
perimental results quite well. Furthermore, the spectrom
design for spin dependent scattering does not fall shor
performance compared to the best spectrometer known
far. The lower resolution limit for the spin spectrometer
about 4 meV rather than 0.3 meV for the 146° spectrome
is a consequence of the fact that the spin spectrometer
tures larger slits and was designed to operate with area-ra
than tip-cathodes.

Finally, we compare the present design in its perf
mance with the proposal of Vattuoneet al.15 to use a 90°
deflector only. For this deflector Vattuoneet al. calculate a
monochromatic current at the sample of 0.2 nA for a mon
chromator resolution of 10 meV. Scaled to the current at
detector and the resolution of the complete spectrometer
corresponds toI M50.08 nA at DEtot513 meV which is a
factor of 30 lower than in the design described here. T
reasons for the inferior performance of a spectrometer hav
only a 90° monochromator are the poor energy dispers
and focusing properties of the 90° deflector.
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