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for aberration-corrected scanning
transmission electron microscopy/electron
energy-loss spectroscopy
BY ONDREJ L. KRIVANEK*, JONATHAN P. URSIN, NEIL J. BACON,
GEORGE J. CORBIN, NIKLAS DELLBY, PETR HRNCIRIK,
MATTHEW F. MURFITT, CHRISTOPHER S. OWN AND ZOLTAN S. SZILAGYI
Nion Company, 1102 8th Street, Kirkland, WA 98033, USA
An all-magnetic monochromator/spectrometer system for sub-30 meV energy-resolution
electron energy-loss spectroscopy in the scanning transmission electron microscope is
described. It will link the energy being selected by the monochromator to the energy
being analysed by the spectrometer, without resorting to decelerating the electron
beam. This will allow it to attain spectral energy stability comparable to systems using
monochromators and spectrometers that are raised to near the high voltage of the
instrument. It will also be able to correct the chromatic aberration of the probe-forming
column. It should be able to provide variable energy resolution down to approximately
10 meV and spatial resolution less than 1 Å.
Keywords: monochromator; electron energy-loss spectroscopy; scanning transmission electron
microscope; aberration correction; chromatic correction

1. Introduction
At the Electron Energy Loss Spectroscopy and Imaging (EELSI) meeting held
at Port Ludlow, WA, USA, in September 1998, two of the present authors
gave a paper entitled ‘Towards sub-Å electron beams’ (published as Krivanek
et al. 1999). The smallest electron probe diameter attained up to that time was
approximately 1.2 Å, and optimism was therefore needed to justify the title. It
was clear that reaching signiﬁcantly below 1 Å was going to be possible only
with aberration correction, and practical aberration correctors were only just
beginning to show promise.
The decade that followed justiﬁed the optimism many times over. A corrector
of spherical aberration (Cs ≡ C3 ) for a VG Microscopes 120 kV cold ﬁeld
emission (CFE) scanning transmission electron microscope (STEM) produced
sub-ångström resolution high-angle annular dark ﬁeld (HAADF) images less
than 4 years later (Batson et al. 2002). The probe size was improved to
0.78 Å (at 300 kV primary voltage) soon after (Nellist et al. 2004) and is now
*Author for correspondence (krivanek.ondrej@gmail.com).
One contribution of 14 to a Discussion Meeting Issue ‘New possibilities with aberration-corrected
electron microscopy’.
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around 0.5 Å, also at 300 kV (Sawada et al. 2007, 2008; Kisielowski et al. 2008).
The currents available in atomic sized probes have also grown remarkably,
to approximately 1 nA in 1.5 Å diameter probes at 100 kV (Krivanek et al.
2008a) and by similar amounts at 300 kV (Watanabe et al. 2006). The increased
probe current has allowed 256 × 256 pixel atomic resolution elemental maps to
be obtained by electron energy-loss spectroscopy (EELS) spectrum imaging in
approximately 10 min at 100 kV (Muller et al. 2008; L. Fitting-Kourkoutis and
D. A. Muller 2009, unpublished data), and X-ray elemental maps with sensitivity
close to the single atom level to be acquired (Watanabe et al. 2006).
Other areas of electron-optical instrumentation have also seen major advances.
Transmission electron microscope (TEM) correctors of spherical aberration have
been developed and have produced resolution also approaching 0.5 Å when used
with a monochromator that reduces the energy width of the primary beam
(Tiemeijer et al. 2008). Correctors using combined electrostatic–electromagnetic
quadrupoles ﬁrst suggested by Kel’man & Yavor (1961) have allowed chromatic
aberration (Cc ) to be corrected along with spherical aberration, ﬁrst in a
scanning electron microscope (Zach & Haider 1995) and more recently in a
ﬁxed-beam TEM (Haider et al. 2008). A combined Cs + Cc corrector based
on an inhomogeneous Wien ﬁlter has also been proposed (Rose 1990a). These
developments are especially important for lower operating voltages, at which
chromatic aberration often constitutes the most important resolution limit.
Further, monochromators able to reduce the energy width of the primary beam
to 0.1 eV and less have been developed (see §2), and spectrometers able to record
electron energy-loss spectra with the improved resolution made possible by the
monochromators have been designed and built (Su et al. 2003; Essers et al. 2008).
In this paper we describe the design of a monochromator that should be able
to improve both the EELS energy resolution and the long-term EELS energy
stability. The monochromator will also be able to correct the chromatic aberration
of the STEM probe incident on the sample using a novel correction principle:
magnetic sextupoles acting on an energy-dispersed beam. To our knowledge, the
principle has never been employed in an electron microscope column, even though
it is common practice in particle accelerators (Courant & Snyder 1958; Lee 2004).

2. High-energy-resolution electron energy-loss spectroscopy
Electron energy-loss spectroscopy in the STEM is now an established technique
(Egerton 1996, 2005) able to detect single atoms in favourable cases (Krivanek
et al. 1991; Leapman 2003; Varela et al. 2004), produce elemental maps with
atomic resolution and explore the nature of the atomic bonds in many types of
materials. The EELS energy resolution that can be attained at medium primary
voltages (100–300 kV) is approximately 0.1–0.5 eV. It is determined mainly by two
parameters: the energy width δE of the primary beam, and the energy resolution
of the spectrometer, with the energy width of the beam typically being more
limiting. Spectral energy resolutions of approximately 0.3 eV can be obtained
with room-temperature tungsten CFE sources run at a small to moderate total
beam current (e.g. Garvie & Craven 1994; Batson 2005). Further improvements in
the energy resolution are possible with low-workfunction sources (Batson 1987;
Fransen et al. 1999), but to progress reliably to 0.1 eV energy resolution and
below, monochromating the primary beam is required.
Phil. Trans. R. Soc. A (2009)
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Energy resolution of around 0.1 eV makes a major difference for EELS ﬁnestructure studies in materials containing elements such as carbon and silicon,
which have energy-loss edges not greatly broadened by a short lifetime of the
core hole (Egerton 1996). It also allows more detailed explorations of energy
losses of the order of a few electron volts, and thus makes possible studies of band
gaps and band-gap defects in semiconductors, and of detailed low-loss structures
in materials such as metal nanoparticles (Schaffer et al. 2009), insulators and
organic materials. Reducing the energy width of the primary beam to 0.1–0.2 eV
is also useful for improving the spatial resolution of bright-ﬁeld images (Tiemeijer
et al. 2008), which are particularly sensitive to resolution loss due to chromatic
aberration, and for improving the resolution of all imaging modes at primary
energies smaller than 100 keV.
Several different types of monochromators aiming to combine energy resolution
of the order of 0.1 eV with small-probe capabilities have been built in the
last decade (Terauchi et al. 1999; Tiemeijer 1999; Mook & Kruit 2000; Batson
et al. 2000; Kahl & Rose 2000; Huber et al. 2004 (based on the design of Rose
1990b); Mukai et al. 2006). All these instruments share one important trait: they
disperse the beam in energy when it is at a low voltage of the order of 1–5 keV, and
then accelerate it to the ﬁnal voltage. This arrangement allows them to attain
dispersions of the order of tens of micrometres per electron volt, which means
that micrometre-sized slits can be used to select energy passbands of the order
of 0.1 eV. (The very compact design of Mook and co-workers is an exception—
it gives a dispersion of 4.2 μm eV−1 and uses a ‘nanoslit’ to select the energy
passband.) The energy selection is typically done at the reduced beam energy,
except in the Tiemeijer design, in which the beam is dispersed in energy at a
reduced voltage, accelerated to the ﬁnal voltage and only then is the energy
selection performed. The high-energy beam being less sensitive to charging at
the slit, this arrangement results in the practical advantage that maintaining the
slit charge-free becomes less critical.
As another point of comparison, some monochromator systems never cancel the
dispersion and therefore illuminate the sample with a beam that is dispersed in
energy, whereas more recent monochromators tend to be dispersing–undispersing
ones (Kahl & Rose 2000; Huber et al. 2004; Mukai et al. 2006), in which the
beam is dispersed according to its energy in the ﬁrst half of the monochromator,
a small range of energies is selected, and then the dispersion is cancelled in the
second half of the monochromator. This makes sure that the beam incident on
the sample is not spread in energy, thereby reducing the loss of beam brightness
to just the loss inherent to cutting out the parts of the beam outside the selected
energy window. In practice, the dispersing–undispersing design preserves about
a factor of three times higher brightness than simpler designs that do not cancel
the energy dispersion in the beam incident on the sample.
Two of the above monochromators are used together with Wien ﬁlter
spectrometers that are preceded by electron decelerators, and act on electron
beams whose energy has been reduced to a few hundred electron volts (Terauchi
et al. 1999; Batson et al. 2000). The same high-voltage power supply is used for
the deceleration as for the microscope’s accelerator. This means that instabilities
in the 100–120 kV high-voltage power supply do not shift the energy-loss
spectra produced by the spectrometer, resulting in very good long-term energy
stability of the total system. Unfortunately, this approach is more difﬁcult at
Phil. Trans. R. Soc. A (2009)
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primary voltages of 200 kV and above, for which the high-voltage insulation
in the spectrometer (which contains a decelerator plus an accelerator) becomes
more complicated.
The other designs use magnetic spectrometers and have no means for linking
the energy selected by the monochromator to the energy being resolved by the
spectrometer. They therefore rely on the individual stabilities of the high-voltage
and spectrometer power supplies for attaining good stability of the dispersed
spectra. A change of one part per million (1 ppm) in the high-voltage results in
the spectrum shifting by 200 meV in a 200 kV instrument, and a 1 ppm change
in the current of a magnetic spectrometer shifts the spectrum by 340 meV in the
same instrument. It is a tribute to the stability of present-day power supplies
that energy-loss spectra with resolution better than 50 meV have been recorded
with short acquisition times in such systems (Essers et al. 2008), and it is not
surprising that the energy resolution worsens to around 0.1 eV and higher at
acquisition times of tens to hundreds of seconds.
If the energy resolution could be improved to around 10 meV, several types
of new information would become available in the STEM, including information
about the vibrational states of atoms on and in the sample (Ibach 1977). This
type of ability was demonstrated by an instrument built by Boersch, Geiger
and co-workers in the 1960s and 1970s (Boersch et al. 1966; Schröder & Geiger
1972; Geiger 1981). Their spectrometer system used Wien ﬁlters acting on a
decelerated beam for both the monochromator and the spectrometer and a
primary beam voltage of 25–30 kV. Later versions of the instrument attained
an energy resolution of 3 meV. The angular resolution was of the order of
0.1 mrad, but the smallest probe that could be formed was larger than 0.1 mm in
diameter, and there was no energy-selected imaging capability. In other words,
the instrument was an excellent spectrometer, but not a microscope. Vibrational
spectra arising from various types of atomic bonds present in hydrogenated
amorphous silicon were detected and identiﬁed (Geiger 1981). Energy gain
features were observed in LiF (Boersch et al. 1966), arising from fast electrons
being accelerated by approximately 50 meV by thermal excitations of the sample.
In summary, the Boersch–Geiger spectrometer system pioneered an observational
window of fundamentally new capabilities for medium-energy electron beam
instruments. It has not been followed up experimentally since.

3. A monochromator combining 10 meV level energy resolution
with good spatial resolution
An ideal monochromator/spectrometer system would combine the energy
resolution and stability of the Boersch–Geiger instrument with a primary voltage
of 100–200 kV, so that samples with realistic thicknesses could be examined. It
would also be able to form small probes, so that the spatial distribution of various
features appearing in the spectra could be mapped, with enough current for the
acquisition of noise-free data on reasonable time scales.
We are now developing a system with such characteristics. As shown in
the overall schematic of ﬁgure 1, the monochromator precedes the aberration
corrector and the objective lens of the STEM, as well as the projector lenses
and the ﬁnal spectrometer. The monochromator and the spectrometer are
Phil. Trans. R. Soc. A (2009)
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Figure 1. Overall scheme of the monochromated instrument.

both magnetic and act on electrons of the full ﬁnal energy, i.e. there is no
deceleration. The same current is passed through the magnetic prisms of both
the monochromator and the spectrometer, with the number of turns in the
prism windings in the two parts of the system selected so that the correct
bending radii in all the magnetic sectors are produced at the same current value.
Small adjustments relative to the linked ﬁelds are handled by weak auxiliary
windings in the prisms. The results of this arrangement are that the spectrometer
tracks whatever energy was selected by the monochromator and that small
changes in the prism current or the microscope’s high voltage do not produce
an energy shift of the ﬁnal spectrum. Even if the impedances of the windings of
the monochromator and the spectrometer are not matched exactly, this affects
Phil. Trans. R. Soc. A (2009)
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only the short-term instabilities, which are much easier to keep under control
in all-magnetic systems than long-term drifts. This means that a comparable
insensitivity to high-voltage variation should be achieved as with monochromators
and spectrometers both raised to near the electron source voltage, but without the
inconvenience of having to deal with the high primary voltage in several different
places in the instrument.
In order to make sure that the zero loss is accurately centred on the energyselecting slit, the two halves of the slit are provided with current sensors that
allow the system to automatically centre the beam on the slit by adjusting
the high voltage as necessary. This arrangement will be able to keep the beam
maximum centred on the slit essentially indeﬁnitely. Even if the beam became so
mis-centred that no signiﬁcant current passed through the slit, the arrangement
should guarantee that the beam maximum is found quickly and automatically.
The sample is located in the centre of the objective lens of the Nion scanning
transmission electron microscope that also includes a C3 /C5 aberration corrector
(Krivanek et al. 2008b). Probes of less than 1 Å in size can be produced at the
sample, with a convergence semiangle of the order of 30–40 mrad. Alternatively,
the objective lens can be turned off, which leads to diffraction-limited probes a
few tens of nanometres in size, but with the convergence semiangle reduced to as
little as 0.01 mrad.
Figure 2 shows a candidate monochromator system, selected from among
several different systems that include both alpha- and omega-type ﬁlters, whose
properties we have analysed computationally. It is a symmetric magnetic alpha
ﬁlter that produces variable energy dispersion at a slit located in its midplane
and then cancels the dispersion in the output beam.
The entrance prism I deﬂects the beam by 70◦ , prisms II and III deﬂect it by
110◦ each, and then a second passage through prism I deﬂects it once more by
70◦ . Figure 3 shows the electron-optical trajectories through the monochromator
relative to the curved optical axis of the system. Only the ﬁrst half of the system is
shown; the trajectories through the second half are mirror symmetric about the
central (slit) plane. The entrance crossover of the monochromator is an image
of the electron source, magniﬁed roughly two times by two condenser lenses,
which have a beam-deﬁning aperture (called the ‘virtual objective aperture’,
VOA) located between them. The magniﬁcation produces a virtual entrance
crossover for the monochromator of approximately 6 nm in diameter, potentially
further broadened by the aberrations of the electron gun and the condenser
lenses. The total angular divergence at this crossover needed to produce a beam
of around 1 nA current at the sample (at 200 kV primary voltage with a CFE
source of reduced brightness of 2 × 108 A m−2 sr−1 V−1 and the energy-selecting
slit opened wide) is approximately 1 mrad. The virtual crossover from which the
beam appears to emanate is set to 250 mm in front of the ﬁrst quadrupole, and
the beam entering the ﬁrst quadrupole is therefore approximately 250 μm wide.
The ﬁrst prism of the monochromator is a uniform-ﬁeld magnetic sector with
a bending radius of 10 cm. It produces an energy dispersion of 0.3 μm eV−1 at
200 kV primary voltage. Acting together with the two quadrupoles that precede
it, the prism demagniﬁes the virtual source six times, to approximately 1 nm. This
means that the energy dispersion in the spectrum produced by the prism that
corresponds to one beam diameter is approximately 3 meV. It should therefore be
readily possible to select a beam with an energy width of less than 10 meV by a
Phil. Trans. R. Soc. A (2009)
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Figure 2. Details of the monochromator design.

suitable slit. However, if the spectrum produced by the prism is not magniﬁed, the
slit width would have to be only a few nanometres wide, which is not realistic. A
system of four quadrupole lenses situated between prism I and prism II therefore
provides a variable magniﬁcation of the spectrum from 0 μm eV−1 (cancelled
dispersion) to greater than 200 μm eV−1 . At the high dispersion value, the slit
width corresponding to a 10 meV passband is 2 μm.
After traversing the dispersion-magnifying quadrupoles, the beam enters prism
II, which bends it around by 110◦ , thereby making it antiparallel to the axis of
the microscope. Prism II is a gradient-ﬁeld prism that gives weaker focusing in
the x–z plane compared with a uniform-ﬁeld prism. (See the caption of table 1 for
an explanation of the coordinate system and aberration notation used.) At the
exit of prism II, quadrupole 7Q ﬁne-tunes the dX  /dE = 0 ﬁrst-order constraint
that is needed for a mirror-symmetric system that cancels the energy dispersion
Phil. Trans. R. Soc. A (2009)
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Figure 3. First-order electron-optical trajectories through the monochromator.
Table 1. Requirements for a dispersing–undispersing monochromator. The requirements are
speciﬁed in the midplane (where the energy-selecting slit is located) as a function of the ray
coordinate at the entrance crossover. z is the longitudinal coordinate along the curved central path
of the beam; the mirror symmetry plane bisecting the whole monochromator length-wise is y = 0.
x and y are the transverse coordinates of a ray at the entrance crossover of the monochromator.
x  and y  are the ray angles with respect to the optic axis at the entrance crossover (x  = dx/dz).
dE is the energy variation. X , Y , X  and Y  are the coordinates at the energy-selecting slit in the
midplane of the monochromator (z = Zs ).

ﬁrst-order conditions
dX
=0
dx 

dY
=0
dy 
or
dY 
=0
dy 

dX 
=0
dE

second-order geometric
conditions

second-rank geometric–
chromatic conditions

d2 X
=0
dx 2

d2 X
=0
dx  dE

d2 X
=0
dy 2

d2 Y
=0
dy  dE

in the exit crossover. The beam then traverses the energy-selecting slit located in
the midplane of the monochromator. Two other ﬁrst-order constraints at the slit
(dX /dx  = 0 and dY /dy  = 0) are ﬁne-tuned by the quadrupoles situated between
prisms I and II. The ﬁrst- and second-order optical requirements that need to be
satisﬁed at the midplane are listed in Table 1.
After traversing the energy-selecting slit, the beam enters the mirror-symmetric
second half of the monochromator. When it exits from the monochromator, it is
free of the ﬁrst-order energy dispersion.
Choosing dY /dy  = 0, i.e. making the electrons go through a y crossover at
the slit, as in this design, eases the mechanical requirements for slit precision.
Choosing dY  /dy  = 0 (electrons of different starting angles travel parallel to
the axis at the slit) provides another mirror-symmetric solution. The second
solution reduces stochastic Coulomb effects by avoiding a double crossover in the
midplane, but at the cost of increased requirements on the mechanical precision
of the slit. Because the whole monochromator is situated after the principal
Phil. Trans. R. Soc. A (2009)
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beam-deﬁning aperture in the column, which reduces the beam current to around
1 nA, and because the electrons travel through the monochromator at their full
energy, stochastic Coulomb effects will be unimportant even with the chosen
double crossover.
To allow energy selection at the 10 meV level with an entrance beam that is
approximately 250 μm wide, the second-order aperture aberrations affecting the
spectrum must be corrected. There are four aberrations to correct: the geometric
aberrations d2 X /dx 2 and d2 Y /dy 2 , plus the mixed geometric–chromatic
aberrations d2 X /dx  dE and d2 Y /dy  dE, which are chromatic variations of focus
in the x and y directions that manifest themselves as tilts of the spectrum
focus plane. In order to make the design more compact and also to make it
ﬁne-tunable, we do not use inclined or curved prism faces, which would have
provided the ﬁrst- and second-order focusing of ﬁxed strength. Instead, we
use adjustable quadrupoles for setting up the ﬁrst-order focusing properties of
the monochromator, and we correct second-order aberrations that arise in the
monochromator’s ﬁrst and last prisms by sextupoles 1S, 2S, 3S and 4S in the ﬁrst
half of the monochromator, plus mirror-symmetric sextupoles in the second half.
The d2 X /dx  dE and d2 Y /dy  dE mixed geometric–chromatic aberrations show
up in the rest of the probe-forming column as a mixture of regular chromatic
aberration (Cc,1,0 ) plus a chromatic change of astigmatism (Cc,1,2 ). They are
ﬁrst-order, second-rank aberrations that can be changed by sextupoles acting
on an energy-dispersed beam. Energy dispersion set up by the ﬁrst prism of the
monochromator causes ray bundles of different energies to traverse each postprism sextupole at different locations and thus experience different ﬁrst-order
focusing by the sextupole. This means that the focusing of different energy ray
bundles becomes adjustable simply by changing the sextupole strength.
The above correction principle is illustrated in ﬁgure 4, which shows the action
of a sextupole on a beam dispersed in energy and in angle in the x–z plane. The
beam traversing the sextupole is shown as three ray bundles of different energies.
When the sextupole is off, the bundles come to focus at different z coordinates,
i.e. the plane of the focused spectrum is inclined. When the sextupole is energized
appropriately, the bundles come to focus at the same z, giving d2 X /dx  dE = 0.
The effectiveness of the d2 X /dx  dE correction varies as (d2 x/dx 2 ) ∗ (dx/dE),
and the effectiveness of the d2 Y /dy  dE correction varies as (d2 y/dy 2 ) ∗ (dx/dE).
The two aberrations can be corrected simultaneously if a sextupole is placed at
a location where (d2 x/dx 2 ) ∗ (dx/dE) is large and (d2 y/dy 2 ) ∗ (dx/dE) is either
zero or small, and a second location where the converse holds true. In the present
design, the two sextupoles are 3S and 4S. Their action also changes the secondorder geometric aberrations d2 X /dx 2 and d2 Y /dy 2 , but the changes are small
and easily rectiﬁed by sextupoles 1S and 2S.
To correct the chromatic aberrations of the beam leaving the monochromator,
mirror-symmetric sextupoles 11S and 12S are needed too. The correction can then
also be used to null the Cc originating from the rest of the probe-forming column.
This allows the monochromator to perform the role of a chromatic aberration
corrector of the probe formed at the sample.
Sextupole-based Cc correction also produces higher-order effects: the average
direction of the energy-dispersed ray bundles is changed, and the focus plane
becomes curved (curvature of ﬁeld). These effects are described by aberration
terms d2 X /dE 2 , d2 X  /dE 2 and d3 X /dx  dE 2 . The ﬁrst term is a distortion of
Phil. Trans. R. Soc. A (2009)
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Figure 4. Correction of chromatic aberration by a sextupole acting on an energy-dispersed beam.

the spectrum that does not spoil the mirror symmetry of the monochromator
and is therefore of little concern. The second term represents a change in the
direction of the ray bundles illuminating the sample. It has no direct effect on
the electron probe, and it may be corrected by a sextupole placed either at or near
the doubly focused spectrum formed at the energy-selecting slit. The third term
is a third-rank aberration that is not expected to be limiting with the narrow
energy windows used in a monochromator.
Third-order aberrations produced in the monochromator are small enough not
to affect the energy-selecting performance of the monochromator for entrance
beam diameters of the order of 250 μm. Third-order to ﬁfth-order geometric
aberrations that affect the sample-level probe are corrected by the microscope’s
C3 /C5 corrector, which compensates for aberrations arising in the objective lens,
the condensers, the gun and now also the monochromator. This leaves mixed
chromatic–geometric third-order aberrations as the lowest-order aberrations that
are not corrected in the present monochromator. They are not expected to place
a major limit on the performance of the total system.
To attain an energy resolution of 10 meV, a high-resolution electron energyloss spectrometer will be needed to work together with the monochromator. It
will have to produce dispersions up to approximately 10 μm meV−1 (one CCD
channel per 2 meV), i.e. 10 mm eV−1 . This is approximately 20 times higher than
can be produced with present-day parallel-detection spectrometers such as the
Gatan Enﬁna at 200 kV. Implementing the needed changes in the magnifying
optics is fortunately quite straightforward. Furthermore, the isochromaticity of
the spectrometer will need to be ﬁnely tuned. However, a third-order corrected
spectrometer system (i.e. a fourth-order limited system) that can reach 60 mrad
acceptance half-angle at the sample while delivering non-isochromaticity of less
than 0.4 eV, as can be achieved with a standard Enﬁna spectrometer and
aberration-corrected EELS coupling systems (Krivanek et al. 2008b), should be
Phil. Trans. R. Soc. A (2009)
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readily able to provide non-isochromaticity of 5 meV for 20 mrad acceptance
angle. This will probably be sufﬁcient, given the fact that the highest energy
resolutions will be needed only at low energy losses, for which the inelastic
scattering angles are typically very small (less than 1 mrad). Note, however,
that the usual expression for the characteristic scattering angle applies only to
electron–electron scattering and that the angles corresponding to electron–atomic
nucleus scattering are much higher. An electron energy-loss spectrometer acting
on 100–200 keV primary energy beams that is able to accept high scattering
angles at meV-level energy resolution, as needed for vibrational spectroscopy,
will require the optics of the spectrometer and its coupling lenses to be highly
optimized indeed.
One of the requirements we are placing on the overall system is that it should
be easy to retune for more ‘regular’ EELS of inner-shell losses in the 500 eV–
5 keV energy range, for which an energy resolution of the order of 0.3 eV is
sufﬁcient. A straight path through the monochromator is therefore provided for
this purpose. The instrument will then become an unmonochromated STEM
with no loss of brightness due to practical effects such as stray scattering
at slit edges, and it will still be able to produce EELS energy resolution of
approximately 0.3 eV. For moderate energy resolution improvements, to say
0.1 eV, the monochromation will leave some 30 per cent of the primary electron
beam in the monochromated probe. The present design should then allow imaging
at essentially the same spatial resolution as in the unmonochromated case,
and potentially better spatial resolution at low primary energies, for which
correcting the chromatic aberration of the probe-forming column will be especially
important.

4. Discussion
Starting with an unmonochromated beam of 1 nA, which is compatible with
approximately a 1 Å diameter probe in our instrument (at 200 kV), it should
be possible to cut out some 97 per cent of the current, thereby reducing an
unmonochromated energy width of 0.3 eV to around 10 meV, and still have
a usable probe current of approximately 30 pA for probing vibrational and
other ultraﬁne-structure electron energy-loss spectra. At 10 per cent passband,
sufﬁcient for 30 meV energy resolution, the available probe current should be
approximately 100 pA. Our system can in theory attain both of these conditions,
thereby opening a window on new physics not accessible by present instruments.
Among many possible new applications, it should be invaluable for energy-gain
spectroscopy using optically induced excitations, recently proposed by García de
Abajo & Kociak (2008).
To allow a passband narrower than 10 meV to be selected, as would be useful for
in-depth vibrational spectroscopy, the entrance crossover of the monochromator
would have to be demagniﬁed more strongly. This is certainly possible with the
condenser lenses in the present design. However, to conserve the beam current
entering the monochromator, the entrance beam angle would then have to be
increased correspondingly. This would make higher-order axial aberrations in
the monochromator much more important—e.g. the inﬂuence of third-order
aberrations would grow 16 times if the entrance beam diameter were doubled.
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For pushing below 10 meV energy passbands, it may therefore be necessary to
choose either a monochromator design with larger energy dispersion, which will
allow larger entrance crossovers to be used, or a design that corrects third- and
higher-order monochromator aberrations in addition to second-order ones.
The current in a given-size probe of given angular and energy widths is
directly proportional to the brightness of the electron source. Viewed in this light,
delivering a probe current that is intense enough for obtaining good statistics in
electron energy-loss (or energy-gain) spectra in reasonably short acquisition times
is therefore largely a question of source brightness. Because the brightness that
matters for the monochromated performance is equal to the beam current per unit
area per unit solid angle per unit energy interval, CFE electron sources with their
intrinsically narrow energy spread will have an even more substantial advantage
over Schottky sources than in regular imaging and spectroscopy.
The ability of the monochromator to correct Cc of the probe-forming column,
achieved by the correction of all important second-rank aberrations in the
monochromator, will be a welcome additional feature. It will of course make
little difference to the probe shape when the probe energy spread has been
reduced to less than 0.1 eV. However, with the energy-selecting slit open to admit
energy widths of 0.2 eV and higher, Cc correction should allow the probe size to
be decreased to less than the value available with no monochromator in the
column. Provided that the energy-selecting slit intercepts the tails of the energy
distribution, the energy-stabilization scheme should then still work, thereby
improving long-term spectrum stability. Alternatively, the energy-selecting slit
could be opened wide or retracted altogether, thereby avoiding potentially
detrimental effects due to scattering at the slit edges. The monochromator would
then only function as a Cc corrector. The correction should be especially valuable
at primary voltages of 100 kV and less, for which the STEM spatial resolution
in C3 /C5 -corrected columns such as the Nion UltraSTEM is presently limited
by Cc even with the narrow energy distribution of a cold ﬁeld emission gun
(Intaraprasonk et al. 2008; Krivanek et al. 2008a).
It is also worth keeping in mind that, because the spectrometer part of the
total system acts on a beam whose phase space has been greatly increased by
scattering in the sample, the electron-optical requirements for the spectrometer
are much more demanding than the requirements for the monochromator. This
means that in a spectroscopy system in which both the monochromator and
the spectrometer act on an electron beam of the full energy, the aberration
performance (transmissivity) of the monochromator will typically be less
important than that of the spectrometer, and that the spectrometer part of the
total system is therefore more likely to be the main limit on the performance of the
total system.

5. Conclusions
Aberration correction has given scanning transmission electron microscopes an
unprecedented ability to deliver large currents into atom-sized probes. This now
makes it feasible to design monochromator/spectrometer systems able to produce
1–2 Å probes of 10–30 meV energy spread with a beam current that is high
enough for meaningful electron energy-loss spectroscopy. An instrument able to
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do this will provide a revolutionary new capability never before attained with
atom-sized electron probes. It should open several new and very exciting windows
for studying the atomic-scale properties of materials.
The monochromator will be Cc corrected, and it will also be able to correct
the chromatic aberration of the whole probe-forming column. The correction
will not require combined electrostatic/electromagnetic quadrupoles, but will use
magnetic sextupoles instead. It is expected to be especially useful at low primary
voltages, for which it should permit STEM resolutions better than what is possible
in non-Cc -corrected columns even with a cold ﬁeld emission gun with a small
energy spread.
Several aspects of the overall performance of the system are likely to depend
on factors that are difﬁcult to model, such as the absence of charging at the edges
of the monochromator’s slit, and adequate immunity to mechanical vibrations.
Practical factors of this kind can nearly always be resolved, given enough time
and effort. Our optimism level that the proposed monochromator/Cc corrector
will be just as successful in reaching its aims as Cs correctors were a decade ago
is therefore very high.
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