HTML AESTRACT * LINKEES

REVIEW OF SCIENTIFIC INSTRUMENTS76, 023302(2005

Correction and alignment strategies for the beam separator
of the photoemission electron microscope 3 (PEEM3)

Peter Schmid,? Jun Feng, Howard Padmore, David Robin, Harald Rose,
Ross Schlueter, and Weishi Wan
Lawrence Berkeley National Lab, 1 Cyclotron Road Mail Stop 80R0114, Berkeley, California 94720-8229

Etienne Forest
High Energy Accelerator Research Organization, 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan

Ying Wu
Department of Physics, Duke University, Durham, North Corlina 27708

(Received 5 August 2004; accepted 9 November 2004; published online 11 January 2005

A high-resolution aberration-corrected photoemission electron micros¢BpEM3 will be

installed on an undulator beamline at the Advanced Light Source at the Lawrence Berkeley National
Laboratory. The aim of this instrument is to provide a substantial flux and resolution improvement
by employing an electron mirror for correcting both the third-order spherical aberration and the
primary chromatic aberration. In order to utilize this concept of correction, a beam separator is a
prerequisite. Crucial to achieving a resolution of 5 nm for the high-resolution mode, and a 16-fold
increase in throughput at the same resolution as its predecessor, PEEM2, specified as 20 nm at 2%
transmission, for the high flux mode is the double-symmetric design of the beam separator, which
eliminates all the second-order geometric aberrations. Nonetheless, substantial tuning capabilities
must be incorporated into the PEEM3 design to compensate for both systematic and random errors.
In this article, we investigate how to correct for nonsystematic imperfections and for systematic
uncertainties in the accuracy of the magnetic fields and focus on how degradation of the resolution
and the field of view can be minimized. Finally, we outline a tentative correction strategy for
PEEM3. ©2005 American Institute of PhysicdDOIl: 10.1063/1.1841871

I. INTRODUCTION All X-PEEMSs functioning today are based on this simple
X-ray photoemission electron microscoX-PEEM) concept and are not aberration corrected. Their resolution is

combines the power of synchrotron radiation spectroscop{ierefore limited by both spherical and chromatic aberra-
with the imaging capabilities of photoelectron emission mi-ions: The spherical aberration is reduced by accelerating the

croscopy. Soft x-ray radiation with a typical photon energy©lectrons to high energy immediately on leaving the sample,
of 100—1000 eV from a synchrotron radiation source can béhereby reducing the angular spread of the emitted beam. The
tuned through core excitation energies to reveal chemical anghromatic aberration results from the thermal distribution of
magnetic information through Changes in the X-ray absorpscattered electrons within the Sample, eXtending from 0 eV,
tion. This absorption is monitored through the yield of elec-typically peaking at 1.5 eV, and with a full width of a few
trons from the material surface, and is imaged with full-fieldeV. The effect of the chromatic source is also reduced by
electron microscopy? Images are acquired at energies span-accelerating electrons to high energy. Theoretical and experi-
ning an absorption edge, and spectra can then be associateental work has shown that the resolution limit for this type
with each individual position on the sample. The position ofof microscope, using synchrotron radiation excitation, is
an x-ray absorption edge is used to identify the elementaround 20 nm. Going beyond this resolution limit requires
while variations in the detailed structure at the edge provideaberration correction. Developing an aberration-corrected
information on chemical and electronic states. Differences irX-PEEM is the main goal of the SMART project in
the structure at the edge recorded with linearly or circularIyGerman§ and the PEEM3 project at the Advanced Light
polarized light provide information on bond orientation and Source (ALS) in Lawrence Berkeley National Laboratory.
magnetic state. A spectacular example of the application ofoth systems are based on the findings of Rempfer and co-
such techniques to problems in interfacial magnetism is th@yorkers that the inability to cancel terms as predicted under
coupling of ultrathin ferromagnetic layers to gntife_rromag-the assumptions of the Scherzer thedtean be avoided by
netic substrates by Ohldag and co-workéfe imaging is reversing the direction of electrons in the system with use of
typically produced through use of a low-voltag20 kV) 4, electron mirrof” In Rempfer’s work and the work of
electrostatic, or electrosf[atm—magnetlc immersion objectiVes eikszas and Rogeit was found that an electron mirror
lens, and a series of projector lenses. could correct the spherical and chromatic aberrations of the
accelerating field of an immersion objective lens. However,
¥Electronic mail: poschmid@Ibl.gov practical implementation requires separation of the incoming
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FIG. 1. (Color onling Full view of the PEEM3 spectromicroscope.

FIG. 2. (Color online The components of the PEEM3 microscope.

and outgoing rays, coming from the objective, and going to
the projector column, respectively. This beam separator itself ) _
is not rotationally symmetric, so that aberrations it introduces 1 he electron optical components of PEEMS are depicted
cannot be corrected by the rotationally symmetric mirror; iti" Fig. 2. The photons, typically soft x-rays with an energy of
therefore must be designed and fabricated with aberrations00—1000 eV, impinge from the left into the sample cham-
below the values specified for the entire microscope. Th&er residing in UHV. Photoelectrons generated are focused
route to the system used in SMART and in PEEM3 was firsPY a purely electrostatic immersion lens, which also acceler-
identified by Rose and PreiksZaand further developed in ates the electrons to 20 kV.
the work of Miilleret al*® This scheme of a combination of The axial aberration correction mechanism is provided
immersion lens objective, aberration-free separator, electroRY an electrostatic tetrode mirror in combination with a mag-
mirror, and projector lens column, although well studied, hadletic beam separator._The tetrode mirror provides adjustable
yet to demonstrate the theoretical performance of 2 nm reso/oltages on three of its electrodes. They are necessary for
lution. The system is complex; therefore, it requires sophis@djusting the refraction power of the mirror and for nullify-
ticated alignment and complex manufacturing techniques. ng the coefficients of both spherical aberratidgand chro-

For reliable and successful operation of the PEEM3 mi-matic aberratiorC¢ of the objective lens.
croscope, the influence of field deviations from design values N order to utilize the correcting properties of an electron
must be studied and compensated. In this article, we wilmirror, incident electrons must be separated from those re-
investigate how nonsystematic imperfections and systematitected. For this purpose, a beam separator is required that
errors in the beam separator, which is the most sensitive arfi@e€s not introduce any new performance-limiting aberra-
critical electron optical element, give rise to aberrations andions. This is achieved by a separator with a double-
thus degrade image quality. The insights gained from thes8Ymmetric path of rays, removing all second-order geometric
studies lead to specifications for the machining tolerancegberrations.
and a correctable range for errors. Furthermore, the findings TWo field lenses are located at intermediate image
suggest an alignment strategy for the aberration corrector. Planes, one lens in front of and the other behind the separa-

Optical components of the corrected microscope are outior- They are used for adjusting the field rays independently
lined in Sec. 11, perturbations that can arise in the beam sepdfom the axial rays in such a way that off-axis coma is elimi-
rator are summarized in Sec. Ill, and mitigation measures ardated. Eliminating this aberration is important because it lim-
outlined. In Sec. IV we outline an alignment strategy for theits the field of view and, hence, may severely hamper the
aberration corrector of PEEM3. Finally, in the Secs. V andusability of the corrected electron microscope.
VI, separators hampered by the perturbations mentioned After the_ electron beam passes through t_he separator for
herein are modeled numerically, and how these deviation§'€ second timéa second 90° pagst forms an image of the

affect the resolution, the field of view, and the operation ofdiffraction plane at the back focal plane of the transfer lens.
the electron optics is documented. In this plane, a diaphragm limits the aperture angle without

affecting the field of view. Finally, the beam is magnified by
the projector system to the final image plane, where the im-
age is recorded by a CCD camera.

In addition to the electron optical elements mandatory

The full view of the PEEM3 microscope, which will be for a corrected PEEM, we implement additional devices for
installed on undulator beamline 11.0.1 at the ALS, is showradjusting, steering, and monitoring the PEEM. These are dis-
in Fig. 1. It will be fastened to a heavy granite block with cussed in detail in Secs. lll and IV. There are two electro-
mechanical dampers to reduce the mechanical vibrationstatic dodecapole elements directly behind the objective lens.
The linear dimensions of the system are 190>ct?5 cm. In front of the beam separator are two combined electromag-

Il. OUTLINE OF THE PEEM3 MICROSCOPE
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netic twelve-pole elements in the mirror arm. Another elec-
trostatic 12-pole element is located at the exit of the beam
separator. Twelve-pole elements were chosen as correction
devices for parasitic aberrations caused by small mechanical
or electrical imperfections in the lenses since they are able to
generate dipole, quadrupole, and hexapole fields of any de-
sired azimuthal orientation, allowing the correction of dis-
placement, twofold astigmatism, and threefold aberrations.
These 12-pole elements do not introduce parasitic aberra-
tions lower than fifth order. In addition, excitation of an oc-
topole field is possible.

At certain planes, beam monitoring and analyzing de-
vices can be inserted into the optical path. In the proximity
of the separator’s image planes, pinholes and coded grids can
be placed, allowing sophisticated beam diagnostics. For ana-
lyzing the beam after a single pass through the separator, a
“90° PEEM" facility is provided. This configuration com-
prises a fully functional PEEM, including all the optical FIG. 3. (Color onling Layout of the separator windings. The double-
components of PEEM3 from the sample through the mirror_symmetric layout is Slearly visjble. Vertical and horizontal dipole elemgnts

) . . . . . . are located at the 45° planes, intended for checking the location of the image
In this configuration the second field lens is used in a differ{apes.
ent imaging mode and the mirror is effectively turned off.

The beam passes through a hole in the mirror provided for
optical alignment and the image is recorded by a separatside of the separator. Residual lower-order aberrations can
CCD camera. This tool, dedicated for monitoring the statusxcite large higher-order aberrations due to coupling with the
of the separator alignment, will help us in learning how theaberrations of the mirror. Additionally, the displacement of
separator can be operated, leading to subsequent sengire optic axis of the separator with respect to the axis of the
automatic computer-controlled monitoring and alignment oflenses should be minimized. Otherwise, the off-central
the microscope. traverse may cause severe deterioration of image quality.

A separator magnet when physically constructed can de-

viate from the ideal optimized design due to various errors.
1. IMPERFECTIONS AND CORRECTION STRATEGIES  The errors can be classified in the following categories:

Paramount to successful aberration correction is that the , systematic errors, constrained by the allowed symme-
setup of the separator magnets realizes as many symmetries tries. such as errors in the magnetic model used
as possible. We impose three symmetries on the ideal layout. throughout the numerical calculations to define the
The first symmetry is the midsection symmetry of the sepa- “supposedly” optimized ideal design, or symmetrical

rator in they direction, which is mandatory to achieve the  faprication imperfections deviating from the specified
planar optic axis necessary to avoid introducing torsion. This  gesign, and

trait reduces the number of excited aberration coefficients . random errors, such as deviations from the specified
considerably, making the numerical calculation practical.  groove positions due to nonsystematic machining er-
The second and third symmetries comprise double symmetry  ors  material inhomogeneities, or mechanical mis-
along the optic axis imposed on the path of the fundamental  zjignment.
rays leading to the double-symmetric separator layout, as
shown in Fig. 3. Furthermore, deflection and misfocusing errors of the enter-
The S; symmetry, imposed at the 45° plane, is necessaryng electron beam with respect to the separator—which have
for nullifying many aperture aberration coefficients as wellnothing to do with the design or imperfections of the sepa-
as the second-order axial geometrical aberrations, and thusiiator itself—can give rise to parasitic aberrations, such as
crucial for achieving good axial resolution. The remainingdefocusing and twofold axial astigmatism.
second-order aberrations, proportional to the lateral initial A systematic error of particular concern is that of incor-
coordinates, vanish because of the symmetry imposed at thectly specified groove positions caused by either slight
22.5° planes, thereby, securing a large field of view. three-dimensional geometrical deviations from the assumed
Our goal is to maintain the symmetries mentioned abovéwo-dimensional Schwartz—Christoffel numerical field model
to the greatest extent possible. The main task is to figure owdr by deviations from infinite magnetic permeability in the
how such a breach will cause a degradation of image qualitpole material. This subject is addressed in Sec. V. Further-
and how to monitor that the path of rays in fact maintains themore, there can be imperfections caused by systematic ma-
symmetries. When analyzing imperfections and errors, thehining errors. These systematic errors can be minimized by
focus will be to determine their affects on the symmetriesa thorough analysis of the processes involved in manufactur-
and means to adjust for such deviations. ing the separator pole plates. Note that systematic errors
Our concern is to conserve the resolution over a largelo not break the symmetry of the layout of the separator
field of view and to avoid any residual dispersion on the farmagnet.
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Alignment layout scheme — PEEM3 of the separator. Pin holes and coded grid structures are
pinhole e placed at these planes for determining the position and the

+coded grid

orientation of the electron beam. The grids also allow iden-
tification of parasitic aberrations. In the mirror column there
is the 90° PEEM facility, which allows monitoring of the
image after a single pass through the separator, which can aid
in understanding how the separator is performing. Two or-
thogonal dipole deflectors are located at the 45° planes inside
of the separator, one deflects in the horizontal plane, the
: other in the vertical direction. This facility allows us to check

| M1+ pinhote2 whether there is a stigmatic image at these symmetry planes.

EE

sample

IV. SKETCH OF AN ALIGNMENT STRATEGY
FOR PEEM3

FIG. 4. (Color onling Schematic layout of PEEM3. All of the correction Because of the inherent compIeX|ty of the separator, a

and monitoring facilities are indicated. Such as the 90° PEEM facility pro-f€asible alignment strategy is of great importance for operat-
vided in the mirror column, consisting of the modified field léhg the  ing the microscope. The suppression of various aberrations
mirror, the ?\ddiﬂona' LE”SPI& and a_SeéjaC;ate CfD Icanfglﬂfz- Fth%)“ema' in the separator critically depends on the double symmetry of
correction, there are the electrostatic dodecapole elenizntarou : : . o ; : I
which can be employed to generate dipole, qupadrupole, hexapogI]e, a7nd octbt—S quIQn' Deviations f”?m this symme.tr.y can be |dent|f_|eq
pole fields to correct for parasitic aberrations. In order to influence the€@sily because they introduce additional characteristic
impinging and the reflected beam independently utilizing the velocity de-aberrations® An alignment strategy, which corrects for de-
pendence of the magnetic component of the Lorentz force, the elelgnts yjiations according to their respective orders, has been devel-

and D, are combined electrostatic and magnetic 12-pole elements. At the dt t this doubl trv in th ! i
exit and the entry faces of the separator there are coded grids and pinhol@P€0 10 restore this double symmetry in the separator optics.

that can be moved by motors electronically, allowing one to ascertain the ~ Correcting the aberrations of a given order by multipoles

position and the orientation of the electron beam. does not affect lower-order ones. Thus, the alignment
achieved by compensating for errors of lower orders is not
affected because a multipole of multiplicity only affects

Random imperfections arise due to variations of criticalaberrations of orden=m-1.
dimensions beyond the control of manufacturing machines In the first step, the objective lens, the mirror, and the
and processes. By adhering to the tightest tolerances poSeld lenses are adjusted for an image as sharp as possible on
sible, the effect of these errors can be minimized. In Sec. Vthe CCD camera of the 90° PEEM facility.
we determine the accuracy to which the grooves have to be In the second step, the internal trim current correctors in
manufactured so that the errors caused by random deviatioitise separator magnet are adjusted such that a total 90° bend
from the nominal values can be compensated for by corremf the separator is achieved as well as zero total lateral and
tion elements. In Sec. VI A we discuss the Gaussian opticangular dispersion at the exit of the separator. Any lateral
and how the dispersion terms can be adjusted by internalisplacement induced by the correction elements can be re-
correctors. In Sec. VIB we show how additional externalmoved by exciting dipole components inside the two com-
multipole fields generated by 12-pole elements can be usegined electromagnetic 12-pole elements of the mirror
for correction: dipole fields for orbit control and quadrupole column.
fields for focusing correction. The fundamental axial rays, andy, can be controlled

Of course, there is a limit to the number and magnitudeby tuning the focal length of the objective lens. We compen-
of random errors that can be corrected to a suitable level. F@ate for the remaining astigmatism by exciting quadrupole
example, compensating for significant deviations from thefields on the twelve-pole elements in the objective column.
specified properties of the magnetic material, such as widefhe dipoles at the 45° plane are crucial for checking the
spread local inhomogeneities, is problematical. The most efproper adjustment of the fundamental axial rays; the image
fective approach is to simply process the material in a stresglane is determined to be at the midplane of this dipole if
less way on a best effort basis. If there are perceivablehanging its setting does not move the beam image at the
deviations in the alloy giving rise to local permeability non- detecting CCD camera at 90°. Subsequently, the round lenses
uniformities then this material is not usable. are adjusted to yield the sharpest image possible.

Deflection and misfocusing errors due to a mismatch of ~ The field raysx, andy,; can be manipulated by the field
the entering beam and the separator can, at least in principlEanses in such a way that they intersect the optic axis at the
be removed by beam tuning and focusing. Given the com22.5° planes, forming an image of the diffraction plane.
plexity of the separator and the mirror corrector, sophisti-Since these lenses are placed near intermediate images, ad-
cated probing and monitoring capabilities are necessary tusting the field rays does not affect the preceding alignment
assess the status of the apparatus and ultimately to correct fof the axial rays. Currently, we are investigating how to in-
component misalignment in a semi-automatic fashion. Thestall deflectors at the 22.5° planes without risking the full
monitoring and probing facilities of PEEM3 are shown in operativeness of the separator.

Fig. 4. To minimize the deviations from a symmetric path of

Image planes are located at the entrance and the exit facays and thus the field aberrations, we impose telescopic con-
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ditions on both of the field rays at the entrance and the exit of y

the separator. In our present design the field rays cannot be

manipulated independently from the axial rays without em-

barking on delicate manipulations involving at least two

quadrupole fields. An alternative, straightforward way to ad-

just the field rays individually is by superposing an addi- P=0 —1bo

tional quadrupole field on the field lenses placed at interme-

diate images of the object plane. This can be achieved by NN\ NN\ '\ 2wl L.

subdividing the central electrode of these lenses into seg-

ments to provide a quadrupole field with the appropriate ori- Mirror plates Pole plates

entation. A criterion for achieving a double symmetry is that

all the second-order aberrations vanish. If none are present,

we can be sure that the field rays are properly adjusted.
How to align for correction of aberrations higher than

the second rank will be the subject of another study.

2h ¢

+0

V. CORRECTING FOR SYSTEMATIC ERRORS
CAUSED BY IMPERFECTIONS IN THE MAGNETIC
FIELD MODEL

As shown in Refs. 10 and 12, calculating the optical
properties of the beam separator accurately is rather in-
volved. In addition to the complexity of the system given by
the double symmetry along a curved axis, the positions of the
cardinal elementgthe image and object focus and the prin-
cipal planeg and the trajectory of the optic axis must be
known to a high degree of accuracy. These properties are
sensitive to the assumptions made while developing the field
model for the separator magnet. It is essential that the field
model for the separator magnet accurately reflects to a suffi- = =} T 3 =/s
cient degree that actually present in the as-built device. Un- _ _ _
fortunately, there is no exact three-dimensional analytic SO_FIG. 5. (Color online Two-dimensional geometry of a separator magnet.
lution for the magnetic fields generated by coils buried in
three adjacent curved grooves. Furthermore, all analytic so- ¢ I( I)

lutions assume isopotential sections at the surface of the pole p =rarctans + arctan

plate, which is only an approximation given that the perme- . . .
ability of the magnetic material is not infinite. Both calculations in Refs. 12 and 14 use the field model

For computing aberration coefficients, both SMART andgiven by Eq.(1) for computing the contribution of a single

PEEM3 designs employ a two-dimensional magnetic fiel@roove to the total magnetic field. The total magnetic field

model generated by currents buried deep within grooves, firdyas obtained either by linearly superposing the contributions

. i . of all the grooves, assuming the Schwartz—Christoffel mag-
solved via a Schwartz-Christoffel mapping by Heri?@he net model for each of the groo&é‘snr by linearly superpos-

geometry of this two-dimensiona| arrangement is shown ir} the fields from each of the two grooves closest to the
Fig. 5. Here, the magnetic field is calculated assuming a palpc?int of the observation considered ir? isolatidn
of excited parallel pole plates of infinite extent in the third P '

dimension, placed symmetrcall about texis with a.gap B e 8 il
separation ofD. To obtain a well-defined decrease of the gap ' y

fringe field, one places two plane-parallel mirror plates at pased on the two-dimensional field model may not predict

: : R athe trajectory of the optic axis with sufficient precision to
distanceSin front of the pole plates, as shown in Fig. 5. The obtain 2 nm resolutiof® A different model. using dipole

distance of the plates is the same as that of the pole plates. : . . :
b po'e b charge sheets, allowing three-dimensionality, was used by

Igﬁ,sstgiltcg:]att'ﬁ: s?;sr?au ége;f :E:t ptohli Sl"n‘;?etm poteria SMART t(_) give_ pr%sumably_m_ore accurate values for their
The magnetic fieldB(£)=B,(y=0,¢) of a Schwartz— groove orientation&® The dewayons between jche two results
Christoffel magnet in the symmetry sectigre is given in are 3.9 and 2.3 mrgd, respectively, for the orientations of the
the most simple fort by second and the third grooves. Neve_rthele;s, these exceeded
the correctable range given by the trim coils of the SMART

(2)

Bof 7 1+ 72 IS separator. It turns out that the curvature of the wires and the
B(¢) =S\7*V132) p TrsTsn (1) effect of overlapping fringe fields cannot be neglected for
their layout of the separator magnet. The calculations in Ref.
The auxiliary variabler is given by 10 used as design parameters an edge length of 28 cm, three
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B/Bo TABLE Il. A change in the half-distanck between the pole pieces, causes

a different optimal solution for the layout when we fit for a double-
symmetric solution with a total bending angle of 90°. Here is shown how the
distances between adjacent groove positions g1-g2 and g2-g3, taken as the
point of intersection of the trajectory and the groove, change when the
distance between the pole plate changes. A beam energy of 20 kV and
grooves with an equal width of 3 mm were assumed.

Distance h=2.5 mm h=3.0 mm h=3.5m

D

908 3.0 mm
/ . gl-g2 0.0199 m 0.0196 m 0.0194 m
' . 3.5 mn g2-g3 0.0127 m 0.0126 m 0.0125 m

for a fixed groove widthS, the normalized field3/B, will

Fore decrease more rapidly axially if the g@&pbetween the pole

FIG. 6. (Color onling Decay of the normalized fielB/B, as a function of ~ Plates is decreased. A faster spatial decay gives rise to a more
the gap distance between the pole platesd? the separator magnet with a localized field, which means less overlap between of the
width of the grooves @ of 3 mm. The decay and thus the overlap of per- fie|ds generated by adjacent wires. More important, the re-
turbations to the magnetic fields of two adjacent grooves will be reduced - . . .
considerably when the gap is reduced from 7 to 5 mm. By the same tokerguced gap makes the ﬂel_d In the nelghborhOOd of the trajec-
the distancey to the point where the groove is beginning to bend apprecia-tory more perfectly two-dimensional; thereby, the Schwartz—

bly, measured in units of the half-gap distaicéncreases. Since the groove Christoffel model more accurately reflects reality perhaps
distances and curvatures of corresponding optimized solutions remain aRsix significant figures rather than four.

proximately the same, the parameteth scales with the reciprocal gap - . L .
distance. Thus, the perturbations of the curved portion of the groove to the D'DOIe decay in the vicinity of a groove as a function of

magnetic field in the region close to the beam path is substantially diminthe half distancé=D/2 of the pole plates is shown in Fig. 6
ished, because of the strong dependence of the normalized magnetic fiethd Table |. The change froim=3.5 mm toh=2.5 mm has
B/B, onr=a/h [See Eq(1)] dramatic consequences. Whereas at a distance of —10.5 mm
from the center of the groove, the normalized magnetic field
grooves per symmetry unit with widths of 3, 6, and 3 mm,B/Bo has decayed to 10 for a 7 mm gap, it is at the 5
and a full distance of 7 mm between the pole plates. X 107 level for a distance between the pole plates of 5 mm.
Although SMART's refined model uses a sophisticated':or a distance of =13 mm, the normalized magnetic field
scheme of virtual dipole layers and extrapolation techniquesStrengths are 18 and 107 for a separation of 7 and 5 mm,
the magnetic field obtained is still only an approximation to'espectively(see Tables I and )i
the actual field, because this model ignores the noninfinite  AS @ further consequence of the faster decay of the field,
permeability of the material used for the pole plates and ithe effect of groove curvature is diminished. Since the loca-
relies on a numerical integration, which may also introducdion x. the distance from the center of the groove to the
errors. Thus far, the resolution of the SMART mirror correc-!0cation where the groove begins to bend appreciably, is ap-
tor employing a separator manufactured according to th@roximately the same for all gap distances investigated after
specification given by this calculation has only been tested to
the 10 nm level? 2608 —— , ——
Because of these uncertainties, we did not embark on i — 35mm
developing a more sophisticated magnetic field model, but
considered ways to improve the matching between the actual '>%f
and the computed field by changing the parameters of the
separator and by investigating methods for correcting sym-
metric perturbations of the groove orientations. Specifically,
we modify our original 7 mm gap design to a 5 mm design.
Inspecting the formuldl) leads to the conclusion that

1e-08 |~

Resolution [m]

5e-09 -

TABLE |. Figures for the field decay of the normalized magnetic f2I@8,
generated by the arrangement shown in Fig. 5 as a function of the ratio of

| L | L 1 L | L
the distance from the center of the grooyeto the half-gap distancé 0 le-05 2e-05 3e-05 4e-05 5e-05

o

Distance [m]

=D/2. Reducingh, while keeping the half-groove width=S/2 fixed, re-

sults in a largery/h at the location of an adjacent groove or beginning of g1 7. (Color onling Resolution computed for a distribution consisting of
groove curvature. Therefore, deviation from the model due to either a7 goo electrons at the image plane of the separator originating from a

adjacent groove curvature is substantially decreased. sample with a work function of 5 eV after traversing a perfect front end with
a magnification of =12 and an accelerating voltage of 20 kV as a function of
B/By x/h the field size in thex—z section. The three curves show the resolution as a
function of the radius of the field of view for separators differing in the
10 -3.0 half-distanceh of the pole plates. Each of these separator designs was op-
10° -3.7 timized when the gap was altered to the figure indicated. Thus, these designs
106 -45 differ in the groove positions and orientations. The difference in the optical

properties of the separators shown is negligible.
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807 T T T T T TABLE IV. Change of the optimal groove orientations as a function of the
— 35mm 1 gap width.
2.5¢-07 - oo 20 mm .
? Current h=2.5 mm h=3.0 mm h=3.5 mm

T

2¢-07 | 47.7 A 58.3A 69.4 A

1.5e-07 —

Resolution [m]

1e07 - field of view in both imaging sections remains largely unaf-

fected when the gap between the pole plates is decreased
from 7 to 5 mm. As could be expected, the distances be-
tween adjacent grooves in an optimized design is largely
0 05 ze.ostn'ce e T e0s 5¢-05 independent of the gap between the pole plates. In fact, a gap

change from 7 to 5 mm gives rise to a maximum change of a
FIG. 8. (Color onling This graph shows the resolution as a function of the mere 3.5% in the groove positions, as shown in Table II. The
radius of the field of view for thg—z section for the same setup as in Fig. optimized angular orientations of the grooves change at most
’ by about 5%(see Table llJ.

In addition to the minor geometric changes, the design
optimization, the relevant quantiy/h is again increased by current driving the coils is reduced considerably from
the factoré to 3.5 when the half-gap distanbds decreased 69.4 to 47.9 A or roughly to? of the original current, as
from 3.5 to 2.5 mm. Thus, the perturbation from the curvedexpected from reducing the gap from 7 to 5 nisee Table
part of the groove to the magnetic field at the beam region i$V). Since the heat load scales with the square of the current,
down to the 10° level (see Table), if we assume a 90° turn the energy dissipated is reduced by one-half.
of the groove. For the design shown in Fig. 3, field pertur-  The layout of the entire PEEM3 separator is shown in
bation from the curved portions is even less. Fig. 3. The width of all grooves is 3 mm. The edge length is

Next, we address how decreasing the gap affects the opg cm, as for SMART. The design is based on the double
timized groove configuration and the optical properties of thesymmetry of the separator. Areas with opposite magnetic flux
whole separator. As stated in Ref. 16, the secondary-electrogq equalized so as to minimize flux path lengths in(tie
distribution generated by impinging x rays for many materi'quite infinite Permalloy™ pole plates. Any residual flux is
als can be modeled by the formula shorted via Permalloy™ spacers positioned as close to the

dN = beam path as possible without disturbing the fields, as shown

Ek * (Ek+—\/\/)4' 3 in Fig. 3. The Permalloy™ has a permeability of 40 000 for
a magnetic field strength of 25 mT. To dissipate the heat, a

He'fe'd’\‘ stands for the numb_er of electrons w|th|n the ki- hollow-core water-cooled copper tube is positioned parallel
netic energy rangek,, andW is the work function of the : S
%o electrical windings.

sample. For our calculations, we assume a work function o - . . .

. o . In addition to the main coils, the separator includes two
5 eV and 27 000 macroparticles originating from a point on
the sample with weights given by E). We randomly se-
lect 30 values for the emission angkésind @ and the energy
width AE, respectively. For the acceleration gap, a voltage of

5e-08 —

208 . T : . . .

20 kV was assumed. The objective lens is modeled by a o g
. . e - .. . . . —--- 2 mrad R
linear transfer matrix, magnifying the initial distribution by~ _ | |-- immd 7
-12. > L o
Figures 7 and 8 show the resolution as a function of the z [ [ 3§50 e

radius of the field of view. The resolution is computed in the
same way as in Ref. 12, but with a magnification of -12. The

le-08

Resolution

TABLE Ill. A change in the half-distanck between the pole pieces, causes se:09
a different optimal solution for the layout when we fit for a double-
symmetric solution with a total bending angle of 90°. Here is shown how the
distances between adjacent groove positions g1-g2 and g2-g3, taken as th I .
point of intersection of the trajectory and the groove, change when the 0 le03 205 2603 0 &0

distance between the pole plate changes. A beam energy of 20 kV and praneetm]
grooves with an equal width of 3 mm were assumed. FIG. 9. (Color onling Change in the field of view for different symmetric
perturbations of the center groove after employing the correction scheme
Angle h=2.5 mm h=3.0 mm h=3.5 mm utilizing the three internal correctors currents and the distance of the image
plane from the edge of separator as variables, while fitting for a stigmatic
¢1 0.000 rad 0.000 rad 0.000 rad image at the 45fS,) plane and a zero slope of the dispersion xas,) at
b 0.445 rad 0.435 rad 0.424 rad the remaining symmetry plar{&,). Here the resolutions obtained in tkez
&3 0.0884 rad 0.0867 rad 0.0848 rad section are shown. We were unable to obtain a solution for a misalignment

of more than -2.8320 mrad.
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— 4 mrad

&0 ; I ' : ' ; pole plates, no random errgyswhich are only valid to a
4 meod certain degree, a procedure allowing to correct for uncertain-
23077 | 2mrad 7 ties in the model and for random fabrication or material im-

—— 1 mrad
+-+ 0 mrad

o Qe L perfections has been developed.
S | oo / Although the layout of the grooves is double symmetric
| when the two-dimensional field model is utilized, the actual
path of the fundamental rays may be asymmetrical. In the
following, we propose a strategy to regain one of the plane-
section symmetries of the fundamental rays, thereby accom-
plishing a good axial resolution, since imposing a single
symmetry on these rays with respect to the 45° plane is suf-
il ficient to nullify the axial aberrations of second order.
1e-05 B0 i 4e-05 5e-05 However, a loss in the field of view is expected since the
second symmetry, along tt® or 22.5° planes, is perturbed:
FIG. 10. (Color onling Same as in the previous Fig. 9, but for thez  some of the aberration terms proportional to the lateral initial
Imaging section. coordinates are no longer canceled.

The question is, “To what extent can a breach of the
trim coils in each groove and a pair of deflectors in each oflouble symmetry of the fundamental rays incurred by
the 45° symmetry planes to diagnose deviations from a symgrooves deviating from the truly optimized design be com-
metric beam path. pensated and how does the field of view degrade?”

Although the reduction in the gap between pole plates We assume that such deviations are likely to be of the
will increase the accuracy of our numerical field model, itorder of those between the two-dimensional Schwartz—
remains to be seen whether this will be sufficient to operat€hristoffel and the SMART dipole layer models, the latter
PEEMS3 in a high-resolution imaging mode at a resolution ofalso being a numerical approximation, and also neglecting
about 5 nm. Since the field model is based on several asleviations of the value of the permeability from infinity.

1.5e-07 [~

Resolution [m]

1e-07 |-

5e-08 —

e

sumptions(two-dimensionality, infinite permeability of the To elucidate this question, we studied to what extent we
. 35 limlt1 =-10.9 cen = 0.152 IImit2 =11.2
limit1 = 287 cen=554 limit2 = 308 =660
25 o =208 30!

25

o

-5

d 0
. [mrad]

FIG. 11. (Color online Random errors
before correction. A Gaussian random
(a) Dispersion d (b) Angular dispersion d,,, number generator was employed for
generating alignment  errorsoy,
=25um for the positions ando,
=1 mrad for the orientations. An en-
semble of 100 misaligned separators
zop [Vmitt=—127e108 con =830 Armit2 =1:16e: 00 was used for preparing the plot data.

limit1 = -389 cen=10.6 limit2 = 410
=243

0
-600 -400 —-200 0 -500 0
m,, [um] my, fum]

(C) mio (d) m34
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7 +4/-2.8 mrad to the center angle is feasible, as the decrease

in the field of view is acceptable in both imaging sections.

This simple correction scheme is not able to accommo-
date for changes greater than +4/-2.8 mrad. More sophisti-
cated schemes incorporating external multipole elements,
which do not rely on changes of the optic axis within the
separator, are likely to surpass the correctable range given by
the strategy outlined above.

lmit =-0.496 |cen=-0.0325 limit2 = 0.431 Amitt = -0.514 o004 limit2 = 0.581
26| 0=0335

—08 04

o 02 04 06 08 -06 04 -02 0 02 04 06 08
Ay (%) A1y %]

(a) First corrector (b) Second corrector VI. RANDOM ERRORS CORRECTION
A. Correcting for a single pass through the separator

In the previous section we outlined how to correct for
misspecifications of the correct groove orientations caused
by limitations of our two-dimensional field model. In this
section we investigate to what extent random mechanical
imperfections can be compensated.

Whereas in a previous stujcfy the correction was
achieved by artificially setting elements of the linear transfer
map to zero, to estimate the impact of aberrations when the
Gaussian optics could be brought back to its design values
by some hypothetical perfect linear-focusing corrector, in the
present study the internal trim correctors currents are utilized
for compensation, modeling a realistic means of correction.

Contrary to the correction scheme pursued in Sec. V,
which utilized the trim coil currents to correct double sym-
metrically (therefore, only three independent correcting cur-
rents per 90° turn prevailgdthroughout this section, there is
no additional symmetry imposed on the correctors. Thus, six
independent currents as variables are available. The six trim
coil currents,

=] —05

05 1

0 ]
NI au, 1%

(¢) Third corrector (d) Fourth corrector

~08 06 -04 -02 2 04 06 08 =] 05

0 0. 0
Aty 1% U1

L, i=1,...,6, (4)
(e) Fifth corrector (f) Sixth corrector are used to adjust four coefficients of the Gaussian optics
utilizing the singular-value decomposition technique.
FIG. 12. (Color online Relative corrector strengths for the six correction The four quantities to be corrected are:

elements. A Gaussian random number generator was employed for generat-

ing alignment errorgr, =25 um for the positions an@y=1 mrad for the (1) my»(z£), which corresponds to a combination of the de-

ggﬁztgailr(])gsblénd:gs.emble of 100 misaligned separators was used for pre- focusing and the axial astigmatism in thez section

[see Egs(5) and(6)];

(2) mg4(ze), which corresponds to a combination of the de-
focusing and the axial astigmatism in tiiez section;

E3) d,(zg) =x,(zg), the angular dispersion; and

(4) de(zE):x;(zE), the lateral dispersion.

could correct for perturbations caused by a mispositioning o
the center grooves. The strategy employed wa@jtset up
the system double symmetricalljp) add a perturbation tilt
to the second groove, and thég) try to find a solution that  Aj of these terms are determined at the exit plane of the
maintains a stigmatic image plane at the 45° plane and 3eparatoz=z.
symmetric trajectory of the dispersion ray. This gives four  As set of possible misalignment errors, we choegg
constraints: a total bending angle of 45° at (%) plane,  =25,m ando,=1 mrad for the positions and orientations
with the x, and yz rays vanishing at that plane,(zs)  of the grooves, respectively. Assuming a Gaussian distribu-
=yp(zs)=0, and with the conditiorx,(zs )=0. Four param- tion for the errors in position and in angle with a two stan-
eters we employ for correcting: the three independent trintlard deviationr cut, an ensemble of 100 misaligned separa-
coil currents, one in each grooythe other trim coil currents  tors was used for studying the effectiveness of the correction
are determined by exciting the trims double symmetrigally scheme outlined above.
and the defocusin@he distance of the image plane from the To obtain and analyze the optical properties of mis-
nominal plane at the edge of the separator aligned separators, parameter-dependent nonlinear transfer
The results presented in the Figs. 9 and 10 shownaps are generated from the separator design code devel-
that compensating for design misspecification of up tooped with the differential algebréDA) method™**° These
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resolutlon In x before correctlon

limit1 = -1.23

cen =107
6=725

limit2 = 22.6

25pF

20F
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15
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(a) Resolution in the z-z section before
correction

resolution In y before correction

limit1 = -4.6 cen =248 limit2 = 54.1

=178

20F

50 60 70

éi(l 5 40
o w[nm]

(c) Resolution in the y-z section before
correction

resolution in x after correction

limit1 = -0.00765

© =0.00909

cen =0.0073 limit2 = 0.0223

50

40)

30

20

0
-0.01 0.01 0.03 0.04 0.05

002
8 -an [nm]

(b) Resolution in the z-z section after
correction

resolution in y after correction
limit1 = -0.0145 cen = -0.000426

o =0.,00856

limit2 = 0.0137

-0015  -0.01  -0.005

0.005 0.01 0.015

8 50
y ~Syo Ml

(d) Resolution in the y-z section after
correction
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FIG. 13. (Color online Relative cor-
rector strengths for the six correction
elements. A Gaussian random number
generator was employed for generat-
ing alignment errorso, , =25 um for
the positions andr,=1 mrad for the
orientations. An ensemble of 100 mis-
aligned separators was used for pre-
paring the plot data.

maps describe the imaging properties as functions of theated externally, they must be nullified by the dipole fields
groove orientations and positions, as well as the magnetigithin the separator.

: _ _ The distribution of the corrector strengths relative to the
In the studies, the DA maps include aberrations throughyrrentl, driving the main current is shown in Fig. 12. The

fourth order and a linear dependence on the geometrical Ptandard deviations for the six currents ovier are o,
rameters and currents of the main and the correction coils.

potentials as parameters.

= 0, = 0, = 0, = 0,
The six correction currents are set to nullify the selected 0.262%, 0=0.335%, 4=0.153%, 04=0.473%, og

- 0, = 0 i ithi 0, -
aberration terms. The resulting map is then used for tracking,0'318/°' anto=0.243%. To remain within the 90% re

the initial particle distribution through one quadrant of the 9ime of the distribution requires a trim of at most 1% of the

separator, after propagating through the objective lens, whicain current. Therefore, we expect that the nonlinear part of
the imaging will not be substantially affected by the addi-

The distribution of the random linear aberration coeffi- tional aberrations induced by exciting the alignment coils.

is assumed to be ideal.

cients to be corrected are shown in Fig. 11.

The resolutions in th&—z section and the/—z section

Since for the misalignments a Gaussian distribution wagefore and after correction for an axial sample point are
selected, we fitted the histogram of the coefficients t0 &hown in Fig. 13.

Gaussian. This gives the center and the standard deviation of o the abscissae. the deviations of the resolution from a
the distribution. The correction schemes are aimed to Corre(ﬂerfectly aligned and machined system are shown. For a per-

90% of imperfect separators among the randomly generatef%
ensemble. This 90% of confidence level translates to the lim-

Fig. 11.

values present. Since the dispersion terms cannot be compestemonstrated in Fig. 14.

ct front end with a magnification of =12, the nominal val-

its at +1.6% assuming a Gaussian distribution, as shown in"€® for the resolutions aig =0.54 nm andj, =2.1 nm for

an axial point. The figures clearly demonstrate that the cor-
Although the specifications of the separator are rathefeéction scheme works for this point. The deviations from the

tight, they are 25m for the positions and 1 mrad for the nominal values for the ensemble of corrected separators are

angles; these are non-negligible deviations from the nominategligibly small. The same is true for an off-axial point, as
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(b) Resolution in the z-z section after
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FIG. 14.(Color onling Off-axial reso-
lution computed for the point(
=5 um, =5 um) on the sample before
and after correction. A Gaussian ran-
dom number generator was employed
for generating alignment errors,,

180, 120, =25um for the positions ando,
limit1 = -9.51 cen=19.7 limit2 = 48.9 limit1 = -0.159 cen =0.00471 limit2 = 0.169 _1 mrad for the onentatlons An en
c=178 =00008 - o ' )
b o semble of 100 misaligned separators

140 was used for preparing the plot data.
120
100

80|

60|

40|

20

0
-025 -0.2

[}
-10 30 60 70 80 90 -015 -0.1 -0.05 o 005 0.1

015 02 025
Sy -éyn [nm]

40, 50
Sy -Syn [nm]

(c) Resolution in the y-z section before (d) Resolution in the y-z section after

correction correction

For the point with the coordinategs-5 um,-5um) on  center of the distribution in the direction, as shown in
the sample, the resolution can be recovered sufficiently closkEig. 15. This shift of some 10@m must be removed exter-
to the design values QS‘XO:O.67 nm and5y0:4.3 nm by cor-  nally. We will investigate how this shift influences the image
rection. quality in the next section. Of special concern is that an

There is a limitation of our correction scheme, however:off-axis beam passing through the field lenses might excite
It is not possible to compensate for a displacement of thelegrading aberrations.

before correction
30
limit1 = 346

cen=-10.8
o =204

25|

20|

c 15|

0

-300 -200 -100 0 100

displacement in x [um]

200

300

(a) Displacement before correction

limit2 = 324

25

—910 0

limit1 = -284

-300 -200

after correction

cen = -26.5
6 =156

-100 0 100
displacement in x [um]

200

limit2 = 231

300 400

(b) Displacement after correction

FIG. 15. (Color online Displacement
before and after correction. A Gauss-
ian random number generator was em-
ployed for generating alignment errors
oy,=25 um for the positions andr,
=1 mrad for the orientations. An en-
semble of 100 misaligned separators
was used for preparing the plot data.
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m?21 versus resolution

m12 versus resolution aperture 2.5 pm
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0003} : L w e w L w S L L s L s > FIG. 16. _(Color onling Off-axial I_in-
Resolution (1] Resolution [num] ear matrix elements as a function of
m34 versus resolution m43 versus resolution the axial resolution computed for an
o apormue 2.5 pm ‘ Bitda ‘ ensemble of 500 perturbed separators.
' ‘ : ‘ ‘
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0.0025 o© B |
0002 < i 02 + o+ *T _
’ @g = Ty
g £ B + 1
%0.00157 6&0 — ;E‘ ol “ N i
0.001 - B+ o4 o+ 7F n ]
02 + -
0.0005 — o +
L + N + ]
0 1‘0 ' 1‘5 ' 0 %% ' ; — 1‘0 ' 1‘5 ' 20
Resolution [nm] Resolution [nm]
B. Correcting for a perturbed separator aberration and the chromatic aberration of the objective lens
in an otherwise aligned system with additional and reflects the electrons back to the separator. The angular
external dipole and quadrupole elements aperture is set by the aperture at the back focal plane of the

In this subsection, we describe the correction methodgransfer lens behind the separator. The resolution as a func-
using both built-in trim current correctors and external cor-tion of the transmission or the aperture is calculated at the
rector elements. The elements are shown in Fig. 4. The eledinal image plane following the aperture.
tron rays are computed from the sample where they originate ~ With the exception of the separator, all of the compo-
with a work function of 5 eV. Subsequently, they are accel-nents mentioned above are at their design values. The toler-
erated to 20 kV by the cathode lens and imaged by the obable misalignments of the separator must not induce errors
jective in a plane in front of the beam separator, where thevhich are larger thaw, ;=10 um ando,=0.5 mrad. Other-
first field lens is located. After traversing the separator, thevise the required resolution cannot be obtained by means of
electrons enter the mirror that compensates for the spherictthe correction procedure. After randomly selecting an en-

m11 versus resolution m?22 versus resolution
apermure 2.5 um apermure 2.5 um
101 | - pﬂm‘ . | 102 - - pﬂm‘ i |
° 1
o 1015 B
o
1005 |- oo © 5 o - .
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0995~ %}O o - i . o8 o o N
[e3e] o
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0995 o 5O . |
o
099 - SR 1
L 9] L L L i i i -
; L i L o 09 i L 20 FIG. 17. (Color onling Diagonal lin
Resolution [a] Resolution [a] ear matrix elements as a function of
m33 versus resolution m44 versus resolution the axial resolution computed for an
096 B 096 ee2 i ensemble of 500 perturbed separators.
+
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r4 = 5 um; before after correction; res, = 5.1nm

60

70

60 - 50(

FIG. 18. (Color) The axial resolution
of a system consisting of the objective,
aor 1 field, and transfer lenses for two dif-
ferent aperture radii is shown. The cor-
rection utilizes the six internal correc-
tors, as used for correcting a single
pass through the separator shown ear-
lier, and additionally three electrostatic
and two magnetic dipole fields for or-
bit correction in combination with two
electrostatic quadrupole fields for cor-
S = = recting linear focusing errors. An en-
semble of 500 misaligned separators
with a specification ofo,,=10 um
ando,=0.5 mrad in an otherwise per-
fectly aligned system was chosen. All
aberration terms through fourth rank
are included. The green lines indicate
the nominal value for a setup free of
imperfections. The red lines border a
o environment centered on the mean
value drawn as a blue line. The plots
show a separator with the given speci-
fication is correctable for an axial
point.
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r4 = 25 um; before after correction; res, = 27nm
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5
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semble of 500 misaligned separators with the tolerancethese aberration coefficients are nullified, the terms in the
given above, 27 000 particles generated in the same way &pectroscopic notation vanish as well because of the relations
in the previous section were tracked from the sample to the
first image plane after the aperture.

In the first stage, in addition to internal corrections  , =c, - A, (6)

within the separator, dipole elements are excited on the 12- heref d for both of th by addi
pole elements in the mirror arm and in front of the transfer 1 nerefore, we corrected for both of these terms by addi-

lens, to adjust the optic axis. When correcting for Iateralt'onal quadrupole fields within the 12-pole elements, elimi-

deviations of the rays leaving the separator after the firspating the axial astigmatisiy, and the defocus by readjust-
pass, we utilize the fact that the force of a magnetic dipoléng the focal strengths of the objective lens and the mirror.
field is velocity dependent. Thus, we choose equal electrid Ne axial resolution computed before and after correction for
and magnetic dipole strengths. The alignment of the incident'® @perture radii of 5 and 26m is presented in Fig. 18.
rays thus does not affect the pass of the reflected ones. The 1S figure indicates that the correction scheme allows
reflected beam enters the separator on-axis, traversing it fofCOVery of the axial resolution computed in radgiswithin

the second time. one standard deviation to the nominal value of 5 and 27 nm

In the next step, the linear focusing terms are adjusted if°" @n aperture radius of 5 and 26n, respectively.
the same way by means of electrostatic and magnetic quad- Finally, the resolution versus transmission curve is plot-

rupole fields. To investigate whether there is a correlatiorfed for the perfectly aligned system without imperfections in

between a specific linear focusing term and the resolutiorf,!9- 19- The deviations for the ensemble of separators after
we refer to Figs. 16 and 17, where the off-diagonal and gicorrection are shown as error bars. A separator with standard
agonal elements of the linear transfer matrix are plotted adéviations smaller thano, =10 um and 0,=0.5 mrad
spot diagrams, respectively. It can be gathered from thesgould allow a successful operation of PEEMS3.

figures that a relationship is clearly visible for thg, and

My =Cq+ A,

Mg, terms. . N . VII. DISCUSSION
These relations become evident by writing the first-order )
axial aberrations in the form We have decreased the separator gap to 5 mm to in-
, , crease the accuracy of the two-dimensional field model vis-
Ax=myxp = (Cy + Ag)Xg, a-vis the actual field; we have developed effective correction
Ave= L (G — A, 5 schemes to restore the separator performance for random er-
Y =Maayo = (C1 =~ AdYo. ®) rors less thaw, ,=10 um ando,=0.5 mrad and for system-

Here, we adhere to standard electron optical notation for thatic perturbations of less than +4/-2.8 mrad of the orienta-
defocusingC,=-Af and the axial astigmatisrd;. When tion of the center grooves. With these developments, we
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