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Electron precession: A guide for implementation
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The design approach for electron precession systems designed at Northwestern University is
described, and examples of systems retrofitted onto two different transmission electron microscopes
using this method are demonstrated. The precession diffraction patterns from these instruments are
of good quality while simultaneously being very easy to acquire. A 15-minute procedure for aligning
these instruments is described in the appendix. Partnering this user-friendly and inexpensive
hardware implementation with fast and user-friendly crystallography software offers potentially
speedy and routine solution of crystal structu®s. 2005 American Institute of
Physics.[DOI: 10.1063/1.186661)2

I. INTRODUCTION tures, consistently yield well-defined potential maps that
The phase problem in crystallography has largely beely learly |dent.|fy cat|on_s n t.h € struct_u?eThe advantagg of
. the precession technique is that with some processing the
solved for the case of x-ray radiation for many years. Struc- . . =
RS . ) 4 experimental precession data appear to be ordered similarly
ture determination is routine for both inorganic compounds . T " . .
: . . . . X enough to kinematical intensities to provide the solution—or
and biological specimens using patterns acquired using syn- . . . oo
- . something very close to the solution—quite readily via direct
chrotron radiation or from laboratory instruments. However, . - . .
; ethods with minimal user intervention.

as the length scale of structures of interest has decreased, the . . o

An obstacle to wider use of any new technique is inher-

electron microscope has become increasingly important in . : : :
) L ent scarcity of equipment on which to conduct studies. Past
the crystallography field. For many problems, it is the only

available tool that can probe the scale of interest. reports using precession have described experiments and

; . : compared precession to conventional methods, but only cur-
Probe sizes in recent aberration-corrected electron mi-

. sory information has been given about implementation of the
croscopes have bettered one Angstrom, and chemical an . . 13 .. . .
o X . . L ; precession devices uséd:** Additionally, these investiga-
spatial information from single atoms in radiation resistant

L . T3 . . tions have not described experiment parameters in detail. It
materials is readily acqwréﬂ. However, even with materi- . ) N
is now apparent that experiment geometry is critical to the

als that damage under the electron beam, very precise infO[)'ehavior of the resulting datadet’ thus a comprehensive set

mation about the average structure can be gained from Ies()'% variables including cone semiangle, convergence, probe
sophisticated instruments through direct phasing of diffrac- g g'e, 9 P

tion patterns“.‘6 The caveat with these conventional ma- S2& and specimen image stability should necessarily accom-

. . . rtD ny such studies. This paper provides a straightforward do-
chines is that current methods require much guesswork a |9—a ourself scheme for retrofitting precession capability onto
analysis to find the true structure. Electrons are scattered b y gp P y

: ) conventional transmission electron microscope, and con-
matter about 1000 times more strongly than x rays; conse- : S
) . 4 o ._currently provides a common language for describing preces-
quently dynamical scattering causes intensities to deviaté. . . .
. " Sion experiments. Two example implementations on older
from the square of structure factor amplitude. Additionally,: . . . . .
. . L . -_7’instruments are provided, with attention paid to technical
multiple scattering events give rise to forbidden reflections .
: ) o ) specifics.
not present in the single-scatteritfinematical) case. Ex-
cept for instances of extremely thin specimens, surface struql-. BACKGROUND
tures, or for weakly scattering materials, direct methods tech-
niques often do not provide a straightforwardly interpretable  The Vincent—Midgley technique originally stemmed
solution. from studies conducted using measurements of high-order
The electron precession technique is a promising recentflections in CBED patterns from an Al-Ge crystalline
innovation in electron crystallograpfiyRather than using phase* Higher-order reflections were found to be more ki-
dynamical data with the kinematical computer codes widelynematical and were useful in aiding kinematical refinements
available, precession attempts to make the data more kinef inorganic nanocrystals. The precession scheme is a logical
matical and therefore more amenable to simple crystalloextension of this; it exploits the diminished dynamical effects
graphic phasing techniques. Recent analyses show that direaft the off-zone condition by using a hollow cone of illumi-
methods performed on precession data from heavy metal oxxation obtained through fast serial tilt deflections above the

ides, characteristically strongly dynamical-scattering strucspecimen. A consequent de-tilt of diffracted beams below the
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(1) The precessed incident beam must yield a circular cone
of directions about the crystal zone axis.

(2) The de-scan must bring the diffracted beams together to
form uniform points(or nonoverlapping disks in the

Beam Tilt case of beam convergende) accurate measurement.

(3) If spatial accuracy is desired in the experiméatg.,
fine-grained polycrystalline specimensthe conical
probe fulcrum must intersect the specimen precisely in
three-dimensional space.

Objective Pre-field Review of previously reported instrumenihe earliest
precession instrument was by Vincent and Midgley in 1994
based on a Philips EM430 operating at 300 k. Wien
bridge oscillator provided the precession scan signals; fre-
quency was capped at 30 Hz to prevent distortions due to
deflector bandwidth limitations. The stock instrument in-
cluded inputs for beam tilt, however the de-scan circuitry did
/ not support external control thus the de-scan controls were
[ foemmmmmmane completely replaced by the analog oscillator. While this in-
3 De-scan  strument was reported to yield better than a 10 nm diameter
probe in convergent illumination mode in theory, the imple-
mentation was limited to a 100 nm area due to probe-
wandering caused by aberrations. The tilt range was reported
at 8° (~140 mrad) however the earliest experiments were
conducted below 25 mrad and later experiments ofFAl
using more parallel illumination had a 40 mrad semiangle,
T N A LT both consistent with the<50 mrad figure typical for this
type of optical distortion-limited system. Projector lens dis-
tortion was the primary limiting factor which caused gross
errors in the de-scan at moderate angles and complicated
FIG. 1. Precession geometry in a modern condenser-objective TEM witeutomated measurement.
double deflection coil system showing the path of the precessed transmitted  patterns from the AlFe study were measured by digi-

Eucentric specimen height

beam. The objective prefield acts as an additional condenser lens. Circle | [s_. . . . .
generated by the beam tilt scan. De-scan collapses circle | down to point ”tIZIng the negative on a |Ight box using a CCD, then Integrat-

ing the line profile through each spot after background
removal'® Line profiling assumes each reflection exhibits

specimen is necessary to restore the conically rocked beanRgrfect circular symmetry, which is acceptable for the con-
to points in diffraction space. This performs an inherent in-vergent beam case since spatial constraints on the film are
tegration over the series of tilt conditions and generates &laxed; for(near-)parallel illumination, the constraints are
directly interpretable pseudo-kinematical zone axis pattern.much tighter. Convergent mode precession limits measurable
In this paper the tilt above the specimen will be referredpatterns to sparse diffraction patterns, making surfaces and
to as BT (beam tilt) and the complementary tilt below the superstructures more difficult to study.
specimen will be called DSde-scan). Precession electron ~ Gemmi has developed a precession instrument on a
diffraction patterns will be called “precessed DP's” and con-300 kV Philips CM30T chassis that operates at 35'HEhe
ventional selected-area or focused-probe diffraction patterngicroscope CPU can generate appropriate scan signals for
will simply be called “DP’s.” hollow cone parallel illumination conditions in the selected
Figure 1 is a cartoon of a modern condenser-objectivé@rea channeling pattern operating mode. The scan signals are
instrument showing the ray paths traversed by a precessedipplied to the external inputs of the microscope, which digi-
transmitted beam. In reciprocal space, the BT operation i§zes them and outputs appropriate currents to the deflector
equivalent to rocking the Ewald sphere about a pivot point@arrays. One of the limitations of this type of system is that
corresponding to the forward-scattered reflectiorigin) of ~ signal quality at the coils is limited by sampling rate and
the zeroth-order Laue zon@€OLZ). The sphere intersects precision of the A-to-D converters at the input and later by
each reflection in reciprocal space throughout a range of exthe D-to-As supplying the coil drivers. Due to this, some
citation errors while spending very little time dwelling in the difficulty with de-scan precision in early revisions were re-
on-zone condition where dynamical effects are most promiported that appear to have later been resolved. The structure
nent. A theoretical description based on the two-beam condief Ti,P was solved using a three-dimensional dataset merged
tion has been proposed by Vincent and Midgley and byfrom several zone axis patterns collected on the precession-

Gjgnnes*® enabled CM30T, showing successful use of precession inten-
For practical implementation of precession the key re=ities in structure solution where SAED data had proven
quirements are: insufficient™ The device was operated with parallel illumi-
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FIG. 2. (a) Generic dc amplifier for driving an electromagnetic céil) Mixer-buffer circuit used to add precession capabilities to a deflector amplifier. The
first stage mixes the normal microscope signal with that from the precession and is followed by an inverting buffer stage that corrects phase and isolates the
mixer from downstream components. This circuit can be installed at pointd)in

nation, forming sharp spots and a moderate tilt angle okimple coil driver stage based on power operational amplifi-
17 mrad was reported, limited by distortions in the optics. ers is provided later in this paper to demonstrate a solution.
The utility of these two instruments show the technique’s ~ Most deflection coils are dipoles, meaning two windings
potential as a crystallography tool, however, optical distor-are used to deflect the beam in orthogonal directions within a
tions clearly limited both instruments’ performance. The fol-plane perpendicular to the optic axis. Identification of the
lowing examples demonstrate an approach using simple geaxes in each coil is key since rotations or opposing field
metric distortion compensations to improve precessiompolarities often exist between deflectors throughout the col-
quality. In the first example, the corrections were essentialmn; this knowledge will prevent mismatch of precession
but proved to be insufficient for high-precision precessiondirection between scan and de-scan and give an idea of the
due to instrument limitations. Better design and careful rephase shift between the coil sets that will be applied during
finement of alignment procedure yielded very good perfor-alignment.
mance and high reliability for the second system described.

B. Circuit modifications
lll. DESIGN APPROACH The precession signal can be conveniently inserted at

Beam deflection above the specimen with complemen@y poinf[ in the_circuit where the signal is in v_oltage form
tary de-scan below can be produced in most modern instr@nd low in amplitude(a few volts). An example is between
ments using the beam tilt coils and the projector image shift§n€ Pre- and power amplifer at point I in Figed, where a
by supplying appropriate scan signals directly to the analo mall ampl_lfler m(_)dule_can be inserted in series to combme
coil driver circuits. We aimed to provide a simple and the scan signal with microscope console commands. Simple
straightforward human-machine interface to control preces¢ircuit building blocks based on operational amplifiéog-
sion hardware designed for stability and reliability within the @MPs)are very suitable for this purpose, being easy to use

framework of the existing system without affecting original dU€ to compact and simple physical circuit layout and high
functionality. intrinsic power supply rejection rati@.g., a variety of sup-

plies can be used, including unregulated types

For advanced op-amp usage details, the reader is re-
ferred to an analog circuits textbook or IC application

Deflection systems inside common TEMs follow a gen-notes'®2°A diagram of a common operational amplifier, the
eral theme wherein a control voltage is supplied to a currentM741, in the DIP8 package is depicted in FigaB It pos-
amplifier which drives current in a cojFig. 2(a)]. In such sesses two signal inpufverting and noninverting output,
systems, control voltages are typically under 10 V, and curpower supply inputs, and pins for offset nulling. Figures
rents in the coils do not exceed a couple of amperes. Sinc&b)-3(d)show the most basic configurations for amplifica-
microscopes are used primarily for steady-state operatiotion using this type of device. The noninverting amplifier
(scanning microscopes excludedoil drivers in many mi- outputs a signal with the same polarity as the input wave-
croscopes have been designed for dc operation and stabilifprm whereas the inverting amp naturally inverts polarity of
and thus do not have the bandwidth to support precession. the input. The gain of each configuration, shown to the right

A. Stock instrument hardware
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FIG. 3. (a) LM741 op-amp, DIP8 packagéb) Nonin-
verting, (c) inverting, and(d) mixer (inverting) opera-
tional amplifier circuits.

of each circuit, is set by a combination of the feedback re-operational amplifiers that operate at unity gain in a moder-
sistorRs and a second resist&. For precession, two inputs ate frequency range of dc to a few hundred kHz are quite
are necessary, one for steady-state control from the micrcsuitable.
scope console and the other for the oscillatory scan signal. In  While operational amplifiers in general have excellent
certain cases where the zero-point is significemg., an  supply noise rejection, a well-designed power supply is nev-
“inputs-are-zeroed” indicator triggerthe amplifier may re- ertheless critical for performance. A split voltage supply is
quire offset trimming to remove voltage offset at the output.required for amplifying bipolar signals. The supply voltage
Some devices available on the market feature low intrinsicails should exceed the maximum signal amplitude by a fair
offset voltage to address this without user intervention. margin to account for dropout voltage for the active devices,
While it is possible to convert op-amps within the stock additionally it should be noted that many small-signal op-
circuits into mixers, we chose to use add-on mixer modulesmps perform best when powered near maximum rated sup-
placed in series on low-level signal lines for versatility. Fig- ply voltage. Supplies of £15 V are common in microscopes
ure 2(b)shows the mixer-buffer module used in both imple-and it is often sufficient to use the onboard supfdgm-
mentations described in this paper, comprising a singlemonly accessible from test points on the signal bnakd
ended inverting mixing amplifier followed by an inverting ternatively, an external supply can be used to power the am-
buffer stage that corrects polarity and isolates the summaplifier so that the supply is immune to fluctuations caused by
from downstream electronics. One amplifier circuit is usedcircuits elsewhere in the microscope and vice versa.
for each inpuf(four total). A 15 V split supply was used, and It is relevant to note that while beam tilt is controlled by
appropriate bypassing was used to enhance supply perfatwo inputs at the console, 4 or 6 independent windings in a
mance. The 3.3 nF feedback capacitor in the mixer stagstacked coil pair work in combination to provide the tilts.
(optional) limits the bandwidth to about 5 KHz in the case Many microscopes allow high-level beam tilt control from
that downstream components are sensitive to the highust two analog signals because shift-tilt alignment has tradi-
frequency components from the signal generator’'s nonovetionally been executed in analog circuitry; the precession
sampling DAC. A low-distortion parte.g., film-type)is pre-  scheme presented here applies to this type of microscope.
ferred for this feedback capacitor. Basic constraints forModern digital microscopes now more commonly accom-
selecting a specific amplifier device off the shelf are: highplish shift-tilt alignment in the digital domain, hence two
input impedance, moderate bandwidth, high power supplgcan signals would be insufficient, requiring low-level modi-
rejection ratio, and unity gain stability for the output buffer fication of individual coil driverge.g., extra scan inputand
(second gain stage). FET-inp(field-effect transistorpbased additional programming to accomplish conical illumination.
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C. PC hardware Yy,=—5-siné,

A PCI-671x series board by National Instruments was
chosen for the Northwestern systems. This board employs Xs=[Az- 0SB - (6+ ¢3))] - cosb,
12-bit DACs (ample resolution for precessipto generate
signals in the range of 10 V. Its main strength is on-board ~ Y3=[Ag- 0SB - (0 + ¢3))] - sino,
cyclic buffering which allows a fast non-CPU-limited output
rate. Target operation rate is 60 cycles per second with an  Xout=[(X1 +Xz) - COShy + (Y1 +Y5) - SiNg] + X3,
angular resolution of at least 360 individual tilt points; for
four channels, this is under 100 000 combined samples per Your=[= (X1 +Xp) - SiN¢hy + (y1 +Y5) - COShy] +Ys.

second and well within the 1 MS/s limit for this board. AC- he fynctionsx, andy, represent the basic oscillatory func-
quisition and control boards from other vendors may bejong that produce the precessed circle tatraverses 2
equally suitable and can offer higher performance. radians. Functions,, y,, Xs, andy are used to generate two-
_ Aprimary concern with PC-based systems is inherently, g threefold compensations, where the variatie a scal-
dirty ground due to switching power supplies and digitalj,q factor for the twofold elliptical function related to the
circuitry. In general, the PC’s ground reference should bg)qe deflection amplitudeone semiangle), and ¢, and ¢,

bridged to the microscope near the relevant signal Circuitng e phase shifts that rotate these two- and threefold compen-
but placed at a common point that offers stiff earthing. Ad-gation functions. These constituents yield the functirgs

Qitionally, long runs of cablg should be shielded to prevent, Your Which contain various prefield correction ampli-
fields from modulating the signal. To prevent ground 100ps,des in addition to the conical precession scan. In practice,

the shield should be connected to ground only at one end Ghe correction magnitude is on the order of 1% of the base
the interconnectiongpreferably at the source). For micro- yafiection amplitude.

scopes that require very high stabilities, differential scan sig-

= The software interface comprises scan amplitude con-
nals should be utilized.

trols, the twofold and threefold compensations described
above, and phase shift between BT and DS scans. Addi-
tionally, the software allows precession rate control and pre-
The scan generator provides four computer-generatedise tuning of frequency and angular resolution. The inter-
sinusoidal signals calculated by a software routine. Deflecface, based on LabView visual language, is available for
tion coordinates for each point in the conical scan are calcudownload*
lated, sent to the hardware buffer, and the subsequent wave- Lens distortions in the lower column can complicate in-
forms are outputted 90° out of phase to describe a circle ofensity quantification at highet. For large cone angles, the
deflection points where the phase difference polarity defineguality of precessed diffraction spots decreases with increas-
the direction of rotation in each deflector plane. Aberrationsing cone angle and diffraction spot centers become displaced
in the objective lens can be compensated by adjusting deflein the diffraction plane due to projector distortiofiBig.
tion coordinates in the BT scan to counteract the effect of th@0(a)]. This was a problem on the CM30T on which the first
aberration contours in the lens. The DS coil deflections ar@recession instrument was based. For some microscopes, the
applied in the opposite direction of the tilt to bring the circle maximum possible tilt may be restricted by objective lens
generated by BT scan down to a point in the diffraction planeaberrations before postspecimen distortions become a limit-
(point Il vs circle | in Fig. 1). The DS is phase shifted with ing factor.
respect to the BT scan by a fixed valge The key aim for this design approach has been to bal-
The DS controls can be used to circumvent distortions irance function, usability, and complexity. Through graphical-
the projector deflectors and lens, or to remove the effect ofool-based object-oriented software to control digital elec-
small residual aberrations not eliminated by the BT. Withtronics, the system preserves the intuitive analog feel of
care the integrated intensities can be brought down to meatock instrument yet is not limited by the inflexibility and
surable spots a fraction of a milliradian in diameter. Smallinherent design complexity of a fully analog system. With
errors in BT can be readily compensated by careful de-scadistortion compensation, the precession pattern quality im-
alignment even when moderate to high cone semiangles aggoves dramatically, and images can be digitized readily by
used(a>25 mrad) automated cross-correlation methods, such as those in Elec-
While astigmatism in magnetic lenses is described byron Direct Method<?
hyperbolic functions, approximate twofold and threefold The following example systems show that retrofit of pre-
functions are sulfficient for their compensation. The softwarecession mode onto conventional instruments is not difficult,
algorithms that generate these compensations are based and (perhaps more importanilythat a good-performance
the following set of relations: implementation can be very inexpensive. The systems de-
scribed each required less than US$2000 in parts costs. Ex-

D. Software

X1 =A; - COSH, . . .
cellent results can be expected if the most important require-

y1=A; - sing, ments are met, namely compensation of aberrations,
eucentric height correction, and careful user alignment. As

X, =S COSH, more microscopes are being fitted with advanced capabilities
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FIG. 4. (a) BD STBcircuit schematic(b) Image Scircuit schematic. Courtesy Hitachi High Technologies Corp.

such as hollow cone illumination and STEM mode, precesiV. EXAMPLES

sion performanqe should stead_ily increase accompanied by Example 1: Hitachi H-9000

ease of installation. Many new instruments support external

control inputs, which—provided that suitable bandwidth is The Hitachi UHV H-9000 is a 300 kV instrument de-
available—will simplify the requirements for custom hard- signed for high resolution imaging and for diffraction. The
ware retrofit for future precession instruments. instrument incorporates a special SA imaging mode for se-
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FIG. 5. (a) Simulated waveform for the H-9000 bipolar push—pull DS amplifier demonstrating crossover distortion. At each zero-crossing point, there is a
plateau in the wavefornib) A precessed beam tilt pattern demonstrates how this distortion manifests in the patterm: aialgecoils are out of phase by
90° a pinwheel pattern is generated.

lected area diffraction experiments intended to minimize SAence. Power was supplied to the add-on boards via the
errors. Because the system has a small objective polepiead5 V supply pins on thd&D STBandImage Sboards.
gap, the stage allows only about +10° tilt and the UHV side  The image shift circuit is intended for steady state op-
insertion system has been designed without eucentric heigletration and is correspondingly quite different from BHig.
adjustment for mechanical simplicity. 4(b)]. The signal originates from a 10 V precision reference
A stacked pair of coilg¢a dipole and quadrupoléjcated  (I.), converted into =4 V reference ledH.) by an op-amp
several centimeters above the objective polepiece gap pratage. These are divided into control voltages by linear po-
vides BT deflections and DS deflections are provided by dentiometerg(lll.) followed by a differential op-amp buffer
dipole deflector nested inside the projector lens. Upper colstage(lV.) that feeds the coil amplifigV.). The inverted leg
umn electronics can be found on the boBidl STBunder the  of the differential buffer(not connected in this instrument
left console and image shift is controlled from a small po-provides an optional compensation signal for an extra dipole
tentiometer box that controls an amplifier board mounted taleflector (BH-X, Y) earlier along the optic path. The DS
the left console side, callddnage S. The relevant section of current amplifier terminates in a bipolar push—pull output
the BD STBschematic is shown in Fig. 4(a). Each beam tilt stage that delivers larger currents than the BT, around several
axis is set using a digital encoder that controls a D&Gt  hundred milliamps, to achieve appreciable deflections of the
shown)followed by a small unity gain buffer. This signal is image on the viewing screen. The circuit is precise and has
in the range of £5 V and supplies the BTX and BTY inputs low noise for image stability.
on connector CN3503. Section | in the figure is part of an ~ While excellent for dc signals, the stock image shift cir-
analog hollow cone driver calle8TIG MONfor monitoring  cuit was found to be unsuitable for precession due to the
astigmatism in the objective lerisot active during normal class B problem. Push—pull amplification stages, if not prop-
operation). Following is the tilt amplifiefll) comprising an erly biased, can cause distortion at the zero-crossing point of
op-amp in summing mode driving a FET-output voltage-to-rapidly varying signals because each device in the comple-
current amplifier. There is some biasing circuitry in this stagementary pair has a finite switching tin{€ig. 5). A possible
that ensures bandwidth for the tilt wobbler adjustment, favorsolution is to bias the output stage into class A to remove the
able for precession because it offers operation up to aboutistortion, however, working around the design proved diffi-
1 kHz. Section lll is a voltage divider and switching array cult and the final solution took the form of a completely
used to split the current between the three coil windings foredesigned board based on power op-amps shown in Fig. 6
each tilt axis. Four user-accessible potentiometers in thissee Ref. 13). This preserves the service warranty for the
stage control the division of current to each winding: thesaénstrument and provides extra performance headroom. The
are theXiaim Xvers Ymain @NdY,e cONtrols used during shift- Image S.circuit is broken at R3/R20 and the output of the
tilt purity alignment. preceding driver stage is routed directly to the custom DS
The custom modules were retrofitted at poia@ndb in amplifier board, bypassing the stock amplifier. The replace-
series with the input CN3503. The modules were builtment amplifier consists of an OPA544T power operational
around an LM324 IC in DIP14 packade quad 741 IC with amplifier in a current-sense feedback loop similar to that
class AB biasing). The BT mixer module was mounted ontoused in the stock circuit. Power and ground are supplied
a short length of 34-conductor ribbon cable that also serveBom Image S.and additional supply filtering is employed.
as a quick-release pass-through extender for connectdme replacement unit extends usable bandwidth beyond
CN3503. Conductors 3 and 5 on the cable, corresponding t& kHz.
pins 2 and 3 of CN3503, were used to insé¢@ndY signals, Performance and limitationsThe precession mode is
respectively, and conductor 1 was used for the ground refettypically operated at about 60 Hz to ensure ample intensity
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FIG. 6. Redesigned projector deflector circuit for the H-90&@e channel only incorporating the plug-in module for applying de-scan and higher bandwidth
output amplifier.

averaging for short exposures. During operation, an artifacthe intensities from this pattern were integrated after back-

often appears in the scan due to power supply ripple identiground subtraction from small masked regions around each

fied by a “snail”(small kink in the circle pattepthat travels  spot.

slowly around the BT circle. Its speed depends on the rela-

tion between the scan and mains _frequenmes. The artlf_act cap Example 2: JEOL 2000FX

be removed by precisely matching the scan rate with the . o

oscillation frequency of the maingan vary throughout the A second-generation precession instrument was con-

59.25 Hz to 60.25 Hz and can change during a microscopyent well suited for precession since the polepiece supports

session. igh tilts by virtue of a well-developed convergent beam
The H-9000-based precession instrument is limited bynode. The instrument included a +45° side-entry double-tilt

its lack of eucentric height adjustment and small tilt rangeNolder and a model US1000 22K CCD camera from

(+10°). Depending upon insertion conditions, the specimer>ATAN. This implementation drew upon the knowledge

height may deviate from optimum crossover by overdained from the previous precession implementation and in-

100 um, limiting the spatial resolution of the precession tegrated some refinements that improved performance dra-

probe. The shift-tilt purity correction range is insufficient to matically:

localize the probe. To circumvent this problem, precession i$1) specimen holdez-height adjustment;

typically operated with selected aré8A) mode using paral- (2) polepiece supports large ftilts;

lel illumination: the SA aperture limits probe wandering by (3) | arge CCD streamlines dataset acquisition. Beam blank-
ensuring even illumination of the specimen. However, the g above specimen decreases radiation damage;

probe size becomes limited by aperture size, and SA errorgy) Miniaturized plug-in modules using surface mount de-
give rise to excess delocalization of illumination that cannot  jces:

avoided because optimum lens excitation and specimefx) |ndependent power supplgxternal);

height are unavailable. Poor probe localization is the ultimaigg) |mproved grounding scheme;

limitation of this system making nanocrystal precession dif-7) ypdated software;

fraction studies difficult. The instrument nevertheless ac-

quired patterns from large regions and isolated small par- The 2000FX deflector electronics are located on a single
ticles rather well, giving good averaged patterns from sampl®oard DEF UNIT, which controls all deflector coils in the
regions about 200 nm in diameter. Measurable patterns hav@mlumn (accessible below the right-hand console behind an
been acquired from Mgy,0Og and LaCu;M00,, with this  acrylic cover). The current values for each coil set, con-
machine*? For the LaCuMoO;, experiments, the cone trolled by a pair of digital encoders, is stored in memory and
angle of 25 mrad was large for this instrument and the spotkeld constant by the microscope computer, changing only
became ill-defined and difficult to measure. Rather than emwhen console control is passed to that coil set. The power
ploying the more accurate method of cross-correlation usingmplifier design is common to most of the deflectors in the
average unitary spot motifrequires similar-shaped spits instrument and is simply replicated in each coil driver circuit
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FIG. 7. DEF UNIT block diagram for JEOL 2000FXa) The schematic relevant for BTb) for DS. Pointsa andb in both figures are locations where the
plug-in module should be inserted.

down the column. The 2000FX has provisions for a hollow8(b)]. JEOL specifies<10 mV ripple for theDEF UNIT,
cone illumination option, thus its deflectors can process fastvhich the custom supply meets. The supply and a National
scan signals without modification. Instruments signal distribution board were incorporated into
Block diagrams for the BT and DS amplifiers are showna project box that included BT and DS on/off toggle switches
in Fig. 7. Coils COND1,2X,Y provide BT deflections, and on the front panel for manual control independent of soft-
PROJX,Y denote the DS deflectors. For precession, the locavare. The PC DAC board interfaces with the project box via
tion at which the digital stage feeds the analog stage is aa 68-pin high-density cable, upper and lower coil outputs on
ideal location to insert the scan signal. The mixer moduleshe rear panel incorporate power leads and signal ljises
can simply be inserted in series before resistors R63, R70ated from each other via foil shieldsnto a single cable
R103, and R106, corresponding to BTX, BTY, DSX, andbundle for each module, and an additional terminal for the
DSY. microscope ground is also provided. The ground connection
The plug-in moduledFig. 8(a)]were based on Burr- from the microscope is shorted to the PC ground and can be
Brown OPA2604 dual operational amplifiers in the SOIC8broken with a toggle switch when precession is not used.
package, low noise amplifiers designed for audio. Most of  Performance and limitations'he instrument is operated
the electronics were migrated to surface mount easing instalith smallest condenser aperture for small probe, coherence,
lation by virtue of miniaturization. A simple dedicated linear and low dose to protect the CCD. BT on the 2000FX can be
regulated supply, comprising capacitive decoupling betweewnperated in either a bright mode or dark mode; in the latter
two regulation stages, was built for the plug-in moduleig.  the control input is multiplied by a factor of 10 to increase
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FIG. 8. Schematics for the 2000FX precession modificatiahSchematic for plug-in moduldb) external power supply schematic.

FIG. 9. (a) Montage of probe images during a revoluti@iose to aligned 24 frames denote a full revolution; 8 of the 24 are shown here. The center image
shows the composite of all tilts. Both probe and specimen image wander for unaligned condition, contributing to a blurry composite image. The right image
(b) shows a well-defined specimen image and excellent alignment of cone pivot point after alignment. Probe size is about 50 nm.
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FIG. 10. Precession patterns for 60 mrad cone semig@agland 40 mrad

Rev. Sci. Instrum. 76, 033703 (2005)

apparent in the figure). This probe wandering causes delocal-
ization when the beam is precessed at full speed. The center
image is the composite of the full precession; the specimen

image becomes blurred and the probe becomes delocalized if
alignment is poor. Moving the specimen closer to eucentric

height and optimizing the lens settings and aberration com-

pensations improves both localization of the probe and

sharpness of the specimen featuréig. 9(b)].

The 2000FX implementation can generate usable pat-
terns using cone semiangles up to about 50 mrad. Appre-
ciable projector distortions result beyond this pojifig.
10(a)], but patterns may still be measurable if integration
methods less sophisticated than autocorrelation are used. The
highest quality patterns are obtainable using cone semiangle
between 0 and 40 mrad-ig. 10(b)]; probe localization is
excellent up to about 35 mrad, yielding approximate probe
size of 25 nm for a very well-aligned experiment. A larger
50 nm probe is readily achievable with about 15 min of
alignment time. The instrument has been used to obtain high-
quality precession patterns for particle regions as small as
30 nm.
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APPENDIX: PRECESSION ALIGNMENT PROCEDURE

Alignment of the precession system is similar to conven-
tional column alignment, e.g., from the top of the column
downward. With the column previously aligned for imaging,
the subsequent precession alignment described here is
straightforward and can typically be completed within about
15 min.

The following conditions are requisite for a high-quality

cone semiangléb). Spiral distortions in the projector lens alters the shape Ofprecession experiment:

the spots and shifts their positions, preventing straightforward intensity mea-
surement. Using a smaller cone semiangle gives an improved and easier (g_)
measure spot pattern.

the tilt control sensitivity. It is advantageous to operate in the
bright mode to make best use of the scan generator's dyo)
namic range. A scan amplitude of 3.5V yields about
40 mrad in this mode. 3
Careful alignment of the precession device yields very(4
high quality patterngthe procedure is given in the Appen-
dix). Figure 9(a)is a montage of probe images at several(5
points along the precession route for a near-aligned condi-
tion. The probe has been spread to about 50 nm to clearl(ge
show the crystal edge. Each tile in the montage contains a
different image of the specimen representing a specific tilt
condition, and for each scan step the beam becomes slightly
displaced from the centered beam in the image plao

Specimen on-zone to within 0.5 mrad. Precession pat-
terns are quite tolerant of a slightly off-zone condition,

but a better on-zone condition will yield better accuracy
in the intensity integration.

Specimen located close to or at eucentric height in the
z-direction.

) Beam well-aligned with the optic axiiV centering).
) Diffraction spot carefully focused and intermediate lens

stigmation corrected.

) De-scan coils roughly zeroed to minimize deflector non-

linearity and avoid parallax distortions.

) If a CCD camera is used, spot size and convergence set

SO as to not overexpose the camera.

Highest tilt is achievable when the objective lens system

is excited to its optimal current setting: this is the point
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FIG. 11. Precession alignment flow chart. Operations conducted in real space have white background color; reciprocal space operations have black bac
ground color.
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where lens aberrations are lowest and the probe size smallestanned circle in diffraction space is concentric and the real
Optimal objective excitation is factory-specified and can bespace image and probe are stationary, BT alignment is com-
obtained from the microscope manufacturer. Objective exciplete.
tation is the most important parameter in the precession ex- The de-scan can now be activated. The procedure for DS
periment, and the alignment of the system derives from thiglignment is easier and less sensitive than the BT. The soft-
starting point. ware for this system has real-time updates, so one can simply

The procedure for alignment for the NWU-designed sys-‘wobble” the slider bars for DS amplitude and phase shift to
tems is detailed pictorially in the flow diagram in Fig. 11. perturb the de-scanned pattern, revealing the direction the
The objective should be optimally excited and the region ofalignment should progress in order to collapse the BT circle
interest(ROI) located at optimum focus. After conventional down to a sharp spot. Elliptical compensations for twofold
alignment of the imaging system, precession alignment bedistortions can be applied concurrently to form a sharp point.
gins by exciting the scan in the upper tilt co{BT) to the =~ Moving the specimen into the path of the beam allows the
desired cone angle in the diffraction mode. One can deteiuser to check the quality of the alignment for higher angle
mine cone angle by referencing the scan against diffractiofeflections.
spots or a calibration pattern. With scan on, switching to ~ ©Once the alignment of the transmitted beam is complete
image mode will yield a circle that shows the intersection ofand a high quality zone axis pattern is obtainable, it is ad-
the hollow cone with the specimen. The circle may be disvantageous to double-check real-space alignment before
torted due to objective aberrations. If the scan rate is loweregWitching to the precession mode to take exposures. The con-
to below 1 Hz, one can easily see the beam tracing a path itions in the microscope are dynamipecimen drift, lens
real space through the aberrations in the lens field. instability) making it important to take exposures quickly

Shift-tilt purity correction (sometimes also called tilt Pefore alignment conditions require readjustment. Along
“wobbler” alignment)should be adjusted next to obtain the with the dlﬁractlon pattern exposures, it is useful to record
smallest and least distorted ring pattern possible. This adjusti€ Precession amplitudes in the form of voltages and record
ment aligns the stacked BT deflector coils, compensating r@" image of the BT circldDS disabled)to document the
tations and minor dipole nonuniformities. Since the beam i€ON€ semiangle.
swept around a perimeter inside the tilt coil, the adjustment, ,

. e . . P. E. Batson, N. Dellby, and O. L. Krivanek, Natuteondon) 418, 617

may not result in the same shift-tilt purity settings as the (2002).
conventional two-axis tilt purity adjustment, which sweeps 2B, Kabiuset al., J. Electron Microsc51, S51(2002).
only along the two major axes. L. J. Allenet al., Phys. Rev. Lett91, 105503(2003).

Continuing in real space, beam convergence should bé‘é‘" Si”‘fl'er' ';ngi’“('l%g‘é)'-' D. Marks, Acta Crystallogr., Sect. A: Found.
readjusted if necessary to obtain minimum probe size. Thissv\;yéiﬁk?gr'and L. D. Marks, Ultramicroscopys, 251(1999).
will generate a fine ring patteripossibly distorted). If the tilt  ®A. Subramanian and L. D. Marks, Ultramicroscop$, 151 (2004).
purity correction forms a fine spot and the specimen image;R- Vincent and P. A. Midgley, Ultramicroscop§3, 271 (1994).

moves minimally with BT scan active, the real space tilt < S OWn L. D. Marks, and W. Sinkler, Acta Crystallogr., Sect. A:
Found.(submitted).

alignment is complete. If not, specimen height must be ad-;, gjgnnest al., Acta Crystallogr., Sect. A: Found. Crystallog, 306
justed to better intersect the convergence point of the conle0(199_8).
and subsequent refinement must be carried out. The three< Gignnesetal., Acta Crystallogr., Sect. A: Found. Crystallogd, 102

. L . . . 1998).

Var'.ables_ObJe_Ctlve. eXC|tat.|on, _sample helght, and tIItllM. Gemmiet al., Acta Crystallogr., Sect. A: Found. Crystallog9, 117

purity—can be iteratively refined in this way until a reason- (2003).

ably stationary hollow cone probe and sample image ar&J. Gjgnnes, V. Hansen, and A. Kverneland, Microsc. Microaddl, 16
; ; (2004).

achieved in real SPace' . . . 13C. S. Own, A. Subramanian, and L. D. Marks, Microsc. Microaridl, 96
The next step is to refine the reciprocal space behavior of (p04).

the BT precession. It is usually convenient to do this align-*R. Vincent and D. M. Bird, Philos. Mag. /43, L35 (1986).

. . 1! H :

ment off the specimen in vacuum to make use of a sharp angK. Gjennes, Ultramicroscopg9, 1 (1997).

bright transmitted beam. In the diffraction mode, the scan,2: S Berget al., Ultramicroscopy74, 147(1998).

g o ! "M. Gemmi, in Electron Crystallography and Cryo-Electron Microscopy
parameters on the precession control panel can be used tQdited by J. Puiggakt al. (Barcelona Universitat Politecnica de Catalu-
compensate for the aberrations and make the ring round. Ifnya, Barcelona, 2001
digital capture is available, one can use a circle Ove”ay as gs. FrancoDesign with Operational Amplifiers and Analog Integrated Cir-

f f IVi th i til th t . cuits (McGraw-Hill, New York, 2002.

!’e ?rence or app ym_g e compensatons u_n iHthe pattern 1% orowitz and W. Hill, The Art of Electronic¥Cambridge University

incident or concentric with the reference circle. If the real press, New York, 1989

space alignments were done well, the compensations shouftPp Amps for EveryonéTl application note SLODOO6B edited by R.
: : Mancini (Texas Instruments, Dallas, 2002

have little or .”0 eﬁe.Ct on the real space b.ehawor of theAPrecession, Northwestern  University, 15 August 2004http://

beam. Otherwise, refinement of real space alignment may bewww.numis.northwestern.edu/Research/Current/precession)shtml

necessary after BT alignment in reciprocal space. If thé?R.Kilaas, L. D. Marks, and C. S. Own, Ultramicroscofi92, 233 (2005).
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