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ABSTRACT 

When is "parallel" illumination 
best parallel for ALCHEMI? 

Kannan ~. Krishnan 

National Center for Electron Microscopy 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

The role of the tangential component of parallelism of an electron beam 

in a conventional transmission electron microscope, where the specimen is 

immersed in a magnetic field, in performing ALCHEMI experiments is 

investigated. It has been shown that best results are not always obtained 

for the case of a probe convergent on the specimen surface, even when the 

convergence angle is less than the operating Bragg diffraction angle. A 

simple ~xperiment to determine when this tangential component would be 

critical isrlescribed and some preliminary experimental results on 

"parallelism" are provirled. 

I. INTRODUCTION 

A pO\~erful technique for the determination of specific site occupations 

of impurity additions in crys-talnne materials, based on the orientation 

dep~ndence of electron-induced characteristic X-ray emissions. has been 

developed over the past few years [1,2J. This technique, popularly known as 

ALCHEMI, requires that the incident electron illumination be as parallel as 

possible for best results. However, to achieve good spatial resolution a 

focusse~ probe is necessary. It had been observed that the illumination 



semiangle could be surprisingly large provided that it is less than the first 

order Bragg diffraction vector of interest [3,4]. In a conventional 

transmission electron microscope the specimen is immersed in the magnetic 

field of the objective lens. It has been recently pointed out [5.6] that 

this configuration makes it necessary to re-evaluate the accepted notion of 

"parallelism". In addition to the radial component, a tangential component 

of parallelism introrluced by the helical path of the electron in the magnetic 

fiel~. has to be taken into consideration. It has been suggested [6] that 

this tangential component is the dominant parallelism criterion while 

performing ALCHEMI experiments and that results obtained with substantial 

prohe convergence are better than those obtained when the beam is parallel as 

determined by the appearance of sharp diffraction spots in the back focal 

plane of the postfield of the objective lens. [7]. In this short note. some 

preliminary results that indicate that the- above conclusion [7] is not always 

valid is presented. Further, the acquisition of characteristic X-ray spectra 

imposes its own experimental parameters, such as the choice of convergence 

angle and prima~ condenser lens excitation combinations, for optimal data 

collection. The experiment described here can be used to answer the question 

that is posed in the title of this work for any experimental arrangement on a 

particular microscope. 

2. EXPERlMEtJT 

All experiments were carried out in the TEM mode on a JEOL 200CX 

analytical transmission electron microscope operating at 200kV with a LaB
6 

filament and a high take-off angle (72°) EOX detector. An electron 

transparent specimen of a single crystal sample of MgA1 204 (spinel) with 

a [001] foil normal was prepared by mechanical thinning followed by 
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ion-milling. Two different condenser apertures of 400~m and 100 ~m diameter. 

giving incident probe convergence angles of 3.53 mrads and 0.8 mrans 

respectively (when the beam was brought to a cross-over on the specimen 

surface), were used. These convergence angles were smaller than the 

operating (400) Bragg diffraction vectors for MgA1 204. This \~as 

confirmed by the presence of distinct individual diffraction spots without 

any overlap. The (400) systematic row is the best channelling condition for 

spinels. In this orientation, the Bloch wave is strongly localized on the 

oct.ahedrally c~ordinated Al sites for negative excitation errors (s<O) of the 

first order Bragg diffraction condition and on the tetrahedrally coordinated 

Mg sites for positive excitation errors (s>O) of the first orner Bragg 

diffraction connition. The channelling behaviour at each of these 

orientations ",as monitored by calculating the ratio of the characteristic 

X-ray in'tensity (r=NA1 /NMg ) of the two cations. The objective lens 

excitation was maintained at a constant value of-5.25mA throughout the 

experiment. Spectra were collected at each of the above orientations (i.e., 

(400) systematic row, first order Bragg diffraction condition with negative, 

zero and positive excitation errors), using either one of the two condenser 

apertures, and for both convergent and defocussed illumination. A total 

counting time of at least 200 seconds to ensure good statistics was used in 

all acquisitions. While using the larger aperture, a smaller spot size 

(primary condenser lens exications) was used to avoid excessive dead time. 

The spectra from both sets of data are shown in Fig. 1. 

-3-



3. DISCUSSION 

The i:angential component of "parallelism". 0 of an electron beam in a 

conventional transmission electron microscope, where the specimen is immersed 

in an objective lens. has been shown to be a linear function of the radius of 

illumination [6]. This indicates that 0 would be a minimum when the beam is 

brought to a cross-over on the specimen surface (diffraction disks in the. 

back focal plane of the objective postfield). 0 would increase as the probe 

is defocussed and would be a maximum when the second condenser lens is 

excited such that the beam is brought to a crossover on the front focal plane 

(FFP) of t:he objective prefield. This would correspond to a conventional 

"parallel" illumination and would give rise to a fine array of diffraction 

spnts in the RFP of the objective postfield. 

The behaviour of the radial component of "parallelism", B is exactly the 

opposite. For a fully convergent probe 8 would be the same as the 

convergence angle. which is determined by the size of the second condenser 

aperture. As the beam ;s defocussed, 8 decreases and to a first 

approximation it can be assumed to be inversely proportional to the radius of 

illumination [8]. This opposing dependence of the radial and tangential 

components of parallelism on the radius of illumination, implies that at some 

radius of the defocussed probe one would observe a cross-over. On either 

side of this cross-over the parallelism of the beam would be determined 

largely by one component or the other. In arldition, this cross-over point 

would vary for different combinations of second condenser aperture and spot 

size (primary condenser lens excitations). 
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The results of this experiment are summarized in Fig. 2. It is evident 

that when a small convergence angle (a = 0.8 mrads, CA = 100 microns) is used 

(Fig. 2a), a "parallel" illumination best suited for perfonning ALCHEMI 

experiments is observed when a probe is converged on the surface of the 

specimen. While using this small condenser aperture, a primary condenser 

lens excitation (Cll = 4.6 rna) giving a larger spot size (i.e., #3) of 

approximately 520nm diameter was required to obtain sufficient 

characterization X-ray emission intensity. For this radius of illumination, 

the tangential component of parallelism is larger than the radial component 

(0.8 mrads). Any further defocussing of the probe essentially detracts from 

this "parallel" condition and gives rise to inferior channelling as shown in 

the results for a defocussed probe. 

On the other hand, fora larger convergence angle (a = 3.5 mrads, CA = 

400 microns) the results are just the opposite (Fig. 2b). Counting 

statistics dictate the use of a stronger primary condenser·lens excitation 

(eLl = 7.37 ma, spot size #4) giving rise to a beam that is approxiately 130 

nm in diameter. For a fully convergent probe, the tangential component of 

parallelism would be small but the radial component would be reasonably large 

(3.5 mrads). One can benefit by defocussing the beam as shown in Fig. 2b. 

The conventional "parallel ism" criterion, as judged by the appearance of 

sharp diffraction spots in the BFP of the objective postfield, and obtained 

by defocussing the illumination radius by a factor of 10 (approximately), 

gave much better results. It seems that the radial component plays a more 

important role and that substantial gains can be made by minimizing this at 

the expp.nse of a small increase in the tangential component. Hence the hest 
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conrlition for performing ALCHEMI and related experiments would be to use a 

defocussed probe whenever the convergence angle is of reasonably large 

magniturle. 

Note that in both cases the convergence angles used were smaller than the 

operating Bragg angle [98(400) = 6.21 mradsJ. This suggests that the 

simple criterion of using a convergent probe with a convergence angle smaller 

~han the Bragg angle noes not necessarily give the best results. 

4. CONCLUSION 

Whi 1 e perform; ng ALCHEr~I anrl related experiments usi ng energy-di spersi ve 

X-ray spectroscopy some of the critical experimental parameters are often 

determined ~y the need to set up optimal conditions for X-ray acquisitions. 

To maintain a meaningful count rate (i.e., 1000-2000 cts/sec) with tolerable 

dead time, only specific combination of convergence angles (condenser 

apertures) and primary condenser lens excitation (spot size) can be used for 

a particular instrument. For each of these experimental combinations, it is 

then essential to determine which criterion of "parallelism", (i.e, whether 

the tangential or radial component of parallelism), is the important one. 

Ideally one would like to know what the cross-over radius of illumination 

would be. This would be somewhat tedious to determine. However, it is 

certainly important to know which of the two well-defined cases (i.e., probe 

convergent on ~he ~ample or the probe convergent on the FFP of the objective 

prefield) gives better results. It is suggested, that for each of these 

combinations ~e~ermined by the need to optimize X-ray acquisitions. the 

simple experiment rlescribed in this note be performed to obtain the best 

"parallel" condition for ALCHEMI and related experiments. 
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FIGURE CAPTIONS 

1. A tableau of EOX spectra from a single c~stal specimen of MgA1204 
(spinel) for three different incident be~ orientations. Other 
experimental variables were the nature of the illumination - conventional 
parall el (defoclJssed probe) or convergent probe and the convergence 
angle, a. The degree of channelling is proportional to the ratio of the 
characteristic X-ray intensities for the two cations (r=NA1/NMg). 
The intensities were determined after background substraction. The most 
intense peak corresprynds to ALKa and the ~eaker peak to MgKa. 

2. Sumrna~ of the results comparing the orientation dependence for the two 
incident probe conditions. 

(a) Small convergence angle (a=O.8 mrads) - better results for the 
incident probe convergent on the specimen surface. 

(b) Larger convergence angle (a=3.5 mrads) - bett~r orientation 
dependence for a defocussed probe giving rise to sharp diffraction spots 
in the back focal plane of the objective postfield. 

-9-



CONVERGENT PRO.E 
.~.h __ .0. _ .. ~_ 

-PARALLEL- ZLLUNZNATZON 
A~.~ _ _ .0 •..... 

• PA.AL~.L. S~LU"Z.A7Za. 
A~P~_ - ~o.3 •• __ _ 

-----..." 
\ XBL 8612-4326 

Fi~o 1 

-11-



3.e--
.alpha == D.I 1IILr&II.~ 01 = 5.21 IIIl& 

3.5 a 
• 3A 

~ 3.3 

I S.2 

Ie 8.J 

j 3 ., 
'-, 

III 
Ie 1.1 ., v/ 

i 1.8 

I.' 
~ 2.8 Ie 

~ 2.1 

2,4 

a-~ 

8<0 8=0 s>O 
Fi~. 2 

Jlpha - 3.13 lIIInIIa. 01 - a.ae ... 
3.3 

3.8 ~ b , 
3.1 

, 
• , 

~ 
, , 

:. , , , 
I t..t \ 

\ 

k 
\ 

8.8 , 
\ . 

.9 \ 

2.' , ., , 
II \ 
Ie a.I , , ., 

~ § 1.5 
.. 

8 204. '\ 
~ 

, ,J 
2.3 

, 
Ie 

, , 
~ 

, 
1.8 " " 

" 2.1 , , .. 
2 

5<0 5=0 S>O XBL 8612-4827 
Orimb.Uma (. a a) 

a CUD'nl'lat. prO" • DlfVcu ... d l'I'ON 

-12-



This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



v 

_ ..... - .. ~ 

LA WRENCE BERKELEY LABORA TORY 
TECHNICAL INFORMATION DEPARTMENT 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

.... ... ....... ----.", 




