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ﬂ This report was prepared as an account of work sponsored by the United States
( Government. Neither the United States nor the Department of Energy, nor any of
their employees, nor any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information, apparatus, product or process
disclosed or represents that its use would not infringe privately-owned rights.
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: Abstract

This is a report covering the research performed in the Crewe laboratory between
1964 and 1992. Because of limitations of space we have provided relatively brief
summaries of the major research directions of the facility during these years. A complete
bibliography has been included and we have referenced groups of pertinent publications
at the beginning of each section,

e

This report summarizes our efforts to develop better electron microscopes and
chronicles many of the experimental programs, in materials science and biology, that
acted both as a stimulus to better microscope design and also as a testing ground for
many instrumental innovations.
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Achievements of the Crewe Lab

Introduction

In the following pages we will attempt to chronicle the successes and the failures
of the work of this laboratory from its inception in 1964 to the present. We will not
try to cover all the administrative changes that have taken place, but merely note that
the work began under the auspices of the AEC, continued through the era of ERDA
and is now funded by the DOE. These changes were not functionally important because
for most of these years, in fact until the past year, the personnel in the program
management in Washington were the same.

It is impossible for us to tell the whole story in such a short space beause there is
so much to tell. For example, our records indicate about 500 publications of various
kinds, all the way from abstracts of presentations at the annual meetings of the micro-
scope society to full length papers to chapters of books. Our records do not indicate
how maay invited talks have been given, but that must number in the hundreds. As
one example, for the purposes of writing this report, we counted the number of references
to our work in the Citation Index in the past 12 years. We counted more than 1000
such references and this was only to full length papers with my name as the first one
on the paper. It does not count references to shorter publications or to papers with
someone else’s name in first place. From this we can surmise that the total number of
references to our work must be several thousand. We must conclude that our work
has been appreciated.

We should also say at the outset that the work in this laboratory has been done
by a large number of people over a number of years. There have been about a dozen
graduate students and about as many undergraduates, postgraduates and other visitors.
We will try to acknowledge all of them, but undoubtedly we will miss some.

This research program began when the author was still the Director of Argonne
National Laboratory, in 1963. At that time, | conceived a new principle for the
construction of an electron microscope. The general idea was to focus a beam of
electrons into ¢ very small probe and then scan the probe across the specimen in a
raster fashion. The electrons passing through the specimen would pass through an
energy analyzer and selected electrons would be used to provide the contrast in the
image. This concept was very new ana it had the desirable property of separating the
resolution (the probe size) from the contrast mechanism. However, it was completely



unconventional. This type of microscope is now known as the STEM (scanning trans-
mission electron microscope).

At that time, we were unaware of the cfforts in England to develop a scapning
microscope that used a totally different contrast mechanism, the secondary clectrons,
This was a successful effort and that type of microscope came to be called the SEM
(scanning electron microscope). Perhaps it was a good thing that we knew nothing of
this work since we might well have been very discouraged by the resolution calculations
made by this group. They had come to the conclusion that a resolution better than
about 50 A was not possible! In fact, we had dimly appreciated this problem, which
is associated with the type of electron source that they were using and which was the
only one known at the time. Independently, we had concluded that the source would
be a problem and we had decided to use a field emission tip for our clectron source,
even though they did not really exist anywhere.

After checking with experts in the laboratory that the idea really was a new one,
a prototype version of such an instrument was designed and construction began. The
mechanical parts were made in the Argonne shops while the electronics group designed
and built the electronics. This was no easy task since the original concept involved the
use of technology that was either not available at all or was only just coming into the
market place. To take just one example, as we have pointed out above, the electron
source was conceived to be a field emission source. While the phenomenon of field
emission was well known, nobody had ever made an electron source based on this
principle. The effect was still being used primarily for research into the effect itself.
In fact, the vacuum levels that were needed for field emission were so far removed from
the levels that could be maintained in a practical instrument that the experts in the
field stated that it simply could not be done. We decided to produce the best possible
vacuum and hope for the best.

For the record, it is relevant here to present the objections and comments that
were made about this proposal at the time. These adverse comments had no real effect
since “peer review” had not then been conceived and 1 was the director of the laboratory
and therefore had some freedom in the matter of decision making.

The first objection wss the one given above, namely that field emission could not
be made to work as a practical source of electrons. Spcciﬁcall&, we were told that the
effect could only be seen when the vacuum level was in the 107 °° Torr. range, a vacuum
level that required the whole instrument to be placed in liquid Heliumb and that the
best that could be done in a working instrument would be in the 10~ !9 Torr range, a
difference of a factor of 10!



The second objection was that no specimen could possibly tolerate a vacuum of
10“10, and even if they did survive, they would not represent the real object, the
structures would be completely destroyed.

The third objection was that we could never maintain even the vacuum level of
10~104n a working instrument because we would have persistent vacuum lcaks and in
any case, the only vacuum cquipment on the market were the pumps and a few types
of feedthroughs, notably linear motions. No rotary motions or electrical feedthroughs
could be bought.

The fourth objection concerned the electronics. How could we possibly make the
electronics stable enough to focus electrons into a spot a few A in diameter?

The fifth objection was in the matter of a suitable image display system. The
only image displays at the time were TV, which was then notably inferior, and oscillo-
scopes, which once again were so far short of the image quality available on (he glass
plates and film used in conventional electron microscopy as to be laughable.

These comments were made by the experts in the various fields and were obtained
by the simple expedient of talking to them and asking for advice. In fact the only
encouragement that I ever received was from people who knew nothing about technology
but simply wanted better microscopes and welcomed any attempt to provide them.

There is absolutely no doubt that a proposal to construct this microscope would
never have passed a peer review. The objections were good ones and there were few
if any replies that I could give. Nevertheless, we proceeded with the project in the belief
that all these problems could be solved. Nowadays, this type of proposal does not stand
14 chance. The peer review system, while having its merits, effectively prevents an
innovator from even trying to do what he believes to be possible. The system does not
allow for the situation where there are no peers. This comment is not meant to be
arrogant, nor is it to be taken in the intellectual sense of the word, but simply to say
that it is quite impossible for an innovator to set down on paper all the relevant thoughts
that pass through his mind. Any rational discussion of these thoughts would occupy
many days of talk and may not even lead to a definite conclusion. Peer review by mail
does not allow the opportunity for discussion and without this discussion it can easily
turn into a vehicle for anonymous and even defamatory carping.

We are reminded here of the recent explanations of the award of the Nobel prize
in economics to Prof. Coase here at the University of Chicago. Many years ago he
presented his views to the faculty. At the start of the discussions the vote was 20 to
1 against him. Stigler has pointed out that the vote would have been even worse if



Coase had not been allowed to vote! At the end of a very long discussion, the vote
was 21 to 0 in favor of his views. One wonders what might have happened if he had
been forced to pass a peer review by mail in order to be able to proceed with his woik.
‘It would never have been done.

Construction (Reference Group A)

When we began the design and construction of the instrument, nobody at Argonne
(or indeed almost anywhere else) had experience with ultra-high vacuum (UHYV) engi-
neering and we all had to learn. Although there were some commercially available
vacuum seals, we were forced to design many custom versions. The vacuum vessel that
was built at that time is still in use and has never suffered from vacuum leaks. It is
now 27 years old and still viable. It may be of some interest that the person who did
the welding of all the mechanical joints was Frank Meyer. A few years later he put
his experience to good usc and founded Meyer Tool and Engineering Co. here in Illinois.
This company specializes in high vacuum and cryogenic fabrication and is known
throughout the USA. He does a great deal of work for Argonne and Fermilab.

At the very least this project gave the design and fabrication groups at Argonne

some much neceded experience and led to the formation of an industrial company of
some size and competence.

Source Development (Reference Group B)
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At Argonne I was joined by the first three graduate students who worked in my
laboratory, Wall, Isaacson and Johnson. Together, we decided to find out how to build
and operate a field emission source. For this purpose we designed and built a special
unit for the rapid testing of the sources and in the course of about two years we begau
to understand the process and how to obtain good performance. That work has
continued to this day, because we still do not know enough. Nevertheless, we learned
enough in those two years that we could operate a field emission source for a sufficient
length of time to have a practical mic-oscope.

What we learned was that while the total emission current was far less in our kind
of vacuum than that in a more perfect one, we could nevertheless obtain enough current
for our needs. This was totally unpredicted. As our work proceeded, we were able to
operate our tips for a day, then a week, then a month and finally, for several years
without having to change them. This meant that our sources were even more reliable
than even the very best conventional source. This again, was totally unexpected and
so out of the ordinary that very few people believed our results.
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It was during this period that we werc successful in obtaining our first images in
the microscope. These images were unremarkable as regards the resolution but they
did demonstrate that unusual contrast could be obtained. In fact, we published some
images taken at various energy loss intervals. Thesc images were the first to indicate
the analytical power of the instrument and in that respect, it was the ancestor of many
modern instruments.

Shortly : fter this work I resigned as laboratory director in order to return to thu
University of Chicago and the instrument was taken to the University. At that time,
the AEC ( as it was then) decided to continue support of the project and placed it in
the biological science arca. This was an arbitrary decision since the research was
applicable to many areas of science but until recently this has not been a problem.
This is a very important point in veiw of the recent cifficulties that we have encountered.
The attitude of the program managers was always that the work was of high quality
and that it could be considered to be a success even if the work did not directly beneiit
the biological sciences. As a result of this, we have always felt free to pursue productive
lines of thought even if the ultimate benefit was to the material sciences + anywhere
else. It would be a great loss if ideas gencrated in one area could not be followed
through simply because of the narrow interests of the immediate source of funding. We
have never been prevented from following our own noses but it appears now that this
- concept is not universally appreciated.

STEM Development and Atomic Images (Reference Group C)

In the period after our return to the University, we made several improvements
to the microscope, but found that we could not obtain a resolution better than about
10 A and we then began some investigations into the theory of probe formation, an
effort that continues today. We soon found that we had set our apertures incorrectly
and when the aperture was properly adjusted, the resolution immediately improved to
5A. However, this was not the end of the story. We had been joined by Elmar Zeitler
who was on a one year leave of absence. He gave our group some seminars on electron
scattering and it became evident to me from these talks that our electron collection
system could be improved. This inspired the idea of the annular detector for the
elastically scattered electrons, perhaps the most important of all the contrast mechanisms.
After installing an annular detector, we found that our resolution was really 2.5 A all
the time, but we had not been able to see it because the contrast was too low.

In turn, this led to other ideas, notably that the use of the annular detector together
with the energy loss spectrometer allowed us to provide almost complete separation
between the elastic and the inelastic electrons. This meant that we were in a position
to measure the mass of particles in the microscope and to measure the atomic number.
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Two pieces of information and two unknowns to solve for, the classical mathematical
situation. Since that time, mass measurcment and “Z” contrast have become very
important, the onc in biology and the other more recently in materials science.

As we began to take images of smaller and smaller particles, we found that we
could even obtain excellent images of unstained single stranded DNA. something that
could not be doiic in a conventional microscope. This lead me to do the first calculations
on the possibility of obtaining images of isolated atoms. The calculati ns indicated that
this wag easily done for the casc of heavy atoms. Accordingly we looked around for a
suitable sample and we were fortunate to heve the cooperation of Michael Beer from
Johns Hopkins. He brought along a sample of a thorium compound that he had been
experimenting with for the purpose of staining amino acids in DNA. All attempts to
image the atoms in this or any other specimen had failed. We were able to obtain clear
images on the very first attempt.

Later, we continued to pursue this capability, pushing it as far as it would go.
We imaged lighter and lighter atoms, finding a practical limit at about Zinc. We also
tried to answer our critics (and there were many) by taking several successive images
of the same atoms. To this date, I do not belicve that anyone can do this using a
conventional microscope. The act of viewin2 destroys that area of the specimen. But
we could indeed do it because we had carefully investigated the contamination problem
and learned how to control it. These lessons are still not heeded by most microscope
operators. The final demonstration of our capabilities v.as the production of movies
showing the motion of atoms on the surface of the specimen, movies which involved
taking hundreds of successive images of the same atoms. These movies were taken in
1974, long before anyone eise could obtain even one image of an atom.

Perhaps it is worthwhile to point out that very few people have been able to match

this performance. The instrument that was put on the market by Vacuum Generators

did not have a high enough resolution to be able to image single atoms until the
introduction of their new machine just two years ago. Hitachi built a STEM for their
research laboratory about 1980 and produced atom images, but they never introduced
it to the market. Apart from that, the only microscopes that are able to image single
atoms are the ones at Brookhaven (one of thcm is from Johns Hopkins) whose desig1s
are heavily based on ours.

The concept of the original instrument (now called the STEM) was taken up by
only one company, Vacuum Generators of England. They simply took our basic design
and turned it upside down for convenience. In all other respects, it was identical to
ours. There is no doubt at all that they violated the patents that were taken out by
the AEC. Although I pointed this out to the AEC, they did nothing about it and I
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was informed that no royalties werc ever received. In light of the fact that they have
sold instruments with a total value in the neighborhood of 50 million dollars, these
royalties alone could easily have kept our laboratory operating.

The Field Emission SEM (Reference Group D)

Shortly before we all returned to the University we decided to adapt the field
emission source to the SEM microscopes then being developed in Cambridge England.
When we calculated the resolution that we might expect, we found that we did not
need any magnetic lenses in order to be able to compete with the miscroscopes then
being sold. We found that our electron gun could provide all the focussing power that
we needed. Naturally, this approach would not have been adequate for a commercial
instrument because it could not provide the flexibility of operation that would be needed
for general use. Nevertheless, we felt that there was a place for such a simplified
approach. At the University we succeeded in making this device work and we took
many images with it. In fact we used no lenses at all except for the lens action of the
gun itself and we were able to demonstrate a resolution equal to the very best that
could be done anywhere.

This concept was taken up by one of the engineers that worked on the project at
Argonne. He teamed up with Vincent Coz'es and they formed their own company,
Coates and Welter. They produced the very first commercial instruments that used
field emission sources. Their microscope dcsign was almost identical to the one tha.
we worked on together. This company was eventually sold to American Optical and
then later the technology was sold back to Coates, who founded Nanometrics, a company
that still makes field emission microscopes, primarily for the semiconductor industry.

One other company took up our ideas and developed instruments and that is
Hitachi of Japa1. They decided to take our advice that ficld emission sources were the
only ones capable of allowing the production of high resolution SEM instruments. They
invested an enormous amount of effort into this program, with spectacular results.
Violating no patents, because they were only interested in the SEM which was not
covered by those patents, they developed many high performace instruments over the
years. We have been reliably informed that they have sold more than 1700 microscopes
with a total value that must be close to 500 million dollars. In view of this success, all
the major manufacturers are now selling field emission microscopes, and it may not be
long before all microscopes are of this kind. It would be safe to say that this laboratory
is the source ~f a billion dollar industry.

Energy Loss and Radiation Damage {Reference Group E)
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When we decided to build the instrument described above, the development of the
SEM was not our main concern. We were really more interested in the interaction of
the electron beam with the specimen in the microscope. It was well known, of course,

‘that the electron beam produces damage in the specimen and there had been demon-

strations of the loss of information in the diffraction patteren obtained from crystalline
specimens. Unfortunately there was little if any numerical data, principally because
the conventional TEM is not a quantitative device. Also, since we had installed a
spectrometer on the STEM in the faith and belief that the information obtained from
it would be useful for image contrast, we needed to know more about the processes
involved.

For these various reasons, wc had installed a spectrometer of our own design on
the simple SEM and we began a series of experiments to study the phenomena of energy
loss and specimen damage. The work was done by a succession of graduate students,
among them were Isaacson, Johnson, Lin and Ramamurti.

Since one of our primary targets was DNA, the first specimens that were studied
were the four bases and later we included some amino acids. In each case, we could
measure the rate of destruction of the specimen in terms of mass loss, loss of the energy
loss peaks and loss of diffracticn information. Using all this knowledge, we could put
together a more or less complete picture of the damage process. We could even connect
these processes in a general way with the known radiation chemistry ( the G- values).

It is interesting that this picture was complete enough that Unwin returned to
Cambridge from a conference in Europe where 1 presented these results and then used
them to design his famous experiment (with Henderson) on the imaging of the purple
membrane.

In fact our series of experiments were conclusive enough that the numbers that
were produced are the ones still in use today. They provide the basis for taking the
steps needed to avoid radiation damage.

Secondary Electron Production (Reference Group F)

One other significant experiment that was done with this setup was an investigation
into the origin of secondary electrons. This work was done by Voreades and is not
generally known in the community. He chose to publish his results in a rather obscure
journal. Since the results were used for his thesis he was entirely in control of the
publication of his data. In fact, the data was very important and eventually lead me
to reconsider the resolution limits of the SEM and this investigation had far reaching
effects.
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Acting on my suggestion, Voreades set up an arrangement for detecting the sec-
ondary electrons in time coincidence with the energy loss electrons, In this way he
could show that all regions of the energy loss spectrum contributed to the secondary
electron current and that the clectrons came from a very thin region near the surface.
In carbon, this corresponded to a layer only 205& thick. For heavier materials, the layer
was even thinner. This result allowed us to generate a picture of the process whereby
energy loss events produce sccondary electrons that wander around in the body of the
material and emerge from the surface if they have enoug,h energy to escape. This is a
simpie model and it works. ‘

DNA Labelling (Reference Group G)

The story of the DNA labelling erperiments is an interesting one with both good
news and bad. it has relevance for the work now underway on the human genome project.

When we demonstrated that single atoms could be seen in the microscope, one of
the students (L.angmore) decided to try to use this capability for visually sequencing
strands of DNA. In the final version, the idea was to replicate single strands of DNA
using thiolated bases. If this could be done selectively, the bases could then be labelled
with mercury since the sulphur atom was exposed and reactive, The microscope would
then be used to determine the spacing of the labels, The whole process could then be
repeated by using different thiolated bases so that in the end there would be a great
deal of r'edundancy in the data and sequencing should be virtually unambiguous.

Langmorc succeeded in doing all the wet chemistry and was able to demonstrate
that the various steps were all feasible and the reactions were selective enough to ensure
success. This feat alone deserves a medal!

The difficulty came when the specimen was put into the microscope. What he
observed was that the mercury atoms moved away from their original positions and
the movement was large enough that the whole experiment was doomed. In fact it was
Langmore who first noted the movement of atoms on the surface of the carbon film,
an observation that led us to investigate this whole phenomenon. That investigation
took too long to be of any value in the sequencing attempt and Langmore eventually
worked on a different specimen for his thesis.

That series of experiments on the motion of single atoms indicated that the atoms
were moving due entirely due to their thermal energy, or rather the ratio of the thermal
energy to the binding energy on the film. One can conclude from this that it may yet
be possible to do the type of experiment that Langmore envisaged. What would be
needed would be a system with a higher atom - carbon binding energy and to operate
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at low temperatures. Unfortunaiely, we have never had another student who wanted
to try to develop this technology, but this does not invalidate the conclusion.

Nucleosomes (Reference Group H)

The specimen that Langmore chose for his thesis was the nucleosome. He obtained
very good images of them and used the data that had been obtained on the energy loss
problem in a very clever way, He allowed the specimen to become damaged by the
radiation and used the fact that the DNA was less sensitive to radiation damage than
the protein. In this way he could determine the location of the DNA and he proposed
a structure for the nucleosome. [t is noteworthy what happeued next. After graduat.on
he went to the MRC in Cambridge, England where he wanted to continue the work
on nucleosomes, but was not allowed to since that problem was reserved for some of
the “greats”. The structure of nucleosomes that was eventually published by the Cam-
bridge group was virtually identical to Langmore’s structure, but his work oniy received
a glancing reference! ‘

Attempts at Aberration Correction (Reference Group I)

It is well known that the limiting factors in the resolution of the electron microscope
are the effects of the lens aberrations. This was fully recognized in the early days and
the whole problem of lens aberrations has received a lot of attention over the years.
The major contribution to this problem was made by Scherzer in 1936 when he showed
that the aberration coefficients of the lenses are always of the same sign. The coefficient
nf spherical aberration is negative and that of chromatic aberration is positive. He was
very careful to state the conditions under which this statement is true and the result is
known today as Scherzer’s Theorem. It applies to static fields with cylindrical symmetry
and when the fields are defined by Laplace.

This theorem implies that the aberration coefficients can never be zero, aithough
this can only be inferred. Many peoplc have confirmed his results (including me) and
it can be assumed that he was absolutely correct. In effect, we showed that the only
fields that can give zero coefficients are quite impractical because they involve fields
that go to infinity at some point, ‘

It is natural then to try to design lenses with smaller aberrations. Many investigators
have tried to do this over the past 50 years or so and it is reasonably safe to assume
that everything that can be done in this direction has been done. In fact the situation
is a very difficult one, The coefficent of chromatic aberration is closely equal to the
focal length of the lens and the only possiblilty is to reduce that number. Even if the
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required field strengths could be obtained, there would be no room for the specimen.
In addition, the resolution limit defined by the chromatic aberration depends on the
square root of the coefficient. This means that if we want to make an improvement of
a factor of two, we need to inprove the aberration coefficent by a factor of four.

The situation is even worse when the limit of resolution is determined by the
spherical aberration. This coefficient is, 2t best, about one half the focal length and
- the resolution depends on the fourth root of the coefficient so that an improvement by
a factor of two means that the coefficient o spherical aberration must be reduced by
a factor of sixteen. It can be said quite positively that no such factor can be found by
design improvements,

It was ciear to Scherzer that the limit of resclution could only be reduced by using
field distributiens that avoided one or more of the constraints that he had identified.
In 1946 he devised a system of multipole lenses that together could act as a correction
system for a normal lens. Over the course of the next few years he and his students
investigated the optical requirements of this corrector and came to some 2larming
conclusions. In particular, they discovered that the alignment requirements were very
severe indeed. For example, all the 40 or so pole pieces needed to be placed in their
proper positions within one tenth of a micron. This, of course, is mechanically impossible.

Some encouragement was obtained when Deltrap published his thesis for work
done in Cambridge. He constructed a model of the Scherzer corrector, scaling up the
system to bench size in order to be able to test the functionality without, of course,
being able to obtain high resolution. He simply wanted to show that the general
principle would work. It did.

In due time, the Scherzer group devised ways to overcome all the problems, at
least on paper. Construction began around 1970 but the system never worked. Shortly
before he died. Scherzer wrote that the primary reason for the failure was the inadequate
financial support for the project. 1 personally believe that he was quite correct in this
conclusion. At that time, this was the most ambitious electron optical project ever
conceived but the manpower that he had available was very limited.

Even while our group was still at Argonne, I began to think about the problem
of aberration correction because it was certain that sooner or later we would run into
the resolution problem. It seemed to me that the corrector design problem would be
different for a STEM than for a conventional microscope and I asked David Cohen to
look into the problem. He enlisted some outside help and eventually came up with a
design that looked simpler than the Scherzer one. | redesigned the system to fit the
parameters of our microscope and looked around for someone to build it. Here, we
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were fortunate that we had decided to return to the University of Chicago because
there we found perhaps the only person in the country with the skills to fabricate the
lenses to the tolerances that seemed necessary. That was Walter Mankowich. Over

'the course of the next few years he devised a method of making the pole pieces that

seemed to be good enough. In fact, when the system was finally assembled, all 40 pole
pieces were within 1 micron of their design positions, a truly remarkable feat. Naturally
we knew that this would not be good enough for the system to work properly and we
had incorporated trimming coils to provide the final adjustment. It turned out later
that Scherzer had instituted essentially the same system of trimming coils.

In the meantime, we had built a special microscope for testing the corrector. This
was a 100 kV instrument that was put togetlier by Vernon Beck, the graduate student
who wanted to attempt the correction. Unfortunately, we could never make the corrector
work. The reasons were varied, but the main reason was that the mechanical center of
the multipole lenses was very different from the magnetic center and in addition, the
magnetic center moved around with the excitation so that we could never align the
system and maintain this alignment. After many hearcbreaking attempts, we were
forced to admit defeat.

Until 1980, the Scherzer corrector was the only known method for correcting
aberrations in the electron microscope, and as we have just pointed out, it could not
be made to work. However, in that year we invented a new method that looked very
promising. In some purely theoretical studies on the electron optical properties of the
various multipole elements, we discovered that the third order aberration of a sextupole
lens is cylindrically symmetric and has the opposite sign of aberration from that of a
round lens. Some time later, we devised a system of lenses that can use this effect to
form a new type of corrector.

The publication of the sextupole corrector paper attracted a great deal of attention
and in the interval since then a number of people have checked the calculations using
a variety of different methods. There is universal agreement that the calculations are
correct and that a corrector can be made.

We carefully investigated the construction problem and evaluated a few different
options. One was to build a demonstration column that would simply confirm that the
principle would work. Such a column would not have the high resolution possibilities
of a full srale version. Another option was to build a system that would have the high
resolutior. capabilities. To do this, however, meant that we would have to build an
entirely new piece of equipment. The reason for this is that correcting the spherical
aberration alone would not give a convincing improvement in the case of a microscope
operating at the voltage that we normally use (30kV). Chromatic aberration becomes
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importont surprisingly soon. We looked at this problem very carefully and in doing so
we were forced to reevaluate the limiting factors in the resolution capabilities of all
probe forming microscopes. As we will show later, this work lead to some very signif-
icant improvements in other microscopes. In fact, the whole sextupole corrector project
will have been worth the effort even if it never works!

In the end, we proposed the construction of a 200KV STEM with a sextupole
correcting element. This proposal was made to the NSF and was eventually funded,
but not at the requested level. The entire system of lenses and corrector has been
designed and everything has been fabricated with the exception of a few portions of
the electronics. Some of the components have also been tested. Unfortunately, the
support has not been adequate for completion of the project and progress has therefore
been very slow in recent years.

It should be noted that two of the visitors who worked in our laboratory, Er-gang
Chen and Mu, returned to China and began working on the problem of the sextupole
corrector. They chose to build a simpler version that they could use for demonstration
purposes. Within the past year or so they have produced real evidence that the corrector
works. They have done this in the same way that Deltrap showed the original Scherzer
corrector works. They will eventually try to obtain high resolution and we wish them
well.

Until this past summer, the sextupole corrector was still the only corrector that
shows promise of allowing the design and construction of an electron microscope of
super high resolution in the normal voltage range for transmission microscopes. However,
we have now invented a new method of aberration correction that seems to be much
simpler.

One of the electron optical elements that Scherzer did not take into account and
which is excluded by his theorem is the electron mirror. It has been known for decades
that the mirror has the property that the sign of both aberration coefficients are opposite
to those in the normal round lens. The difficulty has always been that the first order
properties of the mirror are difficult to deal with and the mirror optics themselves have
never been given much scrutiny. A discussion of the properties of the mirror can be
found in old texts such as Zworykin, but one finds little encouragement there for the
construction of a working system. Nevertheless, there have been several investigations
in the past and recently the mirror was revived by Rempfer who proposed an idea for
a corrector. It is reasonably certain that the Rempfer idea will not work, at least for
high resolution systems, for a variety of reasons that are too complicated for discussion
here.

13
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We began our own investigation into mirrors quite recently and during the past
summer, we developed some new ideas on a particular form of mirror that seems to
have all the desirable properties without any of the “side effects”. We developed a

‘comaplete proposal for a mirror corrector and have transmitted a proposal containing

that idea to the NSF. This mirror corrector has the nice property that both spherical
and chromatic aberration can be corrected.

It is interesting that we cannot yet confirm the details of operation of the corrector
using numerical calculations because there do not appear to be any numerical methods
for the solution of this type af problem. The difficulty is the reversal of the direction
of motion. It may be that there are some techniques that can be used but we have not
yet found them. However, there is no doubt that correction can occur because the
physics of the problem is very simple and the effect can easily be demonstrated on paper.

At the moment we are developing an extension of the principle that might allow
the design of a super high resolution SEM.

In summary, we can say that in 1946 Scherzer invented a corrector. He worked
on the problem for more than 35 years and was unable to make it work. We tried to
make the same kind of corrector work and we also failed. In 1980 we invented a second
type of corrector. That corrector is still under construction here and the Chinese have
also begun to develop the idea. Our work has been impeded by lack of funds. In 1991
we invented a third corrector and this one seems to be simpler than the others and
more likely to work. We believe that this general concept will lead to yet another
corrector, this time for the SEM. Such a development would have significant applications
in biology and also in the semiconductor industry. Finally, as we will see later, this
whole problem area led us to a reassessment of the resolution problem and to general
improvements in the microscope business that are still having ramifications today.

Theoretical Electron Optics (Reference Group J)

Throughout this whole period we have been interested in the theoretical aspects
of electron optics and although this is not our main activity, it has often been necessary
to extend the field in order for us to proceed with the experimental work.

As one example, we have performed countless calculations of the properties of
magnetic lenses. The vast majority of these calculations have never been published
because it was feit that they had no general interest to the community. Nevertheless,
these calculations have given us a unique insight into the properties of lenses and that
in turn has enabled us to design lenses for particular purposes with far more confidence
than we could have done otherwise. It may be noted that lens design is as much an
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art as it is a science. It is surely possible to calculate the focal properties of any lens
that one cares to specify. The problem is how to specify the lens in the first place.
Only by having the expericnce can one guess at the most appropriate design for a
particular purpose. In other words, one gets to know where not to look.

Our interest in the problem of aberrations has also forced us in to theoretical
electron optics. Not only were we motivated to develop the theory for our correctors,
but it was also necessary to investigate very carcfully the foundations of Scherzer’s
theorem. This lead to some interesting, if academic conclusions that had not been
noticed previously. In fact we were able to give convincing proof that zero aberrations
could only be obtained with magnectic ficlds that have pathological parameters and
cannot be made in practice.

We have described some of our cther efforts in theory above, but we can add here
a brief description of our latest efforts.

Over the course of twenty five years or so, we have developed a set of what we
might call “rules of thumb” for the design of lenses and electron guns. These ruled
seemed to work, but were not based on any known theory. W set out to develop that
theory about two years ago. In a series of three papers we took a close look at the
focal properties of weak lenses, both electrostatic and magnetic. We developed a theory
and performed some careful calculations to verify the results. The calculations were
not easy to perform for the simple reason that we were looking at the extreme case of
very weak lenses and this takes an inordinate amount of computer time. Fortunately,
we have our own mainframe computer so that we could afford the time. The results
were extremely interesting and have now been published. This allows anyone to obtain
approximate values for the focal length and the aberration coefficients of both types of
lens. These approximations are good enough that they also work even for stronger lenses.

The most recent theoretical work was described above, namely the study of the
motion of electrons in uniform fields. These calculations were described in the section
on aberration correction.

It might be suspected that this type of field had been thoroughly investigated in
the past since it is an obvious problem. Indeed, this is true except for the fact that
these were very early investigations by the pioneers in the field and the algebra was
done long ago, long before the question of aberrations had been raised and before they
had been well defined. Since we could not find an adequate treatment of the problem
in the literature, it seemed worthwhile to write down the equations and solve them.
We looked at four separate configurations of magnetic and electrostatic fields and
obtained the solutions to the equations of motion. The interesting thing was that we
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found that two of the configurations had aberrations of the opposite sign to the normal
ones. This raised several issues and suggested scveral applications of the ideas.

Two of the applications are in the area of high resolution microscopy and will be
the subject of our renewal proposal. Other possibilities include improved mass-
spectromenters and also improvements to ion microscopes.

Optimization and the Super High Resolution SEM (Reference Group K)

The work that we did on the optimization of the parameters of scanning microscopes
bears some discussion here.

A few years ago it became apparent ihat the resolution of the SEM was stuck at
about 15 A. The microscopes from all the manufacturers had the same resolution and
it appeared that nothing could be done about it. Many investigators were concerned
with this issue and our involvement in it was motivated by a suggestion by a distinguished
colleague that the only way to obtain better resolution would be to design and build a
200 kV SEM. This was obviously bad physics because it completely ignored the
non-local nature of the production of secondary electrons.

It should be noted that it may be unfair to criticize that colleague since we had
considerably more experience with this problem. Not only had we done some research
in the area of secondary electron production (see the discussion above), but we had
some earlier experience with the theory of cloud chambers and bubble chambers and
other detectors in high energy physics. The general concept of non-local inelastic
scattering is common knowlege in those areas, but not in microscopy, although any
graduate student in physics ought to have some familiarity with the concept.

In any case, it seemed important to perform an in-depth study of the physics of
the resolution problem. We had already begun such a study for the STEM and it was
a natural extension to consider the SEM.

With regard to the STEM, the factors to be studied included spherical aberration,
chromatic aberration and diffraction. In our case, since we were considering the pos-
sibility of correcting the spherical aberration, the particular focus was on the effect of
the fifth order aperture aberration. These calculations were done using wave-optical
analysis and represented the best that could be done with the problem. We had hoped
that this study would put to rest forever the gross approximation to the resolution
problem that occurred often in the literature, namely taking the R.M.S. of all these
effects, an operation that is akin to taking the average of an apple, an orange and a
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banana. Unfortunately, that statement still appears and we have given up correcting
the authors.

In the case of the SEM which operates at lower voltages and where the contrast
mechanism uses inelastic scattering, we must take into account the fact that these
collisions can occur at large distances from the electrons. That is to say, the classical
1mpact parameter can be several A. Fortunately, we were well aware of this problem
in microscopy since it is this fact that limits the use of inelastic scattering for high
resolution images in the STEM. We have often demonstrated this by taking simultaneous
images of atoms using elastic and inelastic electrons. At 35kV, the effect is very obvious
and we had already published the data. It was then only necessary to extend the
argument to the case of the SEM.

The conclusions of this study were that with proper optimization of the aperture
in the SEM, using wave optical calculations instcad of gross averaging, the resolution

shoulc¢ .mprove to about 5-7 A and that the best operating voltage would be about 5
kV.

The only manufacturer who listened to these arguments and did something about
it was Hitachi, although all of them had access to the information. Hitachi designed
a special instrument, the 900 series and it worked. Overnight, the best resolution of
the SEM went from 15 A to 7 A. It took several years before the other manufacturers
caught up with Hitachi, but today virtually all of them offer such an instrument, with
the exception of the one U.S. manufacturer (Amray).

We believe that this one contribution would justify the whole cost of our research
support.

Image Processing (Reference Group L)

As a result of the measurements that we made on the radiation sensitivity of
biological materials, we began to investigate the imaging properties of our microscope.
The conventional electron microscope was very well suited for the study of molecules
that could be crystallized into a regular array. This was the technique that was used
by Unwin and Henderson in their study of the purple membrane. They were able to
reconstruct the molecule from the information in the diffraction pattern, information
that came from many different molecules. By using many different molecules to provide
an image of just one, they could minimize the effects of radiation damage. We could
not do this with the same degree of efficiency and therefore we would tend to produce
more damage in the specimen.
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The reverse side of the coin is that the conventional microscope is not very good
for taking images of molecules that cannot be formed in to a regular array. Many
molecules are such that they can only be imaged one at a time. On the other hand,
‘the STEM can provide very good images of isolated molecules and the contrast is so
good that excellent images can be obtained with far less dose than in the conventional
TEM. We therefore began a program of imaging molecules and developing digital
image processing techniques to take advantage of these capabilities.

The first work in this area was by Golladay, who studied negatively stained

myosin. By careful digital analysis of the image, working line by line and doing very:
careful averaging, he was able to locate the uranyl atoms with considerable precision.,
In doing so he introduced us to the general idea of digital image processing. Partially
because of this success, we began to develop a more complete processing system using,
a Nova computer with the vast (for then) memory of 32 k. In order to avoid the
. repititious work of programming, we developed an interactive image processing system
where most of the operations could be done using a trackball and cursor. Later this
capability was transferred to the IBM mainframe when we acquired one. We used the
same philosophy and we have continued to add to its capabilities. The net result is a
very powerful image processing system that can be operated by inexperienced operators,
Virtually everything can be donc without the need to do any programming at all.

-More recently, this program has been rewritten and transferred to a workstation
environment since the capabilities of these devices are now at least as good as our
original mainframe,

The use of this system will be described in subsequent sections.
Three-Dimensional Reconstruction (Reference Group M)

The hemoglobin program in this laboratory initially concentrated on the use of
low-dose images because this opened up several new possibilities. Specifically, by adding
many such images together we could produce one image with good signal to noise ratio
without sustaining the commensurate amount of damage. In this way we could produce
the same quality of image that can be obtained from a conventional microscope when
the specimen can be formed into two dimensional ordered arrays. Unfortunately this
cannot be done with hemoglobin but our low-dose method is potentially just as good
and the STEM can operate with lower doses than a conventional microscope.

The images that were obtained by this method were very good indeed and fur-

thermore, we were able to obtain images in three different projections, corresponding
to three views taken 45 degrees apart. It was therefore natural to think of performing
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some kind of reconstruction in order to look at the molecule in 3D. Unfortunately,
there was no existing algorithm to do this and there were many indications that it could
not be done at all. All the algorithms for 3D reconstruction required many different
views and indeed, required them to be taken at regular intervals. We simply could not
do this, we had only three views but the images were of high quality.

In considering this problem it seemed possible that other investigators had ignored
some factors and also that they werc using other methods that had inherent inconsis-
tencies.

First of all, the only method that we could find that seemed to apply to our
specimen was a form of algebraic reconstruction. In this method the first step is to
add the thrce projections together into a 3D array. This step appeared tc be wrong
and indeed we felt that it could conceivably introduce significant errors. The reason
for the suspicion is that any reasonable operation on the data ought to at least retain
zeros. That is to say, if there is no mass apparent at a particular location in the image
then this is a valuable piece of information that must be maintained. The algebraic
method does not do this. That first step can introduce mass into one of the projections
from one of the others.

We preferred to think of the problem in terms of probabilities. If a certain mass
density is seen at a particular location in one of the projections, that mass has an equal
probability of being found at any of the locations along the line of sight. The charac-
teristic of probabilities is that they must be multiplied together, not added. Therefore
our fisst step consists of multiplying the three projections together in order to find the
starting point for the reconstruction. This automatically retains all zeros.

The point that appeared to have been missed is that the hiological material that
we are using in the microscope has a uniform density. If ther: is any material at all
at a particular point then it has everywhere the same density. There either is or is not
some material at a lattice point. The problem is then a Beolean one. We are looking
for ones and zeros, with nothing in between.

Given these two facts, our reconstruction problem reduces to utter simplicity. We
multiply the probabilities in order to obtain a starting 3D matrix. We then take the
maximum value and assume that there is indeed a one at that point. The value that
existed at that point is then replaced with a one and the matrix is recalculated. Once
again, the maximum value is replaced with a one and so on until the total mass
discovered equals the total mass of the original object.
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Surprisingly, the method worked, although the first run took a great deal of
computer time. Subsequently the ructhoc liis been refined in order to increase the
speed. The reconstructions obtained by this method and the various refinements that
‘have been added since are thc best that have ever been obtained of ti:is molecule and
the data matches that obtained subsequently elsewhere. All the evidence that we have
indicates that this method does produce an accurate reconstruction.

; Hemoglobin Work (Reference Group N)

We have had a program of study into the structure and function of the invertebrate
hemoglobins that has extented over the past thirteen years. The invertebrate hemoglobins
represent a very broad range of respiratory proteins both in terms of structure and
function. Their morphology can vary from single myoglobin-sized subunits to aggregates
of several million molecular weight. In addition, their functional characteristics are
complex and represent a variety of solutions to the nced to deliver oxygen to tissue
under profoundly different environmental conditions such as deep sea hydrothermal
vents and oxygen-depleted polluted rivers. As a result of this complexity they represent
attractive candidates for the study of structure-function relationships. Our primary
approach has been to modify the protein using biochemical techniques, observe the
attendant functional modifications and relate this to the observed structure in the STEM.

This work began when a graduate student of Serge Vinogradov (O. Kapp) traveled
to our laboratory in the Fall of 1979 seeking STEM examination of his hemoglobin
preparations. Kapp learned the use of the STEM from our then chief technician,
Mitsuo Ohtsuki. Ultimately Kapp’s thesis included a large amount of work done in
this laboratory. Following his thesis dcfense (Spring, 1982) he jointed our group as a
Research Associate. When Dr. Ohtsuki returned to Japan in 1985, Kapp took over
the operation of the microscopes and presently holds positions at the Enrico Fermi
Institute and also an Assistant Professorship in the Biological Sciences Division.

A vparticularly significant aspect of this work was the close working relationship
of a biochemist with a top-notch electron microscope technician and physics-oriented
graduate students. Generally, close proximity of the aforementioned groups is rare and
the usual condition is one in which there are problems of communication due to every-
thing from lack of physical proximity to differencés in culture and language that are a
natural part of the indoctrination of each discipline.

Tr-rrmny - T T T T R

Our research into 3D reconstruction techniques was stimulated by the desire of
Kapp to obtain 3D structural data from STEM images of his preparations. Three of
our Ph.D. students worked on this topic and a substantial number of publications
resulted. In addition to obtaining 3D reconstuctions of several invertebrate hemoglobins,

S
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we were able to obtain reconstructions of dcpleted preparations in which one or more
subunits were missing. With this team we were able to correlate the results of
biochemical separation techniques such as columin chromatograhy and SDS
electrophoresis with data from the STEM and subsequently obtained differential recon-
structions which mapped the location of the missing subunits by comparison with the
3D map of the native molecules.

One of the earliest observations we made by STEM of the invertcbrate hemoglobins
was the greater-than-expected dimensions obtained for intact, native dodecamers. The
annelid extracellular hemoglobins are composed of a bilayer of hexameric structures
forming a complex with a diameter of about 300 A and a height of about 200 A. Ali
previous reports of this group of proteins pointed towards dimensions of about 250 x
160 A. Because the STEM has no post-specimen optics and images are taken in-focus
our dimensions are likely to be more reliable because of the absence of phase contrast
reversal effects at an unknown resolution limit. Our dimensions were corroborated by
the dimensions obtained for wet crystals of Lumbricus hemoglobin by Prof. Warner
Love. This along with other observations led us to believe that STEM of ncgatively-
stained specimens of these proteins provided useful and meaningful results.

One of the first experiments we performed in the STEM was the examination of
the alkaline dissociation products obtained by exposure of Lumbricus hemoglobin to
pH 9 for 24 hours followed by column chromatography to separate the various size
classes. In addition, these fractions were combined and re-exposed to neutral pH to
generate a re-associated molecule. This observation led to experiments in which we
would remove various subunits and observe the subsequent effect on the reassociation
process. Subtle changes in the morphology of the re-associated molecule could be
observed using false-color display. For example, a 5% difference in scattering cross-
section of the 1/12th subunit, a difference not visible in grey-level display was easily
discerned using a color palette of just 256 colors. We demonstrated that these subtle
structural alterations were reproducible and were associated with dramatic changes in
the functional characteristics of the molecule. For instance, the intact, native hemoglobin
of Lumbricus displays a Hill coefficient n of about 4.3 at neutral pH. The re-associated
molecule, however, provided values of about 2.3, the same value obtained for the
putative 1/12th subunit.

We also observed the dissociation-reassociation process described above for hemo-
globin preparations that had been exposed to acid pH and then returned to neutral
pH. The same functional alterations in the molecule were also observed.

This work then led to the examination of preparations in which one or more
subunits were removed before reassociation. One of the most striking results obtained
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with the STEM was the observation of hexagonal bilayers in preparations of Lumbricus
hemoglobin in which the smallest heme-containing subunit (by SDS-PAGE) was com-
pletely absent. The location of this subunit was approximated by subtracting the 3D
Teconstruction of the native hemoglobin from the 3D reconstruction of the depleted
preparation. The central holc in the molecule was nearly identical in size in the two
preparations and it was thus assumed that the depletion about the outer periphery of
the reassociated molecule was due to the absence of this particular subunit.

Our research into 3D reconstruction techniques was stimulated by a desire to
obtain 3D structural data from STEM images of various biological specimens. Three
of our Ph.D. students worked on this topic and a substantial number of publications
resulted. In addition to obtaining 3D reconstuctions of several invertebrate hemoglobins,
we were able to obtain reconstructions of depleted preparations (described above) in
which one or imore subunits were missing. With this team we were able to correlate
the results of biochemical separation techniques such as column chromatograhy and
SDS electrophoresis with data from the STEM and other techniques such as neutron
scattering and low-angle x-ray scattering.

One of the problems encountered in the reconstruction of non-periodic objects is
the determination of the relative orientation in which the biological macromolecule
appears on the substrate. We looked at this problem using multivariate statistical
techniques and developed algorithms for classification of molecules into sub-groups
according to orientation. This work began with classification of orientation about a
single rotation axis and then was extended to consider all orientations ((two axes, (the
third being the electron beam path). The thesis of one student, Salzman, was based on
work in this area.

A particularly striking discovery in the hemoglobin work was the demonstration
of the presence of a “bracelet” protein which is implicated in maintaining the integrity
of the quaternary structures of these molecules. These subunits, which contain no heme
prosthetic groups, form a bracelet, or torroid, upon which the remaining subunits bind.
The hexagonal bilayer appearance of these giant proteins have an absolute requirement
for the presence of these “linker” subunits. STEM examinations of preparations depleted
of this subunit showed no hexagonal bilayer structures in the general field of view.

Several ancillary techniques were developed as a result of the presence of an IBM
4381 super-mini mainframe in the lab starting in the early 1980s. This essentially
unlimited access to reasonable fast (by present standards) computational power allowed
us the luxury of algorithm exploration on a scale that would have not been attempted
if we were required to pay for compute cycles. One example has already been mentioned
and that is our development of 3D reconstruction algorithms for use with STEM
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projection image data. Another example is the development of a technique to compute
the stoichiometry of a multisubunit protein using a linear equations approach. We were
able to demonstrate that the subunit stoichiometry of a protein can be calculated if the
amino acid analysis is known for each isolated subunit and also the intact molecule.
Expressed as a series of linear equations, (subunit coefficients on the left hand and the
intact molecule analysis on the right hand of the equation) a least squares solution will
provide values for this overdetermined sct of equations (20 amino acids = 20 equations,
ususally in four or lzss unknowns) which agree very closely with known values and
provide reasonable stoichiometries for the unknown ratios of the invertebrate hemoglo-
bins. This problem is not trivial because the hemoglobins of many annelid hemoglobins
contain approx. 200 copies of anywhere from 3 to 7 different subunits.

Over the past several years we have been recognized as leaders in the field of
invertebrate hemoglobin structure and function. In the last year Vinogradov and Kapp
were the editors of a volume of papers that were the results of a meeting on the subject
of the structure and function of the invertebrate respiratory proteins.

In work closely allied to the study of protein structures we have developed a fairly
extensive library of subroutines for examination of protein crystal structure and sequence
alignment. Specifically we rewrote the Needleman and Wunsch dynamic programming
technique from FORTRAN into APL so that we could easily modify the interpreted
code “on the fly”. This work has allowed us to more closely relate the results of STEM
examination of biological macromolecules with the growing list of crystal structures
contained in the Brookhaven database. Recently we have begun to simulate STEM
images using the Brookhaven coordinates in an attempt to obtain a better understanding
of radiatior damage, orientation classification, and substrate effects in experimental
STEM im .ges.
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