Brief biography

Born in Bradford, Yorkshire, England, Crewe received
bachelor’s and PhD degrees from the University of Liverpool
where, briefly but inspirationally, his professor was Sir James
Chadwick, 1935 Nobelist for discovery of the neutron.
Starting in Liverpool, Crewe’s early work concentrated on
high-energy physics, where he was the first to produce an
external beam of protons to study particle interactions; this
work continued at the University of Chicago in 1955 where
became full professor in 1963, and Distinguished Service
Professor in 1977. He was Dean of the Physical Sciences
Division at the University of Chicago from 1971 to 1981, and

retired as a Professor Emeritus in 1996.

The start of the STEM project

As Director of Argonne National Labora-
tory, Crewe supervised 5500 people, in-
cluding 400 biologists. In 1963 he de-
cided to attend a European meeting on
biology, to see how “his biologists stacked
up”. There, he was impressed with the
beauty of the electron micrographs. With-
out ever having seen an electron micro-
scope, or looking into how they worked,
he passed time on the long (propeller-
driven) flight back by speculating on how
an EM might be designed. One of the
two designs he came up with (Crewe,
1963; Fig. 1) was entirely new, and
became the first STEM.

The STEMs
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Electron microscopes which are in current use are of basically the same
design and appear to be limited as regards their ultimate resolving
power and the difficulty of achieving sufficient contrast (1). Numerous
authors have discussed these limitations and it is apparent that in order
to achieve significant improvements it would be necessary to depart
from conventional designs.

A clue as to the direction in which to look comes from a study of
the scanning X-ray microscope which is being used for the study of
metallurgical and other solid specimens (2, 3, 4), albeit, at the moment,
with much lower resolution than is achievable by the conventional
microscope. The scanning technique is inherently capable of achieving
a good resolution in the sense of a very small focused spot. For example,
by the use of a tungsten point as the source of electrons and a single
lens, it should be possible to focus the electrons onto a spot a few A
in diameter. The disadvantage of this system is, of course, that the
total current is small. This disadvantage can, however, be overcome by
attempting to detect most of the electrons transmitted through the
sample. For example, if a momentum analyzing spectrometer is placed
after the specimen, then electrons of one particular energy can be
detected by means of standard detecting equipment, such as scintillating
counters. The output from this detector can then be displayed on a
TV screen whose scanning raster is synchronized with the spot scanning
system.

The possible advantages of this proposed system are numerous. For
example, one single lens system is all that is required to achieve good
resolution and the lens system must only be capable of taking a small
object on the lens axis and forming a small image which is also on the
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In 1958 he became Director of Argonne National
Laboratory’s Particle Accelerator Division, where,
as the youngest in his group of 100, he supervised
the design and construction of Argonne’s 12 GeV
Zero Gradient Synchrotron. In 1961, he was ap-
pointed Director of Argonne National Laboratory, at
age 34, still an assistant professor without tenure,
and not yet a United States citizen. He left the post
in 1967, to return to the University of Chicago and
work full-time on the STEM project, having become
full professor in 1963.
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lens axis. The restrictions upon lens design are few. Then again, the
ability to detect and display electrons in a narrow band of energies
allows several types of displays with the inherent possibility of pro-
ducing good contrast. If the electrons are detected in the main trans-
mitted peak in a small solid angle in the forward direction, then the
display would be sensitive to local variations in sample density and
atomic number and this sensitivity might very well be increased by
selecting the electron energy slightly off the main transmitted peak.
Finally, there is the possibility of setting the spectrometer in a mo-
mentum range which would detect electrons which have lost a charac-
teristic amount of energy, characteristic, that is, of the energy of a
particular X-ray line of a particular chemical element. While it would
not be expected that this would enable the selection of only one par-
ticular chemical element for display, it would be expected to improve
the contrast and indicate in a general way where such an element
resided in a specimen.

The details of such a microscope have been calculated and it appears
to be feasible. This microscope is now being constructed in this Labora-
tory. The details of the system which is being constructed are as follows.

The electron source is most conveniently chosen to be a tungsten
point because it gives a virtual source only a few A in diameter. This
source can be imaged on to the specimen by a single lens system using
a low demagnification. The lens may be a quadrupole doublet because
a strong lens is not required. The scanning system will be placed be-
tween the lens and the specimen and is a conventional one such as those
used in television receivers. Downstream of the specimen is placed the
momentum analyzing system which will consist of an electrostatic or
magnetic spectrometer of high resolution but conventional structure.
The detector will consist of a scintillator and photomultiplier.

It is expected that the microscope will be in operation within the
next few months.
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Fig. 1. Concept for a new type of EM, 1963

The first instrument used a rather conventional electron gun

design, adapted for field emission, and it employed a
quadrupole-octupole arrangement, rather than a solenoid-
type post-gun lens (Crewe, 1964; Fig. 2). The detection
system was unique because it included an electron spec-
trometer, which was capable of separating elastically and
inelastically scattered electrons. After adoption of the im-
proved FE gun, the system was capable of 0.5 nm resolu-
tion. The flexible imaging system of the STEM, with angu-
lar- and energy-dependent electron detection, facilitated
increased contrast over what could be obtained in TEM, and
was key to the impressive results obtained (Crewe and
Wall, 1970; Crewe et al., 1970; Fig. 3). The next instrument
had only the gun, no lenses at all (Crewe et al., 1969; Fig.
4), yet the resolution was about 10 nm, better than any
other scanning EM, and good images were obtained. Very
early work was done on low-loss EELS, differentiating the
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Fig. 2. The first STEM

Crewe took advantage of his prestige and high admin-
istrative positions to advocate the need for scientists to
take the initiative in helping to solve societal problems
(Crewe, 1967) and to urge the Federal government to
fund basic research and develop new sources of
energy. He often lamented the fact that the US system
for awarding grants (perhaps unavoidably) discourages
projects that are not likely to succeed, or that are en-
tirely new. Had the funding opportunities at the start of
the STEM project been as they are today, the work
might never have been done, yet the success of the
project led to successful funding for future develop-
ment.

Development of the field-emission gun

STEM development started at Argonne, where as Director
Crewe had the discretion to undertake the project. This was
fortunate because, after consulting with relevant experts on
each aspect of the project, he was advised that none of his
ideas would be feasible. Yet he was confident, and went
ahead regardless. He realized that source brightness was
limiting the resolution of the scanning EMs, just being devel-
oped in the UK, to about 1.5 nm. As a solution, he got the
idea of using a field-emission (FE) source from a brief men-
tion in the classic book by the US EM pioneers (Zworykin et
al., 1945), although FE had never been used as a source in
an electron microscope. He consulted with Robert Gomer, a
renowned in-house expert on field emission, and was told
that the UHV requirements would make use in an EM im-
practical.

However, undeterred, he embarked on developing the FE
gun, and took on students Joe Wall, Mike Isaacson, and

PraTE 1. Photograph of the microscope. The various components which are identified are as

- follows. (a) High voltage cableconnecting the high voltage and the tip voltage to the microscope.

Levelling screws are visible which are used for tip alignment. (B) The specimen motion. These are
rotary-vacuum feed-throughs which drive the specimen with the aid of a bellows. (C) Specimen-

changing airlock system. This is a three-stage airlock which allows specimen change in about 15
min. (D) Linear drive for adjustment of the aperture below the specimen. (E) Stainless-steel
vacuum vessel. This particular portion covers the spectrometer. (F) Pre-amplifier for the ampli-
fication of the signal detected by the photomultiplier which is immediately behind the box. (G)
Vacsorb pumps for producing the rough vacuum. The high vacuum is produced by two ion pumps

His honors include:

«  Distinguished Scientist Award from EMSA (now MSA)

«  Ernst Abbe Memorial Award from the New York Microscope Society
«  Albert Michelson Medal from Philadelphia’s Franklin Institute

«  Duddell Medal from London’s Institute of Physics

*  Member of the National Academy of Sciences

«  Honorary fellow of the Royal Microscope Society

Dale Johnson, in that order. After the first design for the 1964 instru-
ment, the Butler-type gun was the basis for all future work (Crewe et
al., 1968). The type of FE studied by Gomer required 10-"> Torr
vacuum, but they discovered that at 10-'° Torr, after a few seconds of
intense emission, a monolayer of gas molecules formed and the
emission dropped sharply, after which the emission was stable for a
long period.

The tips were tested and evaluated in a separate system, then in-
stalled in the EM. At first, they lasted about 30 seconds, after which a
high-voltage discharge destroyed the tip; after a tip change, two days
of pumping were required to get the system back to UHV conditions
so that one could try again. However steady progress was made in
tip and gun design, and with each new design the tip lasted longer,
from days, to weeks, to a year or more.

In 1968, Hitachi had also started to develop a FE gun, and in 1970
Crewe was invited to serve as a consultant for two years. In 1972
Hitachi sold their first FE-SEM, and Vacuum Generators sold their
first FE-STEM (which was nearly identical to Crewe’s but did not pro-
vide atomic resolution until much later).

DNA bases (Crewe et al., 1971; Fig 5). Later STEM ver-
sions had one or two magnetic lenses following the gun
(Crewe et al., 1970; Crewe, 1971), and the acceleration
voltage was eventually increased to 100 kV. Crewe also
envisioned a million-volt STEM, as early as 1964, He dis-
cussed it in the 1970s, but it was never completed, although
a very short-lived 1 MeV STEM was built under John
Cowley at Arizona State.

The first atomic-resolution EM

The probe size of the two-lens STEM brought the resolution
down to about 0.25 nm, as good as the best TEMs of the day. It
should be noted that TEM and STEM are “reciprocal”, and that
the objective lens has the same characteristics (and limitations)
in both cases, except that the aperture can be very small in
STEM since a wide image field is not needed. The images of
single DNA strands taken by Wall (Crewe 1971; Fig. 6) led
Crewe to calculate the visibility of single atoms, and he realized
that he “could not possibly fail” to image single heavy atoms.
However, the problem was to convince people that the “dots”
seen were actually atoms. This problem was solved by Michael
Beer of John Hopkins. He had been working on trying to visual-
ize atoms in the TEM, and he had way to make chains of tho-
rium atoms. He brought his specimens along and, sure enough,
every specimen they looked at had chains of dots (Crewe et al.,
1970; Fig 7). After looking at many such specimens, Joe Wall
found it was getting boring, saying “when you’'ve seen one atom,
you've seen them all”; they turned of the EM and went home.
Subsequently, they recorded atomic images of several other ele-
ments, (Wall et al, 1974) and even recorded atoms in motion
(Isaacson et al., 1976, 1977).

Applications of the STEM

‘} Figure 3. Schematic of mirror system. The optical path of the

system comprises two major regions. In the first region, electrons
from a thermal field emission source (A) travel along the optical
axis and can be brought into a first focus at the first grid (C1). A
defining aperture (B) is placed about midway between the source
and the first specimen. After being focused on the first specimen,
the electrons enter the second region and refocus at a second grid
(C2). The distance between the first and second grids is approxi-
mately the same as that between the source and the first grid. Also
in the second region is an electrostatic mirror field that is pro-
duced by assigning potentials to a series of copper discs (M).
Properly adjusted, the mirror field can reflect and refocus electrons
at the reverse side of the first grid. Two sets of scanning coils
(D, E), one at each of the first and second regions, provide the
deflection fields to scan the focused electrons across the grids.
They can be operated independently or synchronously. A pair of
{ stigmator coils (F) are installed to correct the astigmatism.
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Fig. 10. The mirror corrector
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As was generally the case up until the 1980s, the main applications of EM,
g and the main incentive for its development, was biological research. This
was also true of the STEM (e.g. Ohtsuki and Crewe, 1980). Crewe’s lab
demonstrated that because of much better detection efficiency, the electron
dose of the STEM was significantly lower than that of the TEM (Isaacson et
al, 1973; Crewe 1973), and this allowed some of the first work on biological
macromolecules.
Crewe lab realized that if the specimen is not in the form of a 2-D crystal (or
helix), multiple views of a molecule would be required to make a 3-D recon-
struction. Reducing the problem to the extreme, a scheme was devised to
obtain an “inexact” reconstruction from only three views (Crewe et al., 1984;
Kapp et al., 1987; Fig. 11).

Joe Wall, recruited from Chicago to Brookhaven National Lab, carried for-
ward the biological applications by building a special-purpose FE-STEM in
1977, which soon became one of the longest-running NIH national micros-
copy resources. The Brookhaven STEM has an enviable record of produc-
ing important and high-quality data (including accurate mass measurements)
in structural biology, which could not have been obtained in any other way. 0 -20 30
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Fig. 4. The lens-less STEM

i 4 Image of negativly-stained T4 phage taken on this STEM

Fig. 3. The 0.5-nm STEM, ith sample image of T4 phage

Aberration correction

Greatly impressed by the theoretical and practical work of Scherzer and colleagues,
Crewe’s lab embarked on their own efforts to correct the unavoidable aberrations of
round electron lenses. The first attempt was a quadrupole-octupole corrector, as
designed by Scherzer and first tested for feasibility (although not in a microscope) by
Deltrap (1964). Crewe already had experience with such elements from his work
with high-energy accelerators (note their use in the first STEM, above). The pole-
pieces of the corrector (Beck, 1977; Fig 8) were machined with one-micrometer tol-
erance, a rare feat, carried out by Walter Mankawich, yet adequate alignment could
not be achieved even with the use of trimming coils. This may have been due to
inhomogeneity of the iron, or to instability of the power supplies. Next, a simpler ar-
rangement, consisting of sextupoles, was tried (Crewe et al., 1982; Fig. 9), but fund-
ing was insufficient to complete the project (funding also prevented complete suc-
cess of aberration correction during Scherzer’s lifetime). The design of the sextu-
pole corrector was refined (Shao and Crewe, 1987), and later proof-of-concept was
realized on an SEM column (Chen and Mu, 1990). Finally, an even simpler solution
was proposed: use of a mirror corrector (Crewe 1992; Crewe and Tsai, 1998; Fig.
10). The corrector was built (Crewe et al., 2000; Tsai, 2000), but funding ran out

before the entire STEM system could be completed.

Fig. 7. A chain of thorium atoms
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corrector

Later work, high-resolution LVSEM

Crewe continued to do basic theoretical work in
electron optics (e.g. Crewe 1991a,b) and to

consider how the electron microscope could be
improved, publishing several theoretical papers.
Early on, he realized the advantages of low ac-
celerating voltage for SEM (i.e. surface) imaging

Inspired by Unwin and Henderson’s work (1975), the

(Crewe, 1976), where the lens quality becomes
more important than the gun quality. As a result
of detailed studies of magnetic and electrostatic
probe-forming lenses (Crewe, 1995), he in-

vented a new type of (gapless) focusing lens for
low-voltage scanning microscopes (Tsai and
Crewe, 1998). He later developed a low-
voltage scanning electron microscope using a

dipole permanent magnet as a lens (Crewe and
Kapp, 2003). Crewe’s last two papers appear to
have been published in 2006 (Kapp et al., 2006;
Crewe and Gorodezky, 20006).
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