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TJECHNICAL PROGRESS REPORT

A. Procgress on the § A Mlcroscope

At the time of submission of the last progress repert{ we were
heavily engaged in studying the visikillty of single atoms. Let us
briefly revliew the method that was used in these experliments.

it had already been shgwn that the resolutlon of the microscope
[s about 5 A, which {5 clese to cur calculated theoretical {imit of
4.6 B at the operating voltage of 39 kilovolts., The 5 A resolution
represents the size of the focused spot of electrons as it scans
across the speciman. As the electrons leave the speciman they can be
thought of as consisting of three distinct groups.

The first group consists of electrons which have not been
scattered at all by the specimen and therefore carry no Informatlion,

The second group consists of electrons which are elastically
*cattered by the atoms in the specimen. These electrons are scattered
through angles which are large compared to the incident cone of
[Tlumination. Specifically the characteristic angie of the angular
distribution is of the order of S0 milliradtians for carbon and 100

midliradlans for uranium, while the incident cone of illumlnation

subtends am angle of about 10 milliradians. 9ne can conclude, thersfore,

that 90 to 95 per cent of the elastically scattared electrons are
Scattared outside theregion which contains the unscattered electrons.
To obtaln the number of electrons which are scattered we used the

theoretlcal results of Lenz to derlve an equation for the fractlon of



alectrons which are elastically scactered as

) 4/3
f = £ . fraction scattered = EELE—E———JL
e 'n v o,

where lB 1s the intensity of the scattered electron beam, !0 Is the
intensity of the Incident beam of electrons, 2 [s the atomic number,
n Is the number of atoms contained within the incident beam, V is
the accelerating voltage in volts, and % the area of the fecused spot
of electrons in square angstroms.

The third group of electrons consists of those electrons which
have tost =nergy in passing through the specimen--that s, they
have been inelastically scattered. |In this case the characteristic
angle of scatterjng s very small, being characterized by the ratlo
of the energy loss to the total energy. As the average energy loss
Is about 20 wolts and the incident energy is about 30,000 volts, this
characteristic angle is lass than one millliradian, which means that the
majorficy of inelastlcally scatterad electrons are contained wlthln
the inclident cone of illumination. The fraction of electrons which
have been Inelastlically scattered can be cbtainad theoretically and is

PE Ie - B0 Zl"'lr3 n

T ln Vo,
The use of the scanning microscopa allows one allows one te physically
saparate these three groups of electrons in a way which cannet be done
In the conventional electron microscope. In order to detect the
elastleally scattared clectrons we place an annuiar detector below

the specimen whosez dimansions are chosen so that the central hole

In the detector allows the unscattered and the imnelastically scattered



s#lectrons to pass through, The outer dlameter of the annular detector
subtends anm angle of several hundred milllradizns so that thls
datector then produces a signal which, with only a few per cent error,
represants the fractlon of electrans which are elastlcally scattered,
Elactrons which pass through the hole in the annular detector
are then allowed to pass through an energy selecting spectrometer
which physically separates the inelastically scattered slectrons from
the electrons which are unscattered and therefore retain the full
encrgy of the incident beam. A suitably placed detector wlli then
produce a slgnal wh?ch is within a few per cent errcr equal toc the
fraction of the electrons which have been jnelastically scattered,
In order to etIminate the problem of having to determine the exact
value of the intensity of the Incident electron beam a normaiization
procedure [ used whereby during the “fly back' of the scanning system
the voltage on the spectromster i5 readjusted so that the unscattered
€lectron beam falls far a brief perlod of time on the inelastic
alactron detectar, and this signal is used for normallzation so that
the two detectors, the alastlcally scattered detector and the inelastically
scattered detector, produce a slgnal which is exactly proportional to
the fraction of the scattared electrons rather chan an absolute number.
The abl Tty of the scanning microscope to produce these two
gquantlitative measuraments In the microscope specimen leads to a number
of very Important applications of the electron mlcroscope which may
very well place a new perspective to the kinds of quantitative

measurements which can be made on biological specimens.



Ve are now In a posltion to make two spectfic measurements on
every point on the specimen., Looklng at the equaticns whlch these
measurements represent, one can see that there are just two unknowns
In thosa two =quations, Famaly tha atomic number and the number of
atoms. We therefors have two equatlons with two unknowns that can be
solved el cher digically or with an analog device, te provide us with
the average value of I at every point on the specimen and the averagé
value of N at every point on the specimen. We note that (f we know 2
and assume that the atomic waight A Is equal to 22, which Is surely
valld for vircually all biological spacimens, then we are in a position
to measure directly the molecular weight per resolution element in the
microscops and by suitable integration procedures we are then able to
measure the molecular weight of an object in the alectron microscope.
It should be perfectly possible to provide a display on the electren
microscope which represents alither the average value of 2 everywhere
oh the specimen or the molecular weight. In othar words, we can now
rajse slectron mlcroscopy to a new level of guantltative importance.
Except in a few Instances electron microscope: are almost excluslvely
used for plectorial Information which is qualitative in nature, but now
We are In a posltlon to make it quantitatlve. It Is precisely thase
aspects of the electron microscope which we have been investlgating
durlng the tast year.

(1} Investigation of the visibllity of sIngle atoms,

We are excremely interested In the use of single heavy atom
Markars for use In studias of DNA, RNA, proteins, atc., and at the

time of submission of tha last proposal, we had succeeded in showlng



that uranium and thorlum atoms ware vislIble in our scannlng microscope.

The calculations of the expected wisibilliy rely vpon the equations
given above, and the ¢ne perturbing feature at that time was the fact
that the visibllity of the atoms was aspproximately twice the expected
value., Since that time we have spent a considerable amount of time
Investigating the experimental procedures and the theoretical founda-
tlons of this single atom visibltity. The problem finally resolved
Jtself when we discovered that the theoretlcal formula given above for
elastlc scattering is wrong In the case of very heavy atoms. This s
because an approximate wave functlon was used fer the electron distribu-
tion In the atom, whereas the correct wave function can be obtained by
the Fermi-Thomas method. The Ferml-Thomas yields an expression for the
elastlc scattering cross sectlon which is almost exactly twlce that
given above, specifically, the constant 45.5 is replaced by a value
of 88 [n the Fermi-Thomas theory. All other evidence polnts to the
fact that the Ferml-Thomas approach ks the correct one for heavy
elements, so that the axperimental factor of two discrepancy is now
fully explained. We intend to complete this work by measuring the
visibitllty of other heavy atoms, hopafully as low In atomle number
as Mercury. We will actempt to measure the scatterlng cross sections
for thess single atoms in order to compare tham with the Fearmi-Thomas
theory.

One of the graduvate students {Langmore) 1s pursuing this !lne
of work by cooperating with a member of our faculty, Dr. fozzarelll,

In prepartng single atom stains for DNA, At the moment 1% looks




possible to provide reasonably speclfic stalning for the various bases
which would thereby allow us to begin the work on DHA base sequencing,
A great deal of time during tha last year has been spent on preparing
Yery clean carbon films with a minimum of heavy atom contaminatlon

—_

and devlsing methods for removing residual heavy atom stalns en the DHA.

(2} Vlruses. - I

The other student Involved In the 5 A microscope (Mail) Is now
[n the process of completing his thesis on the study of the fd phage.
This is a small fllamentous virus some 8800 A Jong and 135 thought to
consist of a double strand of DHA In the form of a loop with a protein
coat, The molecular weighe Is about 11 million bPaltons. This is an
ldeal virus for our purposes because it allows us to test our ability
to measure melecwlar weights and to confirm or otherwisze the structure
of the virus. The virus can be cbtained In a purified form with very
Ittle residual salt bound to {t. Experiments so far have shown that
the virus can esaslly be seen, the molecular weight as measured in our
microscope agrees with the molecular weight from wlira-centrifuge .
measurements, and the DHA from the vlru!: can also be readily seen.
However, we also see virus-like particles whose length is the same as
the FO phage but whose molecular weight 15 one-half that of the phage,
Indlcating that the phage has dlvided into two equal secticns. This Is
somewhat difficult to explain unless there is a mechanism whereby the

DHA s split into two single strands. This aspect will be studled

within the next few waeks.
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(3) Additlonal work In progress on the 5 A mlcroscope [s
cohcerned with the use of the scanning mlcraﬁéope for the study of
thick specimens. |t seems clear from our analysis that the scanning
Microscope should be able te look at specimens which are conslderably
thicker than thase which can be wsed In the conventlonal mlcroscope.
We are at the momant studying this aspect both theoretically and
&Xperimentally. This work may be of conslderable Importance because
if It showld happen that we can indeed utilize much thlicker specimens
than can be used in a conventicnal microscope there would be less
pressure on the current vagus of using very high voltage electron

Microscopes.

B. Ths Gun Microscope

The work during the last year has been concerned almost
exclusively with the study of elaectron energy losses In the various
DNA bases., Accurate energy loss spectra have now been cbtained both
in the low energy region and In the region near tha carbon X-ray line
and the nitrogen X-ray lina.

In the low enargy loss region batweesn 0 and 40 v there [s
conslderable enargy loss structure from the bases. This wlll be
coppared wlth existing ultraviolet observation data and in addition
we hope to uti)ize the synchrotron radiation of the WisconsIn accelera-
tor to extend the known ultraviclet cbservation data down Into the
reglon several tens of wvolts., We wlll then be able to compare the

energy loss data with the ultraviolet sbservation data.



The energy los<s spectra In tha reglon of the carben and
nltrogen X-ray Iines shows a conslderable amount of detailed structure
which as yet s not fully undarstood. We wlill of course attempt to
Interpret this data In the near Future.

This type of data is also being used for the study of radiatlion
damage by the electronm beam, This type of study i; of great Importance
in stectron microscopy because we need to understand the stabllity of
the specimens which we are locking at. We study the radiaticn damage
by observing the decrease in Intensity and ultimate diszppearance of
the detalled structure of the ensrgy loss spectrum. These results are
of considerable !ntarest because they show that the bases vary con-
siderably In their ability to withstand the radiation damage caused by
the electron beam. Thls work at the moment has been attempted at
room temperature and at liquid nitrogen temperatures. In the near
futere we hope to extend the work to Fiquid heljum temperatures., The
two students (Isaacson and Johnson} who are Involved In this work are
currently completing their theses and should then be In & position to

write several papers on thls subjeck,

. Electron HulograEhI

Thls work has been pursued by ane student {Saxon} ard has now
progressed to the polnt where electron holograms have been obtained.
The holograms are made by taking the electron beam which emerges from
a field emission gun and dlviding it Into two beams with the aid of an
electrically charged wire. The specimen is placed In one of the beams,

and the two besams are then allowad to Interfere. The resulting holograms



"contaln several hundred Interference fringes and have been success-

fully reconstructed. The resclutlon of the system, howevar, is not
vary high, principally because the lenses which are used are not of
very short focal length. The aim of this work §s to determine whether
or not the spherical aberration of the lenses can be corrected in the
subsequent optical reconstruction. A scheme has been devised whereby
an electron hologram will be produced and will contain a significant
component due to spherlcal aberratien., This hologram will then be
optically reconstructed and the spherical aberration removed during
this reconstructiunﬁprocess. If we can show that this Is possible it
should then be possible to extend thls work to very high resolution.
The principal ¢lfficulty in extending this work to very high resclution

will be that of providing vary good magnetic shielding from the stray

AC magnetic fieids In our Jaboratory.

p. 100 kv Hicroscope

Wa have been heavily engaged in constructing the (00 kv microscope
which shoutd have a rasclution of 3 A or less. The current state of
this microscope is that the electron gun has besn constructed and vacuum
obtained in that gun, and it has successful ly withstoed cthe spplication
of the full high voltage. This is a non«trivial success, because the
wltra high vacuum which exlsts in the electron gun makes it much more
difficuit to apply hlah voltage. However, the technology which was
acquired In the qther microscopas has proved successful. At the moment
the objectlive lens [s being constructed in our machine shops together
with the specimen stage., When this lens and stage has been completed

It will be attached to the micrescope and we will operate the mlcroscope



‘wslIng elastlcal ly scattered elecetrons. A subsequent step will
involve placing a spectrometer below the objective lens in order

to be able to utilize Inelastically scattered electrons. The many
current and voltage supplles associated with this microscopa have
been built and tested, and perhaps one of the major achievements of
this work is that all these supplies are cperating at a stability
level of one part per mill[on for 30 minutes. This should be more

than adequate to obtaln resclution of 3 A,

E. Display Sysktem

In gur last proposal we discussed the possibllity of using
a new kind of display syscem in the microscope. Thls would involve
stering the elasiic and inelastlc information on magnetic tape
durlng the scan and then manlpulating this data with the aid of a
small comPufér In order te provide the varlous kinds of output which
are possible. In addition te this we needed to construct a new
dlsplay system for the V00 kv mlcroscope and wanted to aveld the use
of the very expensive storage oscllloscopes which are now wsed on the
other twe microscopes. This system is under construction and is
almost completed. The system uwtillzes a small storage device marketed
by Princeton Electronlcs. It consists of a small oscl)loscope tube
which will store an Image, and this image can be read at TV rates
and dispiayed on @ TV screen. We have experimented wlth the ldea of
storing both the elastic and the inelastic images on the same storage
tube so that they can be displayed on the TV set. {Zenlth Radlo

Corporatlon generously donatad a color TV set for this purpose.)



It is not clear, however, whether this system will be successful
bzcause of the difficulty of reglstering the two images In two
different colors axactly. |t may be necessary to acqulre a second
Frimceton unlt for this purpose.

A tape recorder and computer system has been ordered and wiil
for the moment consist of a single tape unlt and a ;mall Supernova
computer. This system should be delivered In May. In its current
configuration this system would allow us to store the image on the
tape and then manipulate this Tmage with the ald of the computer
to produce a flnal improved image. Expanslon of thls system to a

more complete one will be dlscussed later.
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