Some Reflections On How Much Information |s There On A
Piece Of Film, On How Film Compares With CCD Cameras
And What Features A Scanner Would Need
To Digitize TEM Negatives.

A personal point of view by Abwyn Eades, Lehigh University.

Intreduction

The world of eleciron micrescopy s In a period of fransition from acquir-
ing Images en film to acquitng images digitally, using CCD cameras, for ex-
ample. |t would be useful o know how much information there is on a plece of
film, in arder lo know how film compares with digital meihods and fo be zble
1o make good judgemants on the opfimum moment to change fram one tech-
nology fo the offer.

This is an attempt to use simple arguments to estimale just haw much
infarmation there is in an image expesed on film in the fransmission elactron
microscope. The main reason for addressing this issue s thal, while many
people are affiectad by it, fhere ssems 1o be (itle agreement on the anawer,

Background

When phoiographic film is exposed to high-energy elecirans, it behaves
quite differently from when it is exposed to light. Although this has lang been
knowm, the debate on film versus CCD doas nod always take it proparly Into
account, There is a good review on the expasura of film to electrons by Val-
enfine (1966). Despile its age, this still seams to be the best introduction to
the subject. There is also valusble Information in a paper by Zeitler (1902)
although he draws heavily on wark that predates Yalentines' review,

Measurements on film are made in terms of the oplical dansity. If the
transmission of the film is T (expressed as a fraction of the incident intensiiy),
then the optical density is defined as:
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0= logul1T)

This needs two qualifications,  First, the transmission T is usually meas-
ured, nat with respect to no film present, but with respect to a piece of completely
unexposed film. Second, the optical density is not 2 well defined quantity since
the fransmission depends on the details of the measurement {in parlicular, how
much of the diffusely scatterad light is included).

When an electran hits the emulsian of the film, it renders many grains de-
velopable, Since the electron is scatiered in the emulsion these grains are
spread about the initial point of impact, The regicn exposed by each electron (on
the ordar af 10 pm) is much larger than the size of the Individual grains (on the
arder of 1 pm).

The relafion betwaen the optical dansity and the expasure of the film is:

D = Duwcel1 - exp(-50 Dy}

Where D is the saturafion aptical density, 5 is the speed of the film and d is
the exposure (or dose) in electrons per unit area {usually electrons per microns).
The initial part of this relation between dose and optical density is linear and the
speed is just the slope of this linear part of the curve.

5=(Jldd af low dose,

Speed is usually measured in units of pm? per electran. Typical valuss for
electron microscope film are about 3 for Dwex and about 1 for 5. Thers is signifi-
cant variation from film fo film and the values will depend on procassing. This
means that, In the middle of the exposure range, a typical dose is a few electrans
per umé(tha doga at the film, not the dose 21 the sampla),

Calculating the Information
The amount of infoemation, which can be caried by the medium used o
acquire an image, can be calculated by mulliplying the number of pixels by the
number of bits &t each pixel. For a CCD camera this is easy to calculate. The
number of pixels is defined by the manufacturer and the number of Gits (5] is
derived from the number of dislinguishable grey levels (g):

b= logag

The number of grey levels is, in turn, determined fram the dynamic ranga
and the noise. The information content calculated this way 15 the information
limit af the CCO chip. In practice it will be reduced by the ather alements of the
sysiem,

Information on the film

In making the comesponding estimate of the information which can be car-
ried by a piece of film, the problem is that there |s no obvious definition of the
pixel size, If the film is divided into litle squares and each square is tealed as a
pixel, the resull oblained for the information content depends on the size of the
sguare, A larger square can have mane dislinquishable grey lavels, and hence
mare bits, but the number of bits increases more slowdy than the reduction in the
number of squares. Therefore the amount of information esfimated gets bigger
as the size of the sguare is reduced. The maximum amaunt of information would
appear to be estimated by finding the smallest area which can have two distin-
guishable grey levels (one bif) and freafing that as the pixel. However the size of
the square which can give two grey levels Is well below the size of the region
exposed by a single eleciron,

The logical cheice af the "pixel’ size in estimating the information camying
pawer of film is, therefore, related 1o the point spread funclion of the electrans in
the emulsion. A proper treatment would model the shape of the point spread
function and do a detziled calculation invalving the modulation transfer function
as a function of the spatial frequencies in the image (much of the basis for such a
calculation is given in Zeitler, 1992). This note will make a much simpler approxi-
matian,

Using Film
The resolutian of the unsided eye is about 100 gm. If focussing weare done
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leoking at the final serean of the microscope, the image on the film would rarely
have information befow 100 pm, which would require a pikel of 50 pm. However,
focussing is usually done through 2 binoculzr with a magnification of perhaps 10
X or, increasingly, with a TV system. The limit of resclution might be taken to be
10 pm for a binogular system and 35 pm for a TV system (the typical size of a
pixel on the CCD chip). My own experience sugnests thal binocular focussing
does not go balow 25 um - it is rare for a negative to have information which can-
nof be seen with a 4 loup.

This canclusion may not apply in certain circumstances, For example, at
high voltages the point spread funclion is reduced and biologists can often focus
using minimum contrast so that the film records detail below what the eye can
see. Jim Pawlay 1ells me thaf, under hase canditions, the "pixel® size can be as
small as & pm. However, | have the impression that most of the fime micro-
scopists work at magnifications which ane higher than these needed theoretically.
I am tolerably sure thal mesl images taken in materials science (which is what |
know) do not have useful information below 25 pm (a spatial frequancy of 50
wm). For example, in high resolution imaging, at a magnification of 400,000 and
an instrument which can rasolve 0.2 nm, a pixel size of 40 pm would match the
information limit,

Digitizing Film

if images on film are digilized, the performance of the seanner is usually

guated as dpi - dots perinch. This translates to pie! size as fiollows:

dpi Fixal Size in Microns

600 42
1200 21
5080 §

This suggesls that a 1200 dpi scanner is perfactly adequate for {most)
Iransmission eleciron microscopy negalives.
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Pixel Size

The praclical argument just given suggests the use of a 25 pm pixel size, =

This is also close 1o a typical value for the point spread function of the fim. While S
It is true that information can be carried by the film at spacings below the charac- 2
teristic lenglh of the: point spread function (because the function is cusped). This 2
length iz a reasonable place to sef the pixel size.

Grey Levals

Film exposed to electrans dees not generally add significant naise to the ®

image. The noise comes from the variation in the number of elecirons - shet S

neise. This is the anly significant cantribution 1o the noise except for the small 3

variations in the transparency in the unexposed film, which are only relevant at s

very low exposures, Take the number of eleclrons in a given pixel to be N. Then
the number needed o get a distinguishable grey level can be taken to be

N- Nz

This ean be used to get the relation between the number of electrons in a
pixe! and the number of distinguishable Grey lavels,
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Maximum Number  Distinguishable Bits
Of Electrans Grey Levels
2 2 1
7 4 i
25 8 3
89 16 4
318 32 5
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Is There On A Piece Of Film . . ..
Continued fram praceding page

In & pixal of side 25 pm, the area is 625 pm? and the number of elecirons
at optical density 2 (taken as a convenient practical limil) is about

20000s  typically about 2000,

A facior of twa in the speed of the film will nat affect the result signifi-
cantly. There will sfill be 6 bits per pixel. A pisce of film is 9 x 8 cm. This come-
sponds 1o 107 pixals and a total information content of & x 107 bils (8 x 106
bylas).

The effect of Contrast,

The extent 1o which a recording medium can handle a particular Image
depends on the conirast of the image. Suppese that we nead to detact a pixel
which shows & cantrast of C % with respect 1o its neighbors. If the numbser of
electrons which gave rise to the signal in that pixel is n, then this most differ
from the neighboring pixels by dn. Where dnfn = CHO0. The difference, dn,
must be greater than the neise far datection, so

dn=ni Thus:

G = 100/me

This means that to ses contrast at the 1% level in an image the pixels
musi receive ebout 10,000 electrons each, But for 10% conirast 100 electans
per pixel ara sufficient, In tha typical fibre-optically coupled CCD camera the
number of elecirans required 1o salurale the device is in the range 1500 fo
000 (Krivanek and Mooney 1993). This means that, if the exposurs is chosen
la almosi saturate the chip, this kind of camera can work at contrast levels of
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2.5% 10 1% at the resolution of the pixels, depending on tha design of the cam-
era. If a camera designed o saturate at 1500 elecirons per pigel were used 1o
make an image where the contrast was anly 1 %, the effactive pixel size would
ke increased ta several fimes the actual pixed size and the effeclive number of
pixels on the chip comespondingly reduced.

The case of film is similar, The “pixel” size from considerations given above
is zbout 25 pm. With this pixel size, a film speed of 1 and a saturafion density of
3, the number of electrons per pixel to reach a densily fairly close to saturatian is
about 4000 — comesponding o imaging at contrast levels of 1.5%. In praclics,
film is usually exposed io levels far below saturation. Then the conirast levels
which can be disfinguished in a 25 pm pixel will be comespondingly higher,

In malerials science samples, 1he contrast is usually strong and these can-
sidarations will not namally limit the performance of the recording medium. In
the caze of biomedical samples, whera conirast is weaker, hey may be relevant,

Digitization and information.

As indicaled above, the number of efectrons per pixal to salurale the me-
dium is an the order of several thousand whether we are talking abeut film or
CCO. If the digitization i= on a linear scale, as it will be for the CCO - it is neces-
sary to digitize lo a pracision of one electron. This is bacause the grey lavels are
separated by one or two electrons for the lowest exposures, This means that the
digitization musi be done fo at least 12 bits, even though there are less than 8
bits of infermation present. The discrepancy is because, at the highar expasure,
the spacing betwean the grey lavels is much bigger (measured in elecirons).

Far film the situation is similar althaugh 1he discrepancy between the num-
ber of digitization levels required and (he number of bits of information presant is
much lzss. This is because the scanner which digilizes the film measures rans-
mission not number of elecirans.

Conclusions

Far film and CCO cameras (he pixel sizes are much the same - 25 pm. For
a typical CCD camera in which each electron in the beam generates about 100
electrons in the CCD, the dynamic range, the number of grey levels and the num-
ber of elecirans 1o saturate a pixel are all about the same for film as for the CCD
camera. The ratio af the amouni of infarmation in the twio will then be the ratio of
the areas.

¥yhat then is the advaniage of CCD? Linearty, befter vacuum, conve-
nience, feedback (e, the FFT for 8 HREM alignmant check is immediale and
knowing Lhat the recorded image is what is wanted without delay]...

Many of us will continug to be forced to use film for some time to coma
because of the cost of CCD cameras. A gﬂnd solution for this period seems to ba
to use film in the TEM but to digitize the nagatives wilh a scanner far subsequant
processing, Scanners for digitizing TEM film should digilize at about 1200 dpi,
they should digitize at, at least, 12 bits and they should be able ta handle an
optical dansily of &t least 3. [l
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Mole: The above arficle was first published in the JanuaryFebruary 1965 issue
of this publication. On reading it through prior 1o his reprinting, (hera Is one thing
| would modify, In specifying a scanner for TEM negatives, | would ke more
demandirg than in the priging! arlicle. | believe | was 2 litle too conservative in
my estimates of pixel size for film and a litle oo optimistic about just how a
seanner specilicalion franslates to practical digitization. We have found that
TEM negafives can have detail which does nol show on the images scanned on
a scanner with nomina! 1200 dpi. To be able to scan TEM negaiives and get 2l
{he detail from all the negatives, a belter scanner is nesded.
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