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LIMJ:TATIONS. TO SIGNIFICANT INFORMATiON IN: BIOLoGICAL ELECTRON MICROSCOPY 

" AS A RESULT OFRA'DIATION DAMAGE.!'" 

Robert,M. Glaeser,Divisionof MedJcal Physics and Donner. Laboratory, 

. University of California, BerkeleY, California 9472p. 
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Abstra'c t 

Quanti ta tive measurements of radiadon damage in crys talline 

specimens of l-valine, adenosine, and catalase (uranyl acetate stained) 
. . . . 

h'ave been made by observ"ing the loss of the electron diffraction 

pattern. Reciprocity of specimen lifetime and current density at the 

specimen demonstrates the absence of any dose-rate effect, such as 

specimen heating, as a cause of specimen damage. Specimen lifetimes 

at high voltages are about two and a half times gre~ter than at 

conventional voltages, and it is shown that this is consistent lV'ith 

the dependence of linear energy loss upon accelerating voltage. The 

limiting resolution for meaningful observation is considered in terms 

of the statistics of observation at particle fluxes that are specified 

from the specimen lifetime data. The best values are probably not 

better than 50 R for 1-valine, 20 R for adenosin~, and 15 g for catalase . 
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Introduction 

" Numerical image-processing techniques recently introduced into 

biological electron microscopy suggest that electron microscopy could 

be developed into a method equivalent to or even superior to x-ray 

crystallography forthree-dimerisional structure analysis (17). The 

Foutier projection theorem was first tised by DeRosie~ and Klug, for a 

structure with helical synunetry (5). The method has since been 

extended by Crowther et aL to anon-helical structure (4). Solution 

of simultaneous linear equations in real space (the projection matrix 

method) has,beenemployed by Hart (15) and by'Vainshtein (36). 

Continuing improvements in i.nstrumental resolving power lend hope to 

the expec,tation that useful three-dimensional structural information 

can be obtained at resolutions better than 5 R~ Application of 

transfer function theory in' electron microscopy (8, 18, 33, 38) 

suggests that numerical processing of ' electron micrographs can 

compensate for systematic errors due to instrumental defects. Phase 

distortion and translational (vibrational) blurring are the most serious 

defects at high resolution. It is well knmvn that improved specimen 

preparation methods are needed for biological materials in order to 

take advantage at high resolution of the powerful synthesis of the 

mathematics of signal theory and of crystallography. It is also 

apparent that radiation damage limits the usefulness of elec,tron 

microscope data, regardless of the initial quality of the specimen. 

The purpose of the work reported here is to quantitatively estimate 

the resolution to which useful structural information might be obtained 

for representative biological materials; 
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The difficulty of obtaining high resolution lattice images of 

organic molecular crystals indicates that radiation damage limits the 

meaningful resolution that might be obtained with biological specimens. 

The phthalocyimines, which like the porphyrins may be expected to be 

extraordinarily resistant to bond-damage subsequent to ionization by 

radiation (26), are in most instances suitable only for producing 

lattice images to a resolution of about 10 R (23). A more complicated 

crystal-image structure having a resolution of "-5 R has been reported 

for the particular derivative Cu-hexadecachlorophthalocyanine (35). By 

comparison lattice resolutions 'of 3.35 R and better are obtai'nable \-lith 

graphitized carbon (41), and a lattice resolution of 0.88 R has been 

obtained with crys talline nickel (42). These examples emphasize that 

specimen radiation damage rather than the instrumental resolving pm.,rer' 

or the experimental technique of the microscopist is the limiting factor 

in obtaining high resolution images of crystals of biological molecules. 

The question of radiation damage has received an excellent analysis 

and review in the recent paper of Stenn and Bahr (30). These authors 

suggest that radiation damage might not affect the meaningful infor

mation except at resolutions of less than 4 R. This estimate may be 

valid in _pecial cases such as are mentioned later in the discussion, 

but the data presented here indica tes that radia tion damage c.an often 

limit the meaningful resolution to 15 R -20 R or more. It is possible, 

however, that new experimental methods can reduce the apparent effect 

of radiation damage. 

A direct measurement of the degree of radiation damage and of the 

variation in radiation sensitivity for different crystalline biological 
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materials can be obtained by observing the radiation dose that causes 
, 

the fadihg of the ~lectrondiffraction patterntoa chosen end point 

(20, 32). Data are presented here for the radiation sensitivity of 

l-va1ine,adenosine, and urany1-acetate-stained catalase. The limiting 

effect of radiation damage upon image resolution can be calculated from 

equations that take into account the contrast that is available at 

that resolution, the radiation-induced yield for bond damage, and 

other relevant parameters. 

Materials 

Crystals of I-valine and of adenosine were grown from aqueous 

solution .by evaporation of solvent at room temperature. A small drop 

of solutibn was placed directly upon a formvar-coated specimen grid. 

The drop size and solution concentration both ~nf1uence the crystal 

thickness and the number ot crystals.: The optimal condi tions are best 

found by empirical trial • 

. Commercial preparations of bovine liver catalase (C.F.Boehringer 

& Soehne, Mannheim) were recrystallized by the tnethod of Wrigley (40). 

In this method a solution of catalase in 11% NaC1. 1s dialized against 

decreasing concentrations of phosphate buffer at pH 6.3, ending ei ther 

with 0.001 M buffer or with distilled water. Specimens were mounted 

on formvar coated grids by placing a drop of crystals in suspension 

and allowing the crystals to settle onto the support film •. The excess 

liquid was drarned off and a drop of aqueous 2% uranyl acetate was 

added immediately, in order to prevent drying of the'protein crystals. 

The stain was left on the grid for one minute, after which it was 
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drai!led off as thoroughly as possible so as to result in no evident 
A 

"negative stain" build-up along the edges of the protein crystals. 

All specimens were coated with a light but clearly visible layer 

of evaporated· carbon. The purpose of the carbOn film is to prevent 

specimen charging. This step is of particular importance for obtaining 

good low-angle diffraction patterns of crystalline catalase, 

MethodS 

The ra~iation "dose" was me.asured in terms of the current density 

passing through the specimen support film. The current density was 

actually measured in the final image plane at a point just'below the 

normal po.sition of the photographic plate. ' A lithium-drifted silicon 

detector l was used for counting single electrons at rates up to lOS 

counts per second. An aperture of 1.0 nun diameter masked off the 

detector, and current densities were determined at convenient image 

magnifications, usually 10,000 to 25,000 times. Current densities 

wer~ always measured through a clean area of the support film, adjacent 

to each .crystalline specimen being studied~ 

The radiation-damage end-point for crystalline I-valine and for 

crystalline adenosine was conveniently taken to be the time at which 

the diffraction pattern was no longer visible on the fluorescent screen. 

1. Provided through the courtesy of Mr.F • Goulding, Lawrence Radiation 

Laboratory, Berkeley, 
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On the other hand,the diffraction pattern of uranyl-stained catalase 

'. . . 1 

doe's not disappear completely after normal fluxes of electron 

irradiation. A pattern that might initially extend to Bragg spacings 

of less than 15 R will fade down to a resolution of 25 R to 30 ~. At 

the same time the'relative intensities of the remaining reflections 

can be altered quite considerably. These changes in the diffraction 

pattern can be recorded on photographic plates with an electron exposure 

of only a few per cent o:f that which is used for the total radiation 

dose. 

The techniques for selected area electron diffraction and for low 

angle electron diffraction were essentially as described in previous 

work (13). 

Results 

The total electron flux at which 'the diffraction pattern of crystal-

line 1-valine completely disappears, has been found in the present work 

15 2 ' . 16 
to be '" 8 x 10 electrons/cm (at the specimen) at 80 kV and "V 2 x 10 

2 electrons/ern at 500 kV. Reciprocity between time for fading and dose 

rate is shown in Figure 1. The data: lie, within experimental error, 

along a line of slope minus one when the logarithm of fading time is 

p1ott~d ~ the logarithm of current density. The total "dose" for 

complete fading of the diffraction pattern is apparently independent 

of the int~nsity (dose rate) of irradiation over the range that has 

been studied. 

The linear energy transfer for 80 kV and for 500 kV electrons was 
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(2), using the formulation of Rohrlich and Carlson (27): 

(1) -dE 
- == dx 

~ 1535 P Z 
132 A 

·f 2 2 2 
1 . 

T·· (T+2) (mc) . 
og· 2. 

• 21 

In this equation p is the density of the spectmen; ~ is the rati6 of 

the electron velocity to the velocity of light; Zis the atomic number 

and A is the atomic mass (chosen to be 6 and 12 respec tively; T is the 

electron kinetic energy div:ldedby mc 2,which is the electron rest 

energy; and I is the mean ioniza tion poten tia1. The values computed 

were 5.5x 10-
2 ev/~ at 80 kV and 2.3 x 10-2 ev/~ at 500 kV, assuming 

a mean ionization potential of 54.6 ev (the value appropriate to 

polyethylene) . and a density of 1. 23. The values of dE/dx are in fact 

not very sensitive to the exact choice of mean ionization potential 

within any reasonable range of values. From these values and the electron 

fluxes men tioned previously it can be further calculated tha t the energy 

deposited in crystalline I-valine at the time that structural disorder 

.. 11 9 
has been completed is approximately 10 erg/gm, or 10 rad. From this 

figure one can estimate a radi6lytic yield of eight molecules damaged 

per 100ev absorbed. This value is similar to the.ammonia yields for 

solid amino acids irradiated in vacuum at room temperature, which range 
., 

from values of approximately 2 to 6 (10). 

The diffraction pattern of crystalline adenosine completely 

16 2 disappears after a total electron flux of -6 x 10 electrons/em, 

when the accelerating voltage is 80 kV. As is shown in Figure 2, the 

"dose" for complete fading is again independent of the intensity of 

is 8 to 10 times more resistant to structural disorder occurring as a 
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result of electron irradiation than is crystalline I-valine. The dose . , 

for producing complete disorder of adenosine is calculated from the 

d b "'1 '1010 d present ata to e approx~mate y. ra. 

The electron diffraction pattern of uranyl-acetate stained catalase, 

pbtained at 80 kV, does not show any substantial change from the 

. ' 17 
"original"patterri after a radiation flux of only rv 1 x 10 e1ectrons/ 

cm~~ . 'llowever, a flux of 3x 10
18 

electrons/cm
2 

causes most of the 

pa~.tern extending beyond a 're~olutibnof 25 R to 30 R to virtually 
" ', . 

. : d;i.-~~ppear. Only minor change;s occur as a resul t of an additional 

.' 1e- . 2 
radiation "dose l1 of 6 x ·10 ...... electrons/cm • One example of the 

" ". t" 

fading of the diffraction pattern of catalase is illustrated in 

. Figure 3. Each diffrac'tion pattern was ~ecorded with an exposure of 

", .• : 16. 2 
"Ix 10 electrons/em ~ Detailed features of the diffraction patterns 

va,ry somewha t from one :'crys t~1 to another, depending at leas t in part 

uportthe specimen tilt, which cannot be controlled accurately on 

acc.ountof warping of the support film. Electron radiation damage 

also causes relative changes in the intensities of the diffraction 

orders that remain after a flux of approximately 10
19 

electrons/cm
2

. 

These changes are already noticeable after an irradia tion of 10
18 

. / 2 electrons cm . The relative changes in diffraction intensities are 

shown in patterns recorded with identical exposure conditions after 

. 18 2 18 
irradiation by a total dose 'of 10 electrons/cm and 3 x 10 

2 
electrons/em. As shown in Figure 4, the major change is an increase 

in the intensity in the (l,O,~) reflections relative to the (2,0,£) 

reflections. Other shifts in intensity such as an increa,se of the 

(2,0,0) reflection relative to the (2,0,1) and (2,0,1) reflections 

are al~o noticeable. 
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Theoretical Relationships Between Contrast, Resolution, and Radiation 

Damage 

An image feature can be.sai'd to be "resolved" when it is clearly 

visible from the other features surrounding it. This is manifestly a 

subjective definition in that the expression "clearly visible" has no 

quantitative definition.So~ image feature that is "clearly visible" 

on a densitometer tracing Iuight not be so clearly visible on a photo-

graphic print. The concept of resolution can depend, among other 

things, upon the w~y in which the data are "read" or presented. In the 

present context we are concerned with the fundamental limitation to 

resolution that exists because of poor statistics in the measurement 

and becau.se of the lowest acceptable signal-to-noise ratio regardless 

of how the data are read or presented. 

Image features with low contrast are difficult to "see ll at low 

electron fluxes becau~e the statistic~l fluctuation of image intensities 

may exceed the small variation of intensity associated- with the 

intrinsic contrast (1). It is reasonable to assume that the incidence 

of electrons at the image plane is a random process. If the total 

number of electrons passing into a given image "point" (picture element) 

is n, then the statistical fluct.uat{on, or "counting error", is In 

It is useful to express this fluctuation in terms of the following 

parameters: the area .0£ the picture element, d
2

; the current density 

through the object, j; the "integration time" or exposure time, t; and 

the fraction of the electrons passing through the specimen that actually 

enter the lens aperture and contribute to the image, f. In terms of 

2 these new parameters, n == fjd t. The statistical fluctuation in 

particle flux results in a spatially varying IIcontrast", which is 



.. 

. ... 

-9-

/:mIn ;:: 1/~. For a low-contrast image feature to be "resolved", 

I 

the inherent contrast must exceed the statistical fluctuations by the 

minimum acceptable signal-to-noise ratio, SIN. This leads to the 

following inequali ty 

(2) Cd> .S/N 
'. -.Jfjt' 

In this equation C denotes ,the inherent image contrast, which is 

defined as the difference in image intensity between two points divided 

by the local average in image intensity. This equation states that 

the product of resolution and contrast must exceed a certain constant, 

which is in "turn determined by the. conditions of measurement (f,j, and 

t) and by the conditions of analysis (minimum acceptable SiN). 

From this e'quation alone and no further analysis one might 

er~oneously conclude that arbitrarily good resolution could be achiev~d 

at arbitrarily low contrast, . provided that long enough exposures were 

recorded at large enough current densities. Such an inference assumes 

that the dynamic range of the recording medium is sufficient to 

acconunodate the data, and that there are no other factors limiting the 

resolu~"ion. Unfortunately it is not reasonable to use" arbi trarily 

large exposures with biological specimens. Radiation damage can destroy 

the object to such an extent that an image with statistically well-

determined contrast actually may no longer contain meaningful infor-

mation about the" object at the desired resolution. 

One useful index of radiation damage is the fraction of bonds 

broken after a given flux of electrons. This is found in a simple way 
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from the linear energy transfer,which can be calculated from the 

• 
stopping pO\ver equation, and from the radiolytic yield, which can be 

measured independently, For a flux of one electron per square ~ngstrom) . 

the number of broken bonds is dE/dx • G. The linear energy transfer 

is conveniently expressed in electron volts per ~ngstrom. Its value 
.,,' 

depends upon the accelerating voltage and upon the mass density of 

the specimen. ,The radiolytic yieid for the processes of concern is 

designated by the symbol G, and is conveniently expressed in units of 

"bonds" per electron volt. Dividing by the volume density of bonds, 

Tj, gives the fractional bond damage at this particle flux. Multiplying 

by jt gives the fractional bond damage at any particle flux: 6h/b = 

dE/dx G ~/Tj j t. 

From the inequality in Equation (2) lye find that the integrated flux must 

be equal to or greater than (S/N)2/ fC 2d2 in order to record an image 

of son'le object-feature with contrast C, at a reso1utiond. From this 

it fo 110\vs that a frac tiona! bond damage 

(3) & > dE G 1 
b - dx Tj 

(SIN) 2 

fC
2

d
2 

will result from the minimum exposure that justpermi ts a resolution 

of d at a contrast Cand asignal-to- (statistical fluctuation) noise 

ratio, SiN. This equation probably over-estimates by five or ten 

percent the fractional bond damage at high damage ratios, say larger 

than 0.5 or 0.75. The reason for this is that the radiolytic yield is 

defined as a constant, characteristic of the type of molecule and bond. 

This approximation does not properly take into account the random 

. • 
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occurrence of damaging events in the specimen and the fact that the 

total damage must' reach some saturating value asymptotically rather 

than linearly. 

Representative parametric curves are plotted in Figure 5 for the 

following choice of constants: dE/dx = 4~5 x 10-2 ev/R; G ::; 1 bond 

per 30 ev; i)= 0.2 bondslR
3

; SIN = 5 (the value usually quoted for 

visual perception of structure (28) ); f ::: 1.0. The value taken for 

i) is an approximate value for the total density of all classes of bonds, 

whereas the value of G is approximately what one expects for scission 

of the C-N bond in amino acids. The somewhat more consistent 

approximation of taking i) ::: 0.01 as the density of C-N bonds for amino 

acids would result in correspondingly larger estimates of the fractional 

bond damage} for that class of bonds. This second approximation would 

assume that the absorbed energy is preferentially channeled to the 

most labile bond, which is in fact usually the case. 

In the case of dark-field electron microscopy the fraction of 

electrons contributing to the image is very much less than one. Thus 

while the contrast can be very great in dark-field images (for recent 

references see for example Dupouy (6), Johnson and Parsons (l9), 

Ottensnieyer (25) ), the statistics of measurement for a given exposure 

are much poorer than in the corresponding bright-field image. As a 

rough estimate it can be calculated that radiation damage will be 

twice as great in the dark-field image as in the bright-field image if 

the contrast is due to Fourier synthesis of the scattered radiation 

(as in crystal lattice images), while the radiation damage will be 

nearly equal in the two cases if the contrast is due to trurcation of 

III 
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the Fourier synthesis by the aperture (often referred to as amplitude 

contrast) • 

Discussion 

. ' Crystalline valine was initially chosen as a specimen for study 

because it readily forms thin crystals suitable for electron diffraction 

work (14). Sincehydrogenbemds playa major role in the structure of 

crystallineaminoacids~ a~d since other features of structure and 

of radiation chemistry are partially similar to those of the peptides 

and proteins it is believed that the results obtained with valine will 

prove to be roughly comparable to results -that might be obtained with 

an unstai.ned protein. Adenosine was studied since it was a convenient' 

analog for the somewha.t inorecomplicated nucleotide-phosphate and 

nuclEdcacid structures. Catalase was chosen since it represents one 

of the highest-resolution examples in 'the present state-of-the-art for 

biological specimen preparation. In the best example of the present 

work the electron diffraction pattern has been seen ·to extend to less 

than 9.0 ~ (Figure 6). 

Measurement of the minimum electron exposure that causes complete 

fading of a diffraction pattern for a crystalline specimen is of direct 

significance to understanding the best meaningful resolution that might 

be obtained in the image. Complete fading of the diffraction pattern 

would imply that no periodic structure whatever would remain in the 

image. Even if a few molecules do remain undamaged, t.here will be no 
. 

way to recognize them as being unique or to prove from the image data 

that they represent the original structure. Radiation induced 

(i 

, ." . 

r; 

l~ 
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derivatives of the original structure will also be present in the 
I, 

image, and these will seriously confound the interpretation. In 

crystalline specimens, and similarly for any specimen that is more than 

oue molecule thick, the overlapping of multiply different radiolytic 

products will lead to little more than spatial "noise" at resolutions 

exceeding whatever Bragg reflections may remain. 

Although the experimental method used here has been applied for 

several years in the study of crystalline polymers (20, 32, 37), no 

data have previously been reported for biological materials. One 

shortcoming of the method is that it tends to underestimate the dose 

required to "disorder" or damage a singtemolecule. One "hit" in an 

organic-m.olecular crystal might disorder the entire structure of a 

unit cell or possibly even the structure of more than one unit cell. 

Stated another way, the "radiocrystallographic yield" can be larger 

than the true radiolytic yield. But at least for the purposes of 

microgr~phic structure-analysis using crystalline or highly ord~red 

spec'imens, which has been referred to in the introduc tion, the 

"radiocrystallographic yield" is actually the important parameter to .. 
know. 

The observed differences in the radiation sensitivities of the 

three specimens reported here requires some explanation. The calculated 

dose for complete disorder in valine corresponds to approximately 

thirty electron volts" or one "average" ionizing event, per u,nit cell. 

Since there are four molecules in the unit cell (34) this calculation 

indicates that one ionizing event per every four molecules causes 

complete disorder of the crystalline structure. The calculated dose 
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for adenosi~le is approxima tely 32 x 10-
2 

ev l'i?, or approxima tely 90 

ev/molecule assumL1g a molecular volume of 286 ~3 from t!le data of 

Furberg (9). This value indica tes toa t three iodzL'.geve;lts per 

molecule occur before complete disorder is produced in the crystal. 

Part of the explanation for the greater resistarcce to radiation damage 

in ade.~.osine is probably due to the fact that a substantial fraction 

of the molecular structure is made up of an heteronuclear, conjugated 

v-electron system. Because of the delocalizatio' of the out~r shell 

valence electrons, structures of this type are relatively stable to 

single-electron ionizations (26). 

The radiation damage reported here for u~anyl-acetate stained 

catalase is almost certainly of a fUi,damenta1ly different nature from 

that which occurs in valine and adenosine. The electron exposure for 

the complete fading effect is approximatelj three orders of magnitude 

greater than for valine, and the calculated dose correspo;cds to 

approximately two ionizing events per cubic ~ngstrom. A reasonable 

hypothesis concerning the observed radiation damage is that a significant 

portion of the matter within the unit cell, of the structure changes to 

Some more stable cOllfiguration a~ a result of the electron irradiation. 

This hypothesis would account for the changes in relative intensities 

of the diffraction maxima that remain after irradiation. Evidently 

the distribution of matter becomes more disordered as well, since only 

the lower-resolution Bragg reflections remain. This redistribution of 

matter probably includes a significant r~distribution or aggregation 

of ~tain molecules. It is also quite likely that the loss of specimen 

mass, such as has been report(!d in the recent work of Wiliiams a~,d 
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Fisher (39), Stcnn and Bahr (31), and in earlier experiments, might 

contribute to qU3nt'itative changes in the relative diffraction illtClsitics. 

The electron flux that leads to complete disorder at a given 

re~olutio~is surely an upper limit to the time-int~grated curren~ 

density, jtj that is reasonable to use in resolving structure at that 

resolution. The measured values of jt in turn set a lower limit to 

the product of contrast and resolution, which must be exceeded if 

meaningful information is to be obtained about the original object 

structur~. It is useful to illustrate this point by some examples of 

"typical" calculations, using Eq. (2). If one assumes that f =" 1.0 (values 

less than O.~ would be more precise), SiN ~ 5 (reasonable for visual 

perceptiot~ (28) ) and a contrast equal to 0.1, thea the best resolution 

that one might expect, as a result of thelimitatio,\s of radiation 

damage, is approximately 50 R for valine, 20 R for adenosine, and 1.6 R 
for uranyl-acetate stained catalase. For catalase the predicted "best 

resolution" is in contradic tion \vi th the c'ri terion by which the ,current 

density was measured, which was that the diffraction pattern would fade 

to a ~table configuration at a resolution of approximately. 25 X to 30 R. 
Clearly the lower bound calculated from Equation 2, which is concerned 

only with' the limitations imposed by the statistics of measurement at 

a predetermined particle flux, is in this case much too low. If a 

particle flux of 1 x 10
17 

electrons/cm
2 

is used there is no noticeable 
. 

effect upon the diffraction pattern of catalase to a resolutio~ of at 

least 17 R. In this case the best resolution that is compatible tvith 

the statistics of measurement is 16 X, assuming the same parameters as 

before. This figure is a more reasonable estimate of the "probable 

bes t resolution" since it does not contradict the radia tion-damage 
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information derived from the diffraction data. 

I . 

The results obtained with crystal1ihe catalase also point to 

another cons~qu~nce of r~diation damage, besides loss of resolution. 

At a particl~ flux of 1 x 1019 e1ectrons/cm
2 

the diffraction data 

extend to a resolution of 25 ~ to 30g, and the image contrast is 

statistically well determined at this level. However, at this and at 

even lm.jerresolutions the image structure still is probably of doubtful 

significance. The reason for Concern about the validity of image 

information at the level of, say, 30 ~ to 40 ~ is that the intensities 

of the remaining Bragg reflections have undergone relative changes. 

This suggests that a redistribution of matter has occurred within the 

unit ce1l •. If this is in fact the case, then it 'must be concluded 

that the presence of periodic structure in the image of a crystalline 

objec t is not sufficient evidence that the observed image-features 

are representative of the original object-structure. 

The limitations upon resolution resulting from radiation damage 

that have been estimated above are examples of what is to be expected 

for crystalline specimens and other structures of a similar degree of 

complexity. Single molecules, that might be trapped, for example, in: 

a matrix 'of evaporated carbon or in an inert gas matrix could conceiv-

ably tolerate a significantly greater dose of ionizing radiaLion. 

Thisconunent supposes that the radiation chemistry of the structure in 

question is quite simple, as for the example of a single "strand" of 

polyethylene considered by Stenn and Bahr (30). The products of 

radiolysis must be innnobilized and must be large enough so that they 

are not displaced significantly into interstitial positions of the 

.' 
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matrix at the time of bond scission. It is not evident that these 

types of conditioni could be achieved for ~ structure such as a 

single molecule' of a globular protein, or for more complex structures. 

It is instructive to answer the question as to why high resolution 

information can be obtained with crystalline specimens by electron 
. . 

diffraction at much lower lev'els of illumination than are necessary 

for direct {mages. As' has been pointed out recently by Breedlove and 

TraInmel (3), the very great s'patial redundancy of the objec tallows 

one to record as marty events in the diffraction pattern as may be 

necessary, while the fraction ·of unit cells that experience an ionizing 

event remains very small. For the purpose of diffraction work a 
. . 

sufficiently large crystal can be veryriearly as "g~od" after a pattern 

has been obtained as it was before. When a crystal is imaged, however, 

one forms an'image of e~ch identical area of the specimen. Thus for 

example the' same flux of electron irradiation is used if the object 

contains 104, repeating units as when the object is a single free-" 

standing molecule. This analysis suggests that spatial superposition 

of statistically noisy images might be a possible method for obtaining 

high resolution images with low amounts of radiation damage •. Stated 

another way the suggestion is to reduce the acceptable SiN in the 

original record so as to decrease the contrast~reso1ution product that 

is compatible with the low radiation density, the value of which is 

in turn dictated by the limitations of radiation damage. Spatial 

averaging of micrographs of crystalline and other highly ord~red 

objects has sometimes been used to reduce spatial noise (21,22), but 

only with images for which the contrast was already statistically well 

determined. 
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Other possible methods of minimizing the effect of radiation 
. 

damage have also been considered. (A) Image intensification is of no 

direct value, since the problem of image formation at 1m_ intensities 

is basically one of statistics and not of brightness. Furthermore the 

degree of radiation damage is apparently not dose-rate dependent, as 

shown by the data in Figures land 2, so that low-intensity microscopy 

has no inh~~e~t advantage. The degree of speeimen heating is apparently 
,', 

quite low, in accord with the calculated rise in specimen temperature 

(30). (B) High vol tage electron microscopy doe's not offer, any 

substantial advantage as regards decreased radiation damage. Figure 7 

shows the theoretically expected increaSe in lifetime of' a diffraction 

pattern for, a given current density at the speCimen, assuming that there 

are nodose rate effects. This curve, calculated by the use of Equation 

l,shotvs that tl~e "specimen lifetime" inc'reases by less thana factor 

of 3 between 100 kVand 1 MeV, 'aft~r which it again slowly decreases. 

It is true that not all of the energy lost by the primary beam is 

actually deposited in a thin specimen, because energetic secondary 

electrons can escape without losing all of their energy. Nevertheless 

the ratio of energy lost by the primary beam to the energy deposited 

in the sp'ecimen should not depend strongly upon the accelerating voltage. 

Thus the relative specimen lifetimes shown in the theoretical curves 

of Figure 7 should correspond reasonably well to the expedmen tal 

situation. As has been pointed out by Thomas, et a1.(32), what little 

advantage that the factor of longer speCime.n lifetime might 'offer is 

essentially lost again due to the poorer sensitivity of photographic 

emulsions and fluorescent screens at the higher voltages! In considering 

J 
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the use of high voltage electrons the factor of diminishing elastic 
. . 

scattering cross sections must also be taken into consideration. 

(C) Low temperature specimen stages designed for operation at liquid 

helium temperature have been suggested .over the years as a possible 

way to diminish the yield for radiation damage. The primary bond 

scission would not likely be reduced, but the cage effect of neighbor

ing atoms might ke~p the specimen structure ef·fective1y ,iintact" at a 

resolution approaching one K~gstrom. Fromradio1ysis studies it is 

thought that the loss of hydrogen from polyethylene is not avoided by 

go·ing to helium temperatur~ (24). Since hydrogen-hydrogen contacts are 

very important in the structure of organic molecular solids, total 

specimen di,sorder might well result, even at very 1m.] tempera ture, at 

doses that correspond to a high percentage 10s50f hydrogen. The 

fading of the diffraction pattern for crystalline p~lyethylene is 

reported to be very little affected by low temperature, and this has 

been interpreted to mean that cross-linking in this material can still 

proceed at temperatures as 1m.] as 20oK, when the radiation dose is 

great enough to produce large concentrations of alkyl radicals (37). 

There is some reason to hope,hmvever, that other types of bond damage 

such as C'-N bond scission in polypeptides might have less of a· disrup-

tive effect upon the specimen structure at such low temperatures that 

the (massive) fragments do 'not have an ~ppreciab1e thermal motion. In 

the case of heavy-metal stained specimens one might also expect that 

low temperatures would inhibit the apparent migration of stain and 

specimen mass-loss, t.hereby reducing the spatial disorder that accompanies 

electron ir.radiation. 
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Figure 1. Radiation damage of crys talline I-valine in the elec tron 

microscope, at adcelerating vottages of 80 kV and 500 kV •. A line with 

slope minus one indicates a constant-dose relationship for complete 

fading of the diffraction pattern. 

FigUre 2. Radiation damag~of crystalline adenosine at an accelerating 

voltage of 80 kV. Data are shown for two independent experiments, and 

in one of these the radiation sensitivity of valine was measured for 

comparison. 

Figure 3. The diffraction pat:ternofuranyI.-acetate stained catalase 

is shown (a) before any signifieant changes have occ~rred and (b) after 

irradiating to a degree that no fur·ther changes occur . Reflections at 

Bragg spacings of less than 252. to 30 2. ai-·e no longer visible after 

this extensive an irradiation. Data were taken at 75 kv by the three 

lens method (7) from afieldapptoximately 10 microns in diameter. 

Figure 4. Representative changes in'the low;"order intensities of the 

electron diffraction pattern of uranyl-stained catalase. The diffrac

tion pgttern of the same crystal is shown (a) before irradiation 

" 16 '2 
(actual exposure was approximately 10 electrons/cm at the specimen), 

(b) after irradiation with 1018 electrons/cm
2

" and (c) after irradiation 

. 18 . 2 
with 3 x 10 electrons/cm. Data were taken by selected area 

diffraction froin a two micron diameter field at 80 kV. 



-25-

Figure 5. Representative theoretical curves (cf. Equation 3) showing 

the relationship between fractional bond 'damage "and resolution for 

specified values of contrast. Values of the other parameters chosen 
. -2 Q 

for these specific curves·were·dE/dx = 4.5 x 10 eviA, G :;:: 3 eventsl 

100 ev, q = 0.2, SiN:;:: S, f ~ 1.0. 

Figure 6. A montage of the diffraction pattern of uranyl acetate 

stained catalase put together from patterns recorded with different 

exposure times so that all orders of the diffraction pattern are 
., 

visible above the diffuse background. The nominal (2,0,18) . reflection 

occurs at a Bragg spacing of 8.2 R. The relationship between the 

superficially orthorhombic symmetry of the crystal and the true space 

group is di.scussed by Rossmann and Labaw (29). 

Figure 7. Theoretical curve showing the change in "radiation damage" 

at different accelerating voltages. The ordinate, which is measured 

in units relative to the value at 100 kV, represents the time that is 

required to deposit a given amount of energy in a given type of specimen 

when the current density is held constant at all voltages. 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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