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ELECTRON MICROSCOPY AT REDUCED LEVELS OF. IRRADIATION 

ABSTRACT 

Ivy Ai-Ming Kuo 

ii 

Specimen damage by electron radiation is one of the 

factors that limits high resolution electron microscopy of 

biological specimens. The purpose of the work in this the

sis is to develop a method to record images of periodic ob

jects at a reduced electron exposure in order to preserve 

high resolution structural detail. The resulting image 

would tend to be a statistically noisy one, as the electron 

exposure is reduced to lower and lower values. Reconstruc

tion of a statistically defined image from such data is 

possible by spatial averaging of the electron signals from 

a large num.ber of identical unit cells. We choose to refer 

to this general approach for reducing the effects of radia

tion damage as the Statistically Noisy, Averaged Picture 

(SNAP-shot) method. 

Kodak Nuclear Track Plates, type NTB2, processed by 

infectious development were found to be a highly sensitive 

recording medium. Images have been recorded with exposures 

as low as 10-3 electron/~2. Results that have been ob

tained with an image intensifier, and a few of the other 

commercially available fast emulsions are also discussed. 
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CHAPTER 1 

INTRODUCTION 

Biological electron microscopy has been very useful in 

the study of the cellular structures that are too small to 

be resolved by the light microscope. Instrumental develop

ment of the electron microscope in recent years has greatly 

improved the resolving power of the electron microscope, 

such that lattice resolution of 1-2 i is possible (25,56). 

In addition, the transfer function theory of the electron 

microscope is now better understood (49), and the phase 

distortion caused by misfocusing, spherical aberration, 

and astimatism can be corrected to high resolutions by the 

use of numerical image reconstruction techniques (14,15). 

Furthermore, three dimensional image reconstruction of an 

object is possible from images of the same object taken at 

different tilt angles (8,9). It seems, therefore, that the 

electron microscope can be a very powerful tool in the study 

of structure at the molecular level. 

Contrary to what is expected on the basis of the high 

instrumental performance, at present only cellular struc-

tures larger than ~40 ~ can be resolved in the electron 
1 

microscope. The reasons for this are many. One of the 

problems is that of specimen preparation. Techniques such 

as dehydration, embedding, fixation and staining (18), are 

necessary in order to increase the specimen contrast and to 
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render the specimen more resistant to the high vacuum of 

the microscope column. A necessary consequence of these 

specimen manipulations appears to be that only structures 

larger than 40 j remain intact. 

1.1 Effects of electron radiation on biological specimens 

One important limitation to high resolution electron 

microscopy of biological specimens is that of electrQn ra

diation damage. This subject has been reviewed extensive

ly by Stenn and Bahr (42). In the electron microscope, a 

small number of the electrons passing through the specimen 

will be inelastically scattered. As energy is transferred 

from the electrons to the specimen, excited, ionized and 

radical species are formed. These chemically active spe

cies will tend to combine with other charged 'rons or with 

electrons to reach a more stable state. The molecular 

changes that follow can be generalized info the following 

catagories. (1) Bond dissociation and loss of small side 

groups, resulting in mass loss (2,33,47) and fragmentation 

of larger molecules into smaller ones. (2) Formation of 

new bonds & cross-linking between neighbouring molecules or 

with a contiguous portion of the same molecule (7). (3) 

Changing of bond typel on losing hydrogen, an organic mole

cule acquires double and triple bonds (42). 

Structural changes are well demonstrated in infra-red 

spectra taken of irradiated samples. The spectral patterns 

, 

fI, 



show a progressive decrease in absorption intensity and a 

decrease in pattern complexity as the electron exposure in

creases (2,33). In addition, the progressive fading of 

electron diffraction patterns of organic crystals (16,33) 

indicates structural disorder. 

The secondary and tertiary structures of organic mole

cules are dependent on weak bonds (e.g., hydrogen bonds, 

hydrophobic interactions, and van der Waals bonds), and 

these bonds can be disrupted by the absorption of a small 

amount of energy (0.1 - 1 ev) (42). It is therefore im

portant to determine what is the lowest electron exposure 

that causes complete structural damage to the irradiated 

specimen. A variety of methods have been used to assess 

the extent of specimen damage. Fading and changes of elec

tron diffraction patterns of crystalline specimens indi

cate 10~s of crystalline order and structural alterations 

(16,33). Structural changes can also be studied by ob

serving the changes in the absorption spectra (infrared, 

visible, and ultraviolet) of the irradiated specimen (33, 

42). In addition, mass loss of the specimen can be meas

ured by directly weighing the material or by autoradiog

raphy (10,33,47). From these studies, it was found that 

for ,each type of molecule, there is a .maxima1 level of 

electron exposure that can be tolerated. After the expo

sure reaches this value, the accumUlation of structural 
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changes in the specimen is such that further observation 

probably will provide no meaningful information concerning 

the original structure. In the rest of our discussion, we 

will refer to this level of exposure as the critical ex

posurel • 

1.2 Attempts to minimize radiation damage 

In view of the disorder of molecular arrangement re

sulting from electron exposure, it is apparent that the 

development of methods to reduce radiation damage is essen

tial. This might be accomplished e1 ther by minimization. 

of the amount of exposure to the incident radiation, or 

by making the specimen more resistant to the effects of the 

inelastically scattered electrons. A few of the methods 

used to minimize the effects of radiation damage are brief

ly discussed in the rest of this section. 

High voltage electron microscopy is considered as a 

possible way to increase the value of the critical expo

sure. It is known that the loss of energy from the elec

tron beam is proportional to the inverse square of the 

electron velocity (5). Therefore it is possible that the 

high velocity electrons in the high voltage microscope 

would cause less damage to the specimen. Experimental 

lAt the plane of the specimen in the electron microscope, 
the cri~ical exposure will be expressed in units of cou
lomb/cm • or electronjX2. At the

2
image plane, it will be 

expressed in units of electron/l1m • 
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studies on·the voltage dependence of critical exposure have 

established that between.the voltages of 80 Kevand 1 Mev, 

the critical exposure increases bya factor of 2 to 3 (17). 

Theoretical calculation of both bright-field and dark

field image intensities of single atoms reveals an addition

al advantage in going to higher voltages (34.37.57). Due 

to the increase in depth of field and reduction in chromatic 

aberration. the image contrast of individual atoms in

creases at energies above 1 Mev. Because of the higher 

contrast. much lower electron exposures could be used to 

resolve the atomic positions. However. in order to achieve 

single atom imaging. it is necessary to use a high voltage 

microscope with 1 R resolving power. At present. no exis

ting high voltage electron microscope can operate at this 

resolution; the principal difficulties being that of 

achieving good electrical and mechanical stability at en

ergies as high as 1 Mev. 
-, 

Another possible method to use for decreasing the ra

diation damage effect is that of very low specimen temper

ature. Electron diffraction studies of paraffin and tet

racene. both at 300~ and 4oK. have shown that the criti

cal exposures at 4~ are larger by a factor of 2 or more 

(38). At the lower temperature. it is possible that the 

molecular fragments resulting from bond dissociation are 

less likely to diffuse from their original positions. 



6 

Consequently, the structures of the organic crystals can be 

maintained up to higher levels of exposure. The effect of 

increased specimen resistance to the electron beam at low 

tempe'rature was also demonstrated in the case of hydrated 

specimens. The criticgll exposures of unstained, hydrated 

catalase crystals have been determined by electron diffrac

, tion, studies, both at room temperature and at liquid nitro

gen temperature (28,46). The critical exposure of the 

frozen hydrated catalase was foUnd to be larger by a factor 

of 10. This significant improvement in the critical expo

sure is still not large enough to enable direct imaging of 

molecular structures. 

In addition to the methods mentioned above which have 

general applications, it is possible that special methods 

may be found to be of help in specific cases. Salih (36) 

reported increased resistance to damage by'as much as a 

factor of 4 to 5, when a 500 R thick coronene crystal was 

sandwiched between thin films of gold or aluminum. However, 

this observation has not yet been confirmed by other inves

tigators. The electron diffraction pattern of catalase 

stained with uranyl/aluminum (1/1) formate, was found to 

have increased fading time (50). This effect was attrib

uted to the experimentally documented fact that this stain 

mixture forms inorganic micro-crystals at a slower rate 

than does the normal uranyl acetate stain. 

.,' 

r, 
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1.) The SNAP-shot Method 

As a consequence of the high sensitivity of organic 

molecules to electron radiation, the structural information 

that possibly can be obtained from electron-specimen inter

actions is sever1y limited. The methods described above 

aim mainly at increasing the critical exposure. But even 

a several fold increase in the critical exposure is still 

not sufficient for imaging high resolution detail of low 

contrast. In the work reported here. we investigated the 

feasibility of obtaining high resolution image data of per

iodic biological specimens if the im.ages were recorded' at 

an exposure not exceeding the critical exposure for the 

specimen. 

A method of recording images of periodic objects at a 

redueed electron exposure has been developed. The result

ing image must tend to be a statistically noisy one. as the 

electron exposure is reduced to lower and lower values. 

Construction of statistically defined image intensities 

from such data is possible by spatial averaging of the elec

tron signals from a large number of identical unit cells. 

We choose to refer to this general approach for reducing 

the effects of radiation damage as the Statistically Noisy, 

Averaged Picture (SNAP-shot) method. A mathematical inter

pretation of the SNAP-shot method is presented in chapter 2. 

The possibility of reconstruction of a statistically 
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defined image from a periodic, noisy image was first con

firmed by a numerical simulation study. The procedure was 

also tested with data collected by the use of an image ih

tensifier. 

Owing to the low electron detection efficiency of the 

image intensifier (discussed in section 3.5), a large pro

portion of the electrons reaching the image plane were not 

detected. Photographic emulsions, being highly efficient 

in electron detection (52), were also experimented with for 

recording statistically noisy images. Latent images were 

amplified chemically by a procedure of infectious develop

ment (41). Kodak Nuclear Track Plates, type NTB2, when 

developed infectiously, were f~und to be best suited for 

our purpose. With exposures as low as 10-3 electrons/)..1m2, 

Nuclear Track Plate can be developed to an optical density 

,as high as 3 (figure 8), while the fog level remains insig

nificant (optical density less than 0.1). 

,,4 
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CHAPTER 2 

THEORY 

2.1 The Minimum Beam Exposure Technique 
, 

Williams and Fisher (55) demonstrated that by limiting 

the total number of electrons to the amount necessary to 

form an image on a conventional electron image plate, there 

was a marked improvement in image resolution for negatively 

stained Tobacco Mosaic Viruses. The 23 ~ periodicity of 

the virus, which had previously never been recorded, was 

clearly visible. However, the minimum beam method requires 

an exposure much higher than the critical exposure for most 

organic compounds (section 2.2). The high exposure is 

necessary to give an observable image of optical density 

~l on the photographic plate. It is for this reason that 

recording of higher resolution detail will not be possible 

with this method alone • 

. 2.2 Critical Exposure 

The susceptibility of biological specimens to radia

tion damage demands that imaging must always be carried out 

with exposures not exceeding the critical value (Ncr) for 

damage. The critical exposures for some biological speci

mens have been established (16,33), and they generally are 

not smaller than the value of 10-3 coulomb/cm2 • Aromatic 

organic compounds are more resistant to radiation damage, 

and the critical exposure can approach 102 coulomb/cm2 
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(60,000 electrons~2) for some exceptional aromatic mole-

cules. 

The problem of image recording at the Ncr or le~s is 

two-fold: (1) At this level of exposure there is insuffi

cient darkening of the photographic plate to yield an image . 
observable to the eye or detectable by a scanning micro- . 

densitometer, except at very low magnification. (2) High 

resolution is not possible because of the small signal to 

.noise ratio. The SNAP-shot method proposed here is one way 

to increase the signal to noise ratio for periodic objects. 

2.3 The Rose Equation 

The relationship between the attainable resolution (d) 

for a specified contrast (C) and the number of incident 

electrons per unit area (n) is given by the Rose equation 

(22): 
Cd ~. (n;; (2.1) 

The contrast (C) is defined as the difference in in

tensity between two image. points, separated by the distance 

d, divided by the average ,intensity of the two points. The 

value of 5 in the numerator was determined by visual per

ception experiments. These experiments have shown that the 

image contrast must exceed the fluctuation in the number of 

electrons (1/(nd2)t) by a factor of 5, for the image detail 

to be seen. For a given value of C, the image is said to 

be statistically defined at a resolution of d, if n satis-
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fies the equation; otherwise, it is statis~ically noisy. 

Contrast values for biological molecules are usually very 

low; when the contrast is improved by staining, for reso

lutions above 25~, the contrast in anyone Fourier compo

nent of the image is usually not better than 1% (7). In 

order to resolve 10 ~, we can see that from the Rose equa

tion that n is calculated to be at least 2500 electrons/~2. 

For some aromatic compounds, the critical exposure (60,000 

electrons/~2) far exceeds this value, and 10 ~ resolution 

or better should be possible. This has been demonstrated 

experimentally in the case of Cu-hexadecachlorophthalocya

nine (51). For saturated bond organic molecules, the value 

of 2500 electrons/X2 exceeds the critical exposure by a 
o 

factor of 4000 or more, and 10 A resolution should be im-

possible to attain. 

Substituting n by the critical exposure Ncr' equation 

(2.1) can be adapted to the case of electron microscopy 

(17): .5 
d ~ C(fN )i (2.2) 

cr 

where f, the net utilization factor, is the fraction of 

the critical exposure at the specimen which actually contri

butes to the formation of the image at the photographic 

plate. This factor takes into account the loss of electrons 

in various imaging modes, and the detection efficiency of 

the image recorder. Equation (2.2) reveals that an improve-
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ment in the attainable resolution is possible by increasing 

the value for e,f and N • Since d has an inverse square cr . 

root depende~ce on f and Ncr' the effect of increased con-

trast is largest •. The various methods outlined in chapter 

1 have achieved but a modest increase in Ncr; thus, only a 

small improvement in d is expected from their use. 

2.4 The SNAP-shot Method 

In the electron microscope, if the electron irradia

tion is not to exceed the critical exposure, the recorded 

image (assuming even that we have a device capable of de

tecting single electrons), would be a statistically noisy 

one. However, if the specimen is periodic, and the unit 

cell dimension is known, then it is possible to spatially 

average the noisy image to yield a statistically defined 

image of a unit cell (16,27). If the noisy image is com-

posed of R unit cells formed on the recorder, then after 

spatial averaging the number of electrons per resolution 

element is increased by a factor of R. In equation (2.1), 

n will be substituted by RxNcr ' instead of Ncr; where R is 

the number of.repeating unit cells in the rec5'rded image. 

The Rose equation then becomes 

(2.3) 

where ds is the attainaple resolution for the SNAP-shot 

method. 

\ 
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The periodicity of the object can be determined from 

the Fourier transform of the image (chapter 3.1, 3.3), and 

a Markham-type real space superposition procedure (27) can 

be subsequently applied to get the statistically defined 

image. Alternatively, a delta-function filtering performed 

on the reciprocal lattice will yield the same spatially 
, 

averaged image. The mathematical justification for the 

latter approach has been elucidated by Aebiet ru.,. (1). 

2.5 The recording device for a statistically noisy image 

The SNAF-shot method cannot be realized without a re-

cording device that fulfills the following three require-

ments. 

(1) It is canable of amplification of single electron 

events. 

(2) It has a high value of Detective Quantum Efficien-

cy (DQE),where DQE = rec rded ima e 
electron beam 

fluctuations in the 

image are caused only by the statistical fluctuations of 

the electron beam. 

(3) It has a large detector area for data collection. 

2.6 Improvement in resolution by the SNAP-shot method 

Assuming the dimension of the image area is AxB, and 

that of the unit cell is axb; then the maximum number of 

repe~ting units, R, can be expressed as 
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R = 

where r = (A·B)/(a.b), the ratio of image area to the unit 

cell area; J\1 is the magnification. 

Equation (2.3) becomes: 

d M. 5 
> -:r 1 

s - r2 C(fN )2 
cr 

(2.4) 
.. . 

where d is the attainable resolution before spatial aver

aging. ds cannot be made arbitrarily small by decreasing 

M, because of the finite size of the minimum picture ele-

ment (p) that can be resolved on the recording medium. 

Thus the additional condition 

. Mds ~ p (2.6) 

must also be satisfied. Equation (2.5) can be written with 

a trivial change as 
·2 Md 
d· > ~ • d. s - ~ r2 

Then, substituting Md s by p, it becomes 

d2 
> ~ s - r2 

. d 

1- .1. 
or ds 2l?T d2 (2.7) 

r 4 

Equation (2.7) expresses the best possible improvement in 

resolution, when the optimal choice of magnification is 

~' 
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used. 

The following is a calculation using typical values to 

illustrate the improvement in resolution. Assuming p = 
106 i, AxB = (9 cm x 9 cm) = 81 x 1016 i2, and axb = 
(100 i x 100 i), equation (2.7) becomes 

J.. 
d 2 

ds >-- 3 

ds has a square root dependence on d, and is expressed in 

units of jngstrom. dlds can be used as a measure of im

provement in resolution. Several values for d, ds and dlds 
are listed in table 1. The improvement in resol~tion be-

comes less significant as d becomes smaller. 

2.7 Extending the SNAP-shot method to non-periodic image 

features 

'Extension of the method to non-periodic objects is 

theoretically possible. Frank (13) has proposed a proce

dure of matched filtering, by which noisy images of objects 

that have identical structure can be recognized and loca

ted. A cross-correlation procedure can then be used to 

place the noisy images in correct register, and the defined 

image is constructed from the superposition of the required 

number of noisy images. 
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TABLE 1 

Predicted Improvement in Resolution by the SNAI'-shot Method* 

Attainable Resolution 
at Critical Exposure 

d(~ ) 

100 

25 

9 

4 

l' 

Attainable Resolution 
of SNAP-shot ~ethod 

, 0 
ds (A) 

).) 

1.6 

1.0 

0.7 

0.) 

Improvement 
by SNAf

shot ~~ethod 
d / ds 

)0 

15 

9 

5.7 

).) 

*Yaluesof d are initial, arbitrary values, and values for 
ds are the corresponding results for optimal magnification 
with the assumption of typical specimen parameters and de
tector resolution as listed in the text. Altering these 
'Oarameters will of course give new values for d .. - s 
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CHAPTER :3 

PRELlrINARY STUDIES OF THE SNAP-SHOT METHOD 

3.1 Numerical Simulation of a SNAP-shot 

The feasibility of the SNAP-shot method was first 

tested by a numerical simulation with the computer. The 

specimen was assumed to have a checker-board nattern (fig

ure 1) which was represented in the computer by a square 

array of 128 x 128 points. Incident electrons were simu

lated by generating numbers of value 1, which were added to 

elements of the array in a random fashion, thereby generat

ing the resulting noisy image. Initially, all 128 x 128 

elements were set to zero. The stochastic distribution of 

events was arranged such t,hat the probability of an event 

falling on the dark area was twice that of an event falling 

on the light area. Figure 2a is the resulting statistical

ly noisy image of the checker-board pattern, which has been 

displayed through a 3-D perspective, Calcomp plotting rou

tine. From the power spectrum of the noisy image (figure 

2b), the periodicity of the object was determined by mea

suring the vectors in the reciprocal lattice. Spatial aver

aging was done as follows: A real space lattice was super

imposed on the noisy image, and the coordinates of each 

single-electron event were determined within its unit cell. 

Next all single-electron events were referred to their ap

propriate pos"i tions in one given unit cell. The pattern of 

I 
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Fig. 1 A checkerboard pattern. Dark area has a value 
of 2, and light area has a value of 1. Thispattern 
is represented in the computer program by a 128 x 128 
array. 

XBL753-4791 
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XBB 751~55 
Fig. 2. Computer simulation of SNAP-shot method. 
a. A 3-D perspective, Calcomp plot of a statistically 
noisy ~mage of the pattern in fig.: 1; b. the power 
spectrUm of the statistically noisy image; c. the 
spatially averaged image. 

~ 
'.() 



20 

the statistically determined unit cell was then repeated 

over the entire 128 x 128 array (figure 2c). 

3.2 Image Intensifier 

Application of the SNAP-shot method to experimental 

data was first attempted on data recorded by a commercially 

available image intensifier. The camera is of the Secon

dary Electron Conduction (SEC) vidicon type (Quantex Corp. 

Mountain View, Calif.). The camera is preceded by a one 

stage, electrostatic intensifier tube with a measured pho

ton gain of 40. The intensifier looks at a scintillator 

screen, and fiber optics coupling is used throughout. 

The amplified images were stored on a video disc re

corder (VAS Ltd., Sunnyvale, Calif.) in consecutive frames. 

A selected frame was then continuously replayed to allow a 

slow-scan converter to sample and digitize the recorded 

image. The digitized data were stored ona magnetic tape 

to be used as input to a spatial averaging computer pro

gram. The flow diagram for data acquisition is shown in 

Fig. 3. 

In order to determine the detection efficiency of the 

image intensifier an arbitrarily chosen video line was dis

played on an oscilloscope. The number of peaks above the 

threshold level were counted as electron signals. The de

tection efficiency was found in this way t'o be only 2or~ 

(26). 
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ELECTRON 
MICROSCOPE 

l~ 

IMAGE 
INTENSIFIER 

l 

VIDEO DISC .. TV , 

RECORDER MONITOR 

-
MAGNETIC SLOW SCAN 

TAPE CONVERTER 

,~ 

COMPUTER 

XBL 753-4790 

Fig. 3 Diagram of the image intensifier system 
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A carbon replica of an optical diffraction cross-gra

ting with a period of 54800 lines per inch (purchased from 

Pelco) was·imaged at a magnification of 1600 a!ld an expo-
-4· / 2. . sure of 3 xlO electron ~m. The 1mage data were digi-

tized as described above, and stored onamagnetic tape. 
, 

3.3 Com~uter processing of image data 

Processing of statistically noisy images of periodic 

specimens was carried out on the CDC 7600 and 6600 computers 

at the Lawrence Berkeley Laboratory. Figure 4 shows, the 
, 

flow diagram of the SNAP-shot data processing system. Us-

ing the 7600, digitized data were read in from magnetic 

tapes into a 2-D array of image intensities. The Fourier 

transform of the array is genera ted using the Radix IY~ix 

algorithm, described by Singleton (39). This recently de-
"-

veloped algorithm removes the restriction that the dimen-

sion of the array should be powers of 2; furthermore, an 

array of odd dimensions can also be transformed. At pres

ent ,the c.omputer program developed for this thesis is ca

pable of Fourier transforming an array of 320 x 320 points, 

giving the amplitudes and phases of the diffraction pat-, 
tern. 

Due to the periodicity in the specimen, there will be 

diffraction spots of high intensity rising above the noise 

level. To ensure unambiguous determination of the Fourier 

peak positions, we employ an interactive-display system im-

.,~ 
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I+--Imagedata from IMAGE INTENSIFIER or from 
'--__ .--_~! AUTOMATIC SCANNING DENSITOMETER 

- - - ---------------------------- ------------_ ....... _--------------
CDC 7600 
SNAP-shot 
Main Program To microfilm 

Z-MODULATION DISPLAY 
OF IMAGE OR 

POWER SPECTRUM 
I- I SPATIALLY AVERAGED IMAGE 

FOURIER TRANSFORM 

CDC 6600 

WRITE FOURIER TRANSFORM 
ON MAGNETIC TAPE 

-InteractIVe Phase I DISPLAY POWER SPECTRUM 
ON Tektronix STORAGE 

SCOPE AND INTERACTION 
WITH VIEWER 

REGISTER POSITIONS 
OF SELECTED PEAKS 

SEARCH FOR PEAKS 
IN FOURIER TRANSFORM 

CONFIRMED POSITIONS 
OF DIFFRACTION SPOTS 

INVERSE 
FOURIER TRANSFORM 

Fig. 4 Diagram of Computer Processing System 
XBL 75)-4789 

N 
W 

r 



24 

plemented on the CDC 6600. Viewing the power spectrum on a 

Tektronix storage scope (Model 4010), one can select the de

sired peaks by moving an x and y cursor, so that two lines 

intersect over the point o~ interest. Hitting a speci~ied 

key on the keyboard causes the position o~ the peaks to be 

registered. The coordinate numbers thus obtained are com

pared with those generated by a separate subroutine in the 

7600 program which searches ~or Fourier peaks, and lists 

them in decreasing order, according to the peak values. 

This combined approach is especially useful when there are 

numerous peaks. 

Spatial averaging is done by setting the value of each 

diffraction spot equal to the average of all points within 

an area chosen around the spot, and setting to zero all 

other points. The diffraction pattern is then inverse 

Fourier transformed to give a spatially averaged image. 

The computer processing time for Fourier transforming 

a 320 x 320 array, going through the interactive phase. and 

spatial averaging amounts to 50 seconds in the 7600 and 10 

seconds in the 6600, at a total cost of $US 25.00. 

Z-modulation display of the original noisy image, its 

calculated power spectrum and the averaged image (figure 5) 

can be plotted on 35mm film via the computer program using 

a CRT plotting device, the VISTA 250. At every element of 

the array, the intensity is converted to a discrete number 
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Fig. 5 a. The Z-modulation display of a statistically 
noi sy image of a carbon replica of an optical 
diffraction grating, recorded with an image intensifier; 
b. power spectrum of the statistically noisy image; 
c. the spatially average~ image • 
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of grey-levels, and for each unit of greyness, one dot is 

plotted onto the film. The dot is situated randomly within 

the corresponding picture element. The VISTA is capable 

of plotting 1024 x 1024 points. In the display of a 128 x 

128 array, one picture element occupies an area of 8 x 8 

points. In this case, one expects a maximum of 64 grey

levels. Unfortunately, due to a certain amount of spread

ing in the dots on the CRT, an 8 x 8 picture element is sat

urated after 16 dots are plotted, so only 16 grey-levels 

can be realized. Of course, one can always display an ar

ray of a smaller number of picture elements, thus increas

ing the allowed size of the picture element and thereby the 

attainable grey-level. 

).4 Results with the image intensifier 

The computer display of the noisy image of a cross 

grating, recorded with an image intensifier, is shown in 

figure 5a. The power spectrum was calculated and displayed 

(figure 5b) . Figure 5c is the averaged image. The array 

size for these figures is 128 x 128. Due to the low con

trast of the object and the small signal to noise ratio in 

the image intensities, the calculated values for the peaks 

in the power spectrum are very weak, and do not even appear 

in a normal mode of display. An enhancement procedure in 

the computer program was used to make the location of these 

low value peaks visible. The enhancement routine involves 
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the following steps, 

(1) Set all elements in the array that are above a 

threshold value to be equal to this threshold value. 

(2) For every array element, apply a non-linear rela

tionship between its grey-level and the actual number of 

dots plottedt Number of dots plotted for the ith element = 

(
greY-levei at the ith element) N 

maximum grey-level x maximum grey-level, 

where N is a positive integer. We find tnat the larger N 

becomes, the more noise is suppressed in the display. In 

figure 5b, N was set to 4. The accompanying grey-scale il

lustrates the effect of such an operation. 

The averaged image shown in figure 5c was obtained by 

including the 5 conjugate pairs of diffraction spots and 

the zero order term in the inverse Fourier transform. 

3.5 Evaluation of the image intensifier as a SNAP-shot 

recorder 

Analysis of noisy data collected by an image intensi

fier demonstrated that spatial averaging is possible. How-

ever, the use of an image intensifier cannot be easily ex

tended to higher resolution work. The limiting factors 

area 

(1) It is clear that for a given critical exposure, 

statistics can only be improved by averaging a large image 

area. At present, the window size of the image intensifier 

is limited to 1 inch in diameter. 
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(2) With an efficiency of only 20%, too many of the 

signal electrons are lost. 

(3) Distortion of the image by the field aberrations 

within the television camera, which introduces a spreading 

of the diffraction spots, can produce artifacts in the 

averaged image. This artifact is present in the averaged 

image of a carbon grating (fig. 5c). 
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CHAPTER 4 

PHOTOGRAPHIC ErilUSIONS 

Valentine (52) found that the photographic emulsion is 

a very good recording medium for the electron image, in 

that every silver halide grain hit by an electron is ren

dered developable. An ideal emulsion for our purpose would 

be one that has a developed grain size between 10 \..1m and 25 

\..1m in diameter, and a value of DQE equal to 1. On such an 

emulsion, one electron would create a developed area suffi-

ciently large to be detected by a scanner with a 25 \..1m spot 

size. Such an emulsion would serve as an ttimage intensi-

fier tt with 100% efficiency. A few of the commercially 

available fast emulsions were investigated. 

4.1 Determination of grain size and fog level 

Unexposed photographic emulsions were developed and 

grain sizes were measured under a light microscope. Table 

2 lists the various emulsions selected for study, the de

veloping conditions, and the resulting grain size observed. 

Fresh developer was used in all cases. The fog level of an 

emulsion was determined both by measuring the optical den

sity of the unexposed area and by -counting the number of 

fog grains in an area of (100 \.lm)2. Results are listed in 

Table 2. Figure 6 shows the developed grains in the emul

sions studied. 

No screen X-ray film (HSX) and Royal-X Pan film (RX) 



TABLE 2 
Emulsion Development TemP85ature Grain Size FOr Count* Fog Optical 
(Abbreviation)and Time(minute) (micron) in 100}.!.m)2 Density 
Developer 

1. Kodak Electron 5 20 <1 50 < 0.1 
lmare Plate ("ElP) 
HRP 1:4)+Antifog 

2. Kodak Blue-Brand 1 20 2-4 120 0.1 
Medical X-ray 
Film (MX) 
HRP(1:4)+Antifog 

3. Kodak No Screen 7 20 2-10 280 0.4 
X-ray Film (NSX) 
Kodak Liquid X-ray 
Developer 'vJ 

0 

4. Kodak Ro1al-X Pan 6 20 2-10 240 0.4 
Film (RX 
OK-50 

5. Kodak Nuclear Track 
Emulsion (NTB2) 

10 20 0.26** < 0.1 

0-19 

-!}Values given are only a rough estimation 
{~*Taken from Kodak Technical Pamphlet No. p-64 

~ 
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Fig. 6 Fog grains in the emul sions studied. 
a. Kodak Electron Image Plate; 
b. Kodak No Screen X-ray Film; 
c. Kodak Blue-Brand Medical X- ray Film; 
d. Kodak Royal-X Pan Film. 
e. Kodak Nuclear Track Emulsion ( type NTB2 ). 
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have large grain sizes, but the fog levels are so high that 

either emulsion would be inefficient as a recorder of sta-

tistically noisy images. Medical X-ray film (MX) has a 

reasonably large grain size (2-4 microns), and a tolerable 

fog level; it was for these reasons that earlier efforts 

were concentrated on the study of MX film. 

4.2 Statistically noisy image on medical X-ray film 

Noisy images of uranyl-stained catalase recorded on It:X 

film at the magnification of x40,OOO and exposure of 10-3 

electron/~2 were scanned and subjected to computer analy

sis. The calculated power spectrum displayed no indication 

of periodicity in the object. This was found to be caused 

by (1) the large number of fog grains (10-2 grains/~m2), a 

value exceeding the number of developable grains resulting 

from the electron exposure. (2) The grain size was too 

small, and the scanner was incapable of detecting a change 

in optical density on the film due to only one electron 

event. . 

4.3 Removal of fog grains in medical X-ray film 

Additive noise from the image recorder introduces 

error in the calculated values of the diffraction spots. 

Furthermore; the weaker diffraction spots may be "buried" 

in the noise and cannot be recognized. For these reasons, 

various methods have been tested for their effectiveness in 

removing the developed fog grains in the IviX film: 
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1. Antifog was added to the developer, but there was no 

noticable reduction in the total number of fog grains; in

stead, it caused a reduction in the developed grain size. 

2. Based on the assumption that the fog grains might be 

due to grain-surface latent'image specks, formed during 

manufacturing and aging of the film, the MX film was sub

jected to bleaching (43) with an acid dichromate bleach 

(K2Cr207 1.9 gro/l, H2S04 1.25 gm/l) for 1 minute, followed 

by a 3,0 minute wash in running water. The film was air

dried and dessicated with P205 in vacuum before use. It 

was noted that photographic emulsions tend to have in

creased fog level if the conditions of drying were not op

timal. We found that a condition of fast drying and low 

humidity was favorable. In addition, special care was 

taken to minimize stresses and movements of the emulsions. 

Nevertheless, streaks of dense fog were often found on the 

developed films. The advantage of bleaching, if any, was 

more than offset by the creation of the new fog. 

3. MX film has emulsion coated on both surfaces of the 

acetate sheet support. The emulsion on the bottom surface 

of MX film contains a high level of fog, caused partially 

by secondary radiation generated during exposure in the mi

croscope • . After exposure in the electron microscope, the 

bottom layer emulsion was removed by placing it in close 

contact with a piece of blotting paper saturated with Kodak 



34 

fixer. After 5 minutes of fixing , the film was washed for 

5 minutes, and developed. 

In the subsequent experiments, the ~edical X-ray films 

used were not bleached before exposure in the electron mi

croscope, but the bottom emulsion layers were always re

moved just before development. The problem of detecting 

single electron events by a scanning microdensitometer 

still remains. In the following section, we investigated 

the possibility of amplifying the electron signals by in

fectious development (41). 

4.4 Infectious development of medical X-ray film 

It was found that when hydrazine compounds were added 

to alkaline developers, previously unexposed silver halide 

grains in the vicinity of the exposed grains became devel

opable (41). This effect was termed "infectious develop

ment". We experimented with infectious development on 

Medical X-ray film using Kodak developer D-8, varying the 

amount of hydrazine dihydrochloride (N2H4 ·2HCL) in the de

veloper. When the concentration of hydrazine was 0.25 

gm/lOOO cc, clusters of grain ranging from 10-25 microns in 

size were formed (figure 7a). Development proceeds rapidly 

at room-temperature, and was completed within 15 seconds . 

The progress of development can be monitored visually by 

observing the amount of darkening under a safelight (Kodak 

safelight filter No.2, dark red). Development was stopped 
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Fig 7 a. ' Infectiously developed Kodak Medical X-ray 
film. The right half of the picture represents area 
unexposed to el~ctrons. b. Infectiously developed 
Kodak Nuclear Track Emulsion ( type NTB2). The 
right half of the picture represents area unexposed 
to electrons; the left half had been exposed to 
IO'e-rm~. 
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when the optical density was estimated to reach a value 

between I to 2. By developing at looe, the time of develop

ment can be lengthened slightly to I minute. Inherent fog 

grains also served as a center for infectious development, 

and this is evident in figure 7a, where the unexposed area 

of the MX film is populated with many grain clusters. In 

general, development of fog grains can be suppressed by 

lowering the temperature. However, for rliX film, when it is 

infectiously developed at IOoe, there was no noticeable 

reduction in the number of grain clusters (fog) in the un

exposed area (figure 7a). 

The major obstacle in choosing larger grain emulsions 

(NSX, RX and MX) as a recording medium of statistically 

noisy images is the existence of inherent high fog level in 

these emulsions. Infectious development was also tried on 

smaller grain emulsions. On EIP, a developing condition 

for the clustering phenomenon was not found. Preliminary 

results with Kodak Nuclear Track Plates, type NTB2 (25 

micron emulsion thickness), indicated a favorable outcome; 

a more detailed discussion of NTB2 emulsion is presented in 

the next chapter. 

4.5 The use of phosphorescent screens to amnlify the elec

tron signals 

Phosphorescent materials emit . photons upon excitation 

by energetic electrons. The possible use of these mater-
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ials as electron signal amplifiers was tested with zinc 

sulfide and plastic scintillators. Photographic emulsions 

(ElF and MX film were used) partially covered by ZnS or 

plastic screens, were exposed to 4x 10-3 electrons/~m2 in 

the electron microscope. After development, the optical 

densities of different areas of an image plate were record

ed and compared. A higher optical density value in the 

area directly beneath the phosphorescent screen would indi

cate that the screen can be useful as a single electron 
I 

signal amplifier. 

Zinc sulfide screens were prepared by the following 

method. A measured quantity of zinc sulfide (Type GN3P, 

Levy West Laboratories Ltd., Harlow, England) was added to 

a solution of iso-amyl-acetate (CH 3COO C5Hll ) containing 

10% collodion. The suspension was poured into an evapora

ting dish, and the phosphore was allowed to settle onto a 

glass cover slip placed at the bottom of the dish. The so-

lution was allowed to evaporate over a period of 24 hours, 

leaving a thin film of the desired thickness on the glass. 

Screens of 40, 26, 10, and 5 mg/cm2 thicknesses, were pre

pared in this manner. 

Results from using ZnS screens of different thick

nesses on MX films are listed in Table 3. For an initial 

exposure of 4 x 10-3 electrons/~~2,the highest optical 

density measurement, 0.65, was taken from an area directly 



TABLE 3 

Optical Density Measurements on Medical X-ray Films with the Use of ZnS Screens 

Screen Th~ckness 
(mg/cm ) 40 26 10 5 * 

Exposure 2 
(eiectrons/llm ) 4xlO- 3 4xlO- 3 4xlO-3 2xlO- 3 10-3 4x10-3 4xlO-3 

Optical Density 0.25 0.4 0.65 0.35 0.25 0.4 0·3 

*Measurement taken from an area not covered by the screen. 

VJ 
co 
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beneath a screen 10 mg/cm2 thick. Compared to the optical 

density in the area not covered by a screen,there was a 

2-fold increase in the optical density. Thus, the optimum 

thickness of the ZnS screen was taken to be 10 mg/cm2 • 

Using a 10 mg/cm2 thick screen, the amplification of 

electron signals was tested, on MX film, at decreasing ex-
3' 2 posures (table 3). At 2 x 10- electrons/~m, the measured 

optical density just beneath the screen was about equal~o 

that of the unscreened area of the film. At 10-3 electron/ 

~m2, the density was less than that of the unscreened area. 

This last result must be accounted for by the fact that 

electrons do not penetrate the screen, and also by the fact 

that the small number of photons generated by this level of 

electron exposure is not enough to render silver halide 

grains in the emulsion developable, a phenomenon due to 

reciprocity law failure of photographic emulsion (30). 

Experiments using a 10 mg/cm2 ZnS screen on the Elec

tron Image Plate exhibited no evidence of increased optical 

density in the area covered by the screen, when the expo

sure was 4 x 10-3 electrons/~m2. Results from using plas

tic scintillators of different thicknesses on both }\IX film 

and EIP were negative. 

From the above discussions, we concluded that, pro

vided the electron exposure at the image plane is not lower 

than 4 x 10-3 electrons/~m2, a Zn,S screen of appropriate 
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thickness can be useful as an electron signal amplifier. 

When it becomes necessary to operate at an exposure less 

than 4 x 10-3 electrons/)..Im2, an alternative method must be 

used. 
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. CHAPTER 5 

KODAK NUCLEAR TRACK EMULSION (TYPE NTB2) 

Kodak NTB2 plates have a DQE value of 1 at high elec

tron exposure (0.1) electron~m2 - specified in the Kodak 

data release sheet). When processed in the manner recom

mended by the manufacturer, 80 Kev electrons form tracks 

between 10 ~m and 25 ~ m in length. If developed infec-

tiously, clusters of grains were formed. It has been found 

that hydrazine compound, added to an alkaline developer 

such as D~8, ~nduces development of unexposed grains in 
. . 

the vicinity of exposed grains (41). < One can conclude that 

the grain clusters noted in the NTB2 emulsion are the re

sult of local fogging in the vicinity of a developed track 

(figure 7b). For exposures of 10-) electron/~2 and lower, 

it is necessary to suppress undesirable fogging by carry

ing out the development at a temperature as low as 4oC. 

Under this condition,the background can be kept to a very 

lowlevel.(figure 7b, 8). 

Due to difficulties encountered with long delivery 

times, the frequent presence of cosmic-ray tracks (figure 

6e), and the high cost of Kodak manufactured NTB2 plates 

($).l)/plate), subsequent experiments have so far been 

carried out with photographic plates prepared in our lab

oratory. Gelatin coated glass plates prepared in advance 

were used for coating the emulsion. The gelatin coat is 
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Fig. 8 Optical density of NTB2 emulsion plotted against the 
time of infectious development. The NTB2 plates 
were subjected to different levels of electron exno
sure. A. 10-2electron/~m2; B. 10-Jelectron/~m2-i 
c. lO-4electron/~m2 i D. fog.. . 
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necessary in providing firm adhesion between the emulsion 

and the glass. The choice of gelatin often affects the 

emulsion sensitivity and fog level (4); therefore, it is 

essential that only photographic gelatin be used for this 

purpose. 

Procedure for preparing gelatin coated glass: 

(I) Add 5 gm of Ilford photographic gelatin to 200 ml of 

distilled water. 

(2) "Let the gelatin gradually swell in the water; this 

takes about 2 hours. The swelling period is necessary 

for gelatin to completely dissolve in the water. 

(J) Add distilled water to reach a total volume of one 

liter. 

(4) Add 25 ml of J% Potassium Chrome Alum, and 4 drops of 

Kodak Photoflo 200 to the gelatin solution. 

(5) Place the mixture in a hot water bath (about 600C). 

and stir gently to avoid forming bubbles. 

(6)" Dip a cleaned 4" x Ji" glass plat"e into the warm so

lution. 

(7) The gelatin coated glass is then removed and air

dried on a rack. 

Procedure for coatingNTB2 emulsionl 

The emulsion can be purchased from Kodak in 4 oz. 

bottles. The emulsion is first melted in a J7 0 C water bath 

for 1 hour, and the gelatin coated glass plates are warmed 
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to 5000 on a hot plate before coating with emulsion. Then 

the following steps are carefully executed: 

(1) Balancing a glass plate with one hand, pour approx

imately 10 cc of melted emulsion onto the center of ' a 

gelatin coated glass plate. The plate is then tilted 

slowly in all directions- so that the emulsion reaches 

all four corners. This is followed by draining the 

emulsion back into the container, so that only a very 

thin film of emulsion is left on the plate. This step 

is important to ensure even spreading of emulsion in 

the following operation. 

(2) Pour 2 cc of emulsion onto the center of the glass 

plate, tilting the plate in all directionsuritil it is 

evenly coated with the emulsion. 

(3) The coated plate 1.s then air-dried on a level surface 

in a dust-free environment. 

(4) This is followed by dessicating the plates thoroughly 

with dessicator (type hurni-cap, Driaire Incorp., Conn.) 

for two days in a light tight box. Plates ,are again 

dessicated in vacuum with P205 before use. 

To determine the emulsion thickness of these plates, an un

exposed plate ,was developed and examined under a light 

microscope. Imaging on the gelatin layer, the amount of 

defocus in going from the gelatin-glass interface to the 

gelatin-air interface was determined. This value was then 
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compared to that of a Kodak manufactured NTB2 plate of 25 

l-Im thickness. The emulsion thickness for the home:'made 

plate was also found to be approximately 25 l-Im~ 

Procedure for infectious development of NTB2 emulsion: 

(I) Develop first in 0-19, atlOOC, for 20 minutes. 

(2) Immediately transfer the plate to D-8, which i-s main

tained at a temperature of 4oC •. Hydrazine dihydro

cl?-loride (N2H4 ·2HCL), in the amount of 0.25gm/lOOO 

cc, has been added to the 0-8 developer to cause in

fectious development. 

(3) The time of development in D-8 varies with the expo

sure.. The progress of development is closely followed 

by observing the gradual darkening of the emulsion 

under a safe light (Kodak safe light filter"No. 2), 

and" it is stopped when the " emulsion reaches an appro

priate darkening that corresponds to a developed opti

cal density between 1 and'2. The time of development 

is much longer than that of Medical X-ray film, there-

, fore termination of~development can be controlled more 

accurately (figure 8). 

(4) The plate is then rinsed in running water for 30 sec

onds; prolonged washing causes an increase in the fog 

level. 

(5) Fix in Kodak fixer for 15 minutes, and wash for 1 hour. 

Developer containing hydrazinecompound oxidized rapidly; 
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therefore it is made up immediately before use and is not 

stored or reused. An infectiously developed NTB2 plate, 

exposed to 10-3 electron/lJm2 , is shown in figure 7b. 

5.1 Electron Microscopy 

Experiments were performed on a JEM 100B electron 

microscope, operating at 80 Kev. The exposures were mea

sured- at a plane just below the photographic plate, using 

a lithium-drifted silicon detector. The detector counting 

efficiency has not been d.etermined accurately, when com

pared to the readings from a Faraday cage, it was found to 

be approximately 80% efficient (22). We have not corrected 

for the counting efficiency in the data presented here. 

A condition of low beam current was achieved by using 

a moderately small condensor aperture (200 micron), and 

setting the bias to the lowest possible value. During the 

recording of statistically noisy images, the field limiting 

aperture was used to protect one area of the image plate 

from the electron beam, so that the fog level could be 

assessed for each individual plate. 

Commercial preparation of bovine liver catalase (C.F. 

Boehringer & Soehne, Mannheim) was recrystalized by the 

method described by Wrigley (54). A drop of catalase crys

tals in suspension was placed on top of a formvar coated 

grid, and the crystals were allowed to settle on tJ:le film. 

The excess solution was drained off, and a drop of aqueous 
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2% uranyl acetate· was added. The stain was left on the 

grid for 1 minute, and excess liquid was drained off thor

oughly to prevent build up of stain around the protein 

crystal. The grid was coated with a thin layer of carbon 

film (about 100 j thick) to prevent specimen charging. 

5.2 Optical ,diffraction and microdensitometry 

Optical diffraction patterns of images of uranyl 

stained 'catalase are obtained on an optical bench that has 

been assembled in-house and features a neon-argon laser 

beam that is expanded to a diameter of 2 inches. Due to 

the aberration of lenses along the laser path, only an 

area 1 inch in .diameter in the center of this field is 

useful for diffraction •. Diffraction patterns were recorded 

on Polaroid films with a Graflex camera. 

Optical densities of developed NTB2 plates were mea

sured with a Joyce Loebl Microdensitometer, Model MK IIIC. 

Owing to the low exposure and the infectious development, 

the emulsion exhibited considerable graininess, causing a 

large fluctuation in the optical density readings. 

Photographic images were also scanned with an auto

matic microdensitometer, assembled by the Remote-sensing 

research group of the University of California, Berkeley. 

Scanning spot size was estimated to be 25 ~m. Digitized 

data were recorded on magnetic tapes for processing in the 

computer, as described in chapter ). 



5.3 Signal amplification and noise suppression on the NTB2 

emulsion 

The effect of infectious development on signal and 

noise can best be studied from an optical density versus 

development-time plot (figure 8). Data were obtained from 

Kodak NTB2 plates. The plates were subjected to varying 

electron exposures in the electron microscope, with no 

specimen in the beam. A field limiting aperture was used 

to block electrons over one area of the plate, from which 

the background fog levels could be determined. ,For expo

sures of 10-2 and 10-3 electron/11m2, when the densities' in 

the exposed areas were developed to values as high as 3.6, 

the fog level remains unchanged. It is also interesting 

to note that there is a good signal to noise (fog) d,is-
-4 . 2 

crimination even for exposures as low as 10 electron/11m' 

(figure 8). 

5.4 Grating resolution of NTB2 emulsion 

The point resolution of an emulsion is normally de

termined by finding the smallest distance between two 

points that can be resolved. This procedure cannot be 

applied to a statistically noisy image. An objective way 

of determining resolution would be to image a periodic ob

ject of high contrast and small repeat distance. The high

est resolution spot in the diffraction pattern then corres

ponds to the emulsion resolution. Not to be confused with ' 
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point resolution, the value thus obtained is referred to 

as "grating resolution" in this thesis. Uranyl-stained 

catalase is a satisfactory specimen for this purpose, al

though using a specimen of higher contrast might yield . 

smaller values for the grating resolution. It should be 

stressed that emulsion speed is usually increased at the 

expense of degrading the emulsion resolution. 

Resolution of infectiously developed NTB2 plates var

ies with the electron exposure. To determine the emulsion 

resolution, uranyl-stained catalase was imaged at different 

exposures, followed by infectious development until the 

optical density reaches a value between 1 and 2. The mag

nification was chosen such that the available object reso

lution was always better than the estimated emulsion reso

lution. The optical diffraction patterns (figure 9) of the 

catalase images give the values for the grating resolu

tions. Using the same criteria in all cases, the grating 

resolution was also determined for both Medical X-ray film 

and Electron Image Plate (developed in 112 HRP for 5 min

utes for maximum speed). The results are listed in table 

4. 

5.5 Present status of experimental results with NTB2 

Preliminary work has been undertaken to use NTB2 emul

sion for getting SNAP-shot data. Photographic plates coated 

with NTB2 emulsion were used to record statistically noisy 
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Fig. 9 Diffraction patterns of the images of 
uranyl stained catalase crystals recorded on different 
emulsions: 
a. on NTB2, at the mag~ificatton of 10,000, and at 

the exposure of 4xlO e-~m; 
b. on NTB2, at the magnification of 20,000, and at 

1 -l. / .. the exposure of ° e - tf'm; 
c. on NTB2, at the magnification of 20, 000, and at 

the exposure of 10-'e - V-m""; 
d . on No Screen X-ray Film, at the magnificat ion of 

4 - 1. / .. 10,000, and the exposure of xlO e- ij'<m; 
e. on Kodak Electron Image Plate, at the magnification 

of 10,000, and exposure of ° ,.25e -~m~ 
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TABLE 4 

Determination of Grating Resolution 
of Infectiously Developed NTB2 

Emulsion Type Exposure 2... Magnification 
(electron/lJ m--) 

Grating Reso
lution 

(microri)* 

EIP 0.25 
(1:2 HRP) 

NSX 0.04 

NTB2 0.04 

NTB2 0.01 

NTB2 0.001 

xlO,OOO 

xlO,OOO 

xlO,OOO 

x20,OOO 

x20,OOO 

21 

28 

21 

43 

86 

*Upper-bound determined experimentally. Limiting grating 
resolution, especially for high contrast structure, may 
be smaller than these values. 
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images of uranyl stained catalase crystals. The technique 

of microscopy that we used is similar to the minimum beam 

method (55), except that the specimen exposures never ex

ceeded the value of 3 electrons~2. Each exposure was fol-

lowed by recording the same image area on a Kodak Elec

tron Image Plate. The structural resolution recorded in 

the images was determined from optical diffraction patterns 

that were taken from areas 2.5 cm in diameter. 

An image of a stained catalase crystal (figure lOa) 

taken at the relatively high exposure (for NTB2) of 2xlO-2 

electron/~m2, contains high resolution crystalline infor

mation out to 10.6 f. The image appears "siatistically 

defined", even though the emulsion exposure is about 50 

times less than the exposure normally used for Electron 

Image Plates. It is interesting to note, in the optical 

diffraction pattern (figure lOb), that the support film 

phase-contrast granularity extends to approximately 5 ~ 

(0.2 j-l). Unfortunately, the corresponding EIP image was 

not obtained for a direct comparison of image information 

on the two emulsions. However, the data on the NTB2 plate 

alone suggests that, by Williams' minimum beam exposure 

technique, high resolution images can be recorded with re

duced exposure if NTB2 plates, instead of EIP, are used. 

An image of a stained catalase crystal recorded on 

NTB2 with much lower exposure is shown in Fig. lla. It was 
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XBB 751-51 
Fig. 10 a. Image of an uranyl stained catalase crystal 

on NTB2, taken at the exposure of 2x10-2 
electron/wn2 , and at the magnification of 
100,000; large black dots are caused by remain
ing bubbles in the NTB2 emulsion; b. diffrac
tion pattern of the image in fig. lOa. 



54 

XBB 751-57 

Fig. 11 a. The statistically noisy image of an uranyl 
stained catalase crystal on NTB2, taken at the 
exposure of 5xlO-Jele~tron/~m2, and the magnifi
cation of 40,000; b. diffraction pattern of the 
image from an area 2.5 cm in diameter . 
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recorded at the magnification of 40,000 and an exposure of 

5 x 10-3 electron/~m2 at the image plane. Figure 12a shows 
I 

the same image area recorded on a Kodak Electron Image 

Plate at an exposure of I electron/~m2. Figure lIb, 12b 

are the respective optical diffraction .patterns taken from 

identical image areas in the two cases. 

Figure lIb indicates a lower resolution even though 

the specimen was less radiation-damaged. The reason for 

this, we believe, is that the total number of electrons 

incident on the NTB2 plate in an area 2.5 cm in diameter 

is too small to give a high resolution, optical diffrac

tion pattern. To further demonstrate this point, an op

tical diffraction pattern from a small area, only 3 mm in 

diameter, of the Kodak Electron Image Plate was recorded 

(figure 12c). This also shows a lower resolution diffrac-

tion pattern. The number of incident electrons included 

in the image area used to produce Figure 12c is approxi

mately 3 times the number of electrons in the image area 

corresponding to Figure lIb. Therefore, it seems evident 

that the resolution present in the optical diffraction pat

tern of the statistically noisy image could be improved 

upon by using a larger area for diffraction. We have not 

yet been able to actually accomplish this directly. The 

principal difficulty encountered is the irregular stain 

distribution over different areas of the crystal. Better 
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Fig. 12 a. Image of the same catalase crystal in fig. lla. 
The image is now recorded on a Kodak Electron 
Image Plate, at the same magnification, but at 
1 electron/~m2. b. Diffraction pattern of the 
image from an area 2.5 cm in diameter; c. Diffrac
tion pattern from an area J mm in diameter. 
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specimen preparation is necessary to provide specimens 

with extended areas of ordered, identical unit cells. 

Nevertheless, we consider the present results to be en

couraging, as they demonstrate that the same resolution 

(in Figure lIb and Figure 12c) has been retreived with 3 

times fewer total number of electrons contributing to the 

data, and at 200 times less exposure to the specimen. In 

the above experiment, it is interesting to note that, con

trary to common belief, the image recorded on a conven

tional Electron Image Plate is in fact a statistically 

noisy image. Only after spatial averaging, such as occurs 

in forming an optical diffraction pattern from a large area, 

can high resolution data be obtained (Figure 12b). 

5.6 Best attainable resolution of the SNAP-shot method 

using NTB2 

The attainable resolution can be considered to vary 

with the magnification either linearly or inversely, de

pending upon the two inequalities that are expressed in 

condition 2.4 and condition 2.6 in Chapter 2. In the case 

of NTB2 emulsion (after infectious development) the emul

sion resolution (p) itself is also an indirect function of 

the magnification, if the exposure at the specimen is as

sumed to be held constant. This necessary assumption leads 

' to the obvious consequence that the exposure in the image 

varies inversely as the square of the magnification; since 
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~he grating resolution of NTB2 increases with decreasing 

exposures (for constant 0.0.), we find the result that 

the grat'ing resolution is indirectly dependent upon the 

magnification. Since the attainable resolution (ds ) ex

pressed by condition 2.6 has both an implicit and an ex

plicit dependence on magnification (M). we have calculated 

ds for several values of r.l , and these values are listed in 

Table 5. 

The two equalities that are contained respectively in 

conditions 2.4 and 2.6 can be plotted as· curves of d vs. s -

M. These two curves must intersect at a point P, as shown 

in Figure 13. In this figure, curve A represents the 

equality d = 5M 1 where C = 0.01, N = 1 electron/ s C (rfN ) 2 
, cr 

K2 and 
cr 

(iogm~)2 f = 1; r is taken to be as previously as-

sumed. Curve B represents the equationds = ~ , where the 

implicit dependence of p on M has been taken into consid

eration: curve B is in fact a plot of the numbers presented 

in Table 5. The ordinate of the point P, where these two 

curves intersect, is the best attainable resolution for the 

parameters and conditions that have been specified. If 

these parameters are changed, then it is clear that the es

timate of the best attainable resolution will also change. 

In the case represented by the curves in Figure 13, the 

best attainable resolution when using KTB2 emulsion is es

timated to be approximately 4 K. 
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TABLE 5i': 

Values of magnification, grating resolution, and 
attainable object resolution used to plot curve 

B in figure 13. 

Magnification Exposure a Grating 
M (electron/].lm--, Resolution 

10,000 

20,000 

50,000 

100,000 

300,000 

1 

0.25 

0.04 

0.01 

0.001 

p (micron) 

20** 

20 

21 

43 

86 

Attainable object 
resolytion 

ds(A) 

20 

10 

4 

4 

2. 8 

*Assuming Ncr = 1 electron/~2, the actual exposure on the 
image plate is calculated for each M, and the correspond
ing grating resolution (p) is found from table 4. Using 
equation 2.6, the value of ds for each M is calculated. 
A plot of ds vs. M is shown in figure 13. 

**Estimated value. 
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5.7 Contrast of infectiously developed NTB2 

The dynamic range of a photographic emulsion is the 

number (g) of distinguishable grey-levels in a resolution 

element. For a fast emulsion, the dynamic range would be 

small, while the opposite is true for a slow emulsion. As 

a result of the smaller dynamic range, the contrast of a 

fast emulsion would have a higher value. This can be dem

onstrated by calculating the contrast (C) between two ad

jacent picture elements, with a difference in optical den

sity exactly equal to Ds/g, Ds being the saturation den

sity. The contrast as 'defined in section 2.), will be 

expressed, as 
C = (Ds/g) = ~ 

. D D.g 

where D is the averaged density of the two picture elements; 

C is found to be inversely proportional to g. 

NTB2 emulsion which is given a low exposure and is 

then infectiously developed will be high in contrast, be

cause it has a reduced dynamic range. Figure 14 shows an 

image of a stained catalase crystal on NTB2, taken at the 

exposure of 0.2 electron/~m2. The large density differ

ence between the crystal and the support film, and the dis

tinct appearance of a layer structure on the crystal are 

the manifestation of the high contrast produced with infec

tious development at low electron exposure. 
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XBB 751-58 

Fig. 14 Image of an uranyl stained catalase crystal recorded 
on NTB2 emulsion, at the magnification of 40,000, 
and the exposure of 0.2 electron/~m2. 



5.8 Evaluation of the NTB2-Infectious development approach 

The advantages of the NTB2-infectious development 
.. 

. method are the following. 

(1) Large image areas (as large as the size of the image 

plate) ought to be included in the averaging • 

. (2) The image is relatively free of distortion, so that 

the periodicity of the structure can be preserved in 

the spatial averaging process. 

(3) Jiigh electron detection efficiency and low fog levels 

are attained. 

(4) The emulsion is capable of a fairly wide range of 

response to varying electron exposures. 

(5) Matricardi ·et ale (29) reported improved sensitivi

ties of No Screen X-ray film, and images were recorded 

with exposures as low as 4 x 10-2 electron/um2• The 

background O.D. was found to be 0.4 •. For the same 

exposure, NTB2 has a smaller grating resolution, and 

the background O.D. is undetectable. This causes 

NTB2 to have a greater dynamic range than NSX. 

(6) NTB2 emulsion has high contrast values, even at very 

low exposures. 

At the present state of the art, some of the disadvantages 

are. 

(1) Unless tne number of electrons incident on the plate 

is known accurately. the time of development in D-8 
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cannot be pre-determined. Progress of development 

must be monitored visually. This means that image 

plates have to be treated individually. 

(2) The gain in sensitivity also enhances the disturbing 

effects of irregularities in the emulsion, such as 

stress marks due to irregular dryirig, and variations 

in the emulsionthickness~ 

Due to the quality of the NTB2 plates prepared in our 

laboratory. we are limited at present by the plate irregu

larities and fog level to exposures of the order of 10-3 
-. . 2 
electron/~m. Preliminary results with Kodak NTB2 plates 

indicated that the prospect of recording at 10-4 electron/ 
2 vm or lower is very-good. 

5.9 Disbussion 

Due to the damaging effect of the inelasticaily scat

tered electrons on organic mole'cules, the images of bio

logical specimens must always be recorded at an exposure 

not exceeding the critical exposure for each type of speci

men in order to obtain high resolution data. As the number 

of incident electrons is reduced, the signal to noise ratio 

in the image intensity also decreases, so that only low 

resolution image features can be detected. For peiiodic 
-

specimens, the signal to noise ratio in the image intensi ty . 

can be improved upon by spatial averaging of the statis

tically noisy images of all the unit cells. Using typical 
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values for the unit cell dimensions, image area, and re-

corder resolution, we have calculated the possible improve

ment in the attainable resolution by the SNAP-shot method 

(section 2.6), and a significant improvement can be'expec-

ted. 

The feasibility of the SNAP-shot method was tested 

first with a numerical simulation, and then with experimen

tal data taken with an image intensifier. In both cases, 

we have shoWn that it is possible ,to determine the perio

dicity of an object from its statistically noisy image. 

When the period of the specimen is known, the statistically 

Qetermined image can be reconstructed by doing spatial 

averaging within ,the computer.' 

The. SNA~-shot method can best be realized with a low

noise detector, which is capabl~ of detecting single elec

trons, and at the same time has a large area for image data 

collection. NTB2 emulsion was found to be best suited for 

this purpose. With an exposure 1000 times less than that 

required for the Kodak Electron Image Plate, we found that 

it was· possible ,to obtain an image of high optical density. 

y,et with insignificant, fog level. 

The grating resolution of the infectiously developed 

NTB2emuision has been determined, and a. plot of the at

tainable resolution'y§'. magnification indicates 'that using 

the SNAP-shot method, it should be p~ssible to obtain 4 R 
resolution on NTB2, for aperiodic biological specimen with 
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the typical parameter values chosen in section 5.6. 

As indicated previously, better specimen preparation 

techniques are necessary for the, full attainment of high 

resolution by means of the SNAP-shot method. Betterspeci

men preservation is possible by the use of hydrated 'speci

men techniques, both at room temperature ()2), and at liquid 

ni trogen temperature (44) '., Electron' diffraction patterns 

,Of unfixed, unstained, hydrated specimens of catalase'crys

,ta1s showed,2 to 3 I resolution in both studies cited' 
. , 

above, indicating excellent preservation of structure.' 

Specimen hydration can be maintained at room temperature 

by th~ use ,of a differentially pumped hydration stage ()2 )', 

but at this temperature there probably ,is considerable 

brownian motion of the specimen. For this reason, the 

frozen, hydrated specimen technique is more suitable for 

the purpose of' image recording. Taylor (45) of our labora

tory has succeeded in recording images of frozen, hydrated 

catalase crystals using Kodak No Screen X-ray film.Per

iodic structure, in the images was found out to a resolution 

of 21~. Experiments are currently underway, in our lab

oratory, to obtain high resolution image data with frozen 

hydrated specimens, using the SNAF..;shot me'thod. 

The requirement that the specimen be periodic is not 

as severe a limitation for structural investigation of 

biological specimens as it may first seem. Many iriterest-



67 

ing biological specimens are periodic in the native state. 

These included the gap junction or nexus. which is a part 

of.' the cell surface membrane in many types of tissue (20). 

the actin and myosin protein found in striated muscle (23), 

and the gas vacuoles found in bacteria and blue green algae 

(53). The s~rface layer of several bacterial species, 

Spirillum serpens. ,Micrococcus radiodurans. and several 

Halobacterium species are composed of periodic arrays of 

subunits (19.21,40,6). Numerous intracellular inclusions 

have been reported which occur either as normal storage 

particles (12) or as pathological fine structure (48), and 

which exhibit a variety of crystalline or periodic struc

ture. In addition. numerous enzymes and proteins could 

also be crystallized in vitro to fom small crystals suit

able for electron ,microscopic studies. 

After the ~irst draft of this thesis was written. we 

recei ved a pre-print from Unwin and Henderson of the r~iRC 

Laboratory of Molecular'Biology, at Cambridge. England. 

They have succeeded in obtaining 7 ~ and 9 ~ statistically 

noisy image data of purple membrane and catalase crystals 

respectively. Glucose was used to facilitate the in vacuo 

preservation of the specimens. and Kodak Electron' Image 

Plate was used as the image recorder. Their work illus

trates beautifully the potential of the SNAP-shot method 

for high resolution electron microscopy of biological 
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specimens. Our work differs from theirs in that we make 

an attempt to optimize the recording process, whereas Unwin 

aimed at improving the specimen preparation technique and 

used the conventional Electron Image Plate to demonstrate 

the improvement in resolution from a well preserved speci

men. With the use of NTB2 emulsion which we have found 

to be a better recording medium,it should be possible to 

obtain 4 ~ resolution of unstained periodic specimens. 
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APPENDIX 

The following are the listings of the main.programs and 

subroutines used for the data analysis in the thesis. The 

function of the main program and each subroutine is briefly 
, 

described on the page that immediately precedes the listing. 
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. SNAP •••• Thi s is the master program. 1 t reads in the var

ious options from data cards, specified by the programmer, 

and calls the approp~iate subroutines to process the input 

'data on a magnetic tape. The various options are listed 

and explained at the beginning of the p~ogram listing. 

The major subroutines used by the program SNAP to control 

the sequence of operation arez CUT, FILTER, FOURIER, 

.LOOKPD, LPRINT, SCOPE, TVPICT, TVFOU. 
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PROGRAM 5N4P(I~PUT,OUTDUT,TAPe2, 
STAPE9Q=101,TAPE31 

C TAPF2 IS THE INPUT TAPE 
C TApn ••• ~nOI.llIJS OF FOIJRfFR ON·THIS TAPf. IT IS INPUT TAPE TO PR.OGRAM 
C PICTU~E. 
C ALLO~ ~AXI~UM OF S PICTURES 
C NPICT ~U~8ER )F PICTURES(FILES. ON TAPE2 
CITY SeT TO 1 FOR TY nlSPLAY 
C wO,OO NOTHING 
C IHEAOR seT T~ 1, IF THERE IS A HEADER RECORn IN EACH FILE 
C =0,00 NOTHING 
C ICC 0 
C ICUT 1 
C IPICT SET TO 1, FOR 1ST PICTUR.E 
C SET TO 2 FOR 2ND PICTURE,ETC. 
C IXO,IYO BEGIN CUT AT IYOTH WORD OF IXOTH RECORD 
C LGPF.Y NUMBER. OF GREY lEVEL FeR PICTURE DISPLAY 
C IRGEN SET TO 1, ~llL GE~ERAT( RANDO~ PATTERN FOR PICTURE 
C .?,DO NOTHING 
C NAYX,NAVY AVERAGE INPUT DATA BY NAVX COLUMEWISE, AND NAVY 
C ,RO_-WI SEe 
C NPfA~ 1, WILL lOOK rOR PEA~S IN THE FOURIER SPACEClEFT. 
C "0,00 N'JTH I NG 
C NtjA4PK NU~BER OF .PEAKS IN THE LEFT FOURIER SPACE( INCLUDING 
C. 7.ERO OPDER) TO BE INCLUDED IN THE FILTER 
C MINYAl ~INIMtJM VAlUE OF INPUT DATA 
C MAXYAl ~AXIMU~ VALUE OF lNPUT DATA 
C INTYAl AVeRAGED VALUE OF INPUT DATA 
C IROW*JCOL SI1E OF A~RAV TO 8ETRANSFORMED 
C ISCOPE =1, WPITE ~OOULUS OF FOURIER ON TAPE3. 
C =0, DO N~THING 
C IGSCAlf =l,PLOT GREY SCA(E 
C =0,00 ,.,OTH I NG 
C IDII~T =I,FOR INPUT DATA LARGER THAN MAXVAl,OR lESSER THAN 
C MINVAl,SET TO INTVAl 
C 10 0,00 N'lTHING 
C NCOl NlJIo48E~ OF SCANLI NE IN .. FILE 
C ~ROW ~UM8ER ~F ~O~OS IN A SCA~LINE. 
ClAY =I,AVER4GE INPUT DATA BY NAVX.NAYY 
C =0,00 NJTHING 
C ISKIPF NUMSER 1F FILES TO ~E S~IPPEO 8EFORE THIS PICTU~E. 
C =0,00 NOTHING 
C PNl EXPONENTIAL POWER FOR 1~4GE DISPLAY, NORMAllY=2. 
C P~lFOU FXPONENTlAl POWER FOR FOUlnER DISPLAY,NORMAllY=4. 
C FOUMAX CUTnFF FOR FOURIER OISPlAY,4ll0WS 3 VALUES. 

DIM~NSION ~C31,SC32t,JNV(32t,P'5t,TITlE(8t,INPUTC1000,5) 
COMPLEX E 
COMMDN/RUF/N~ll,NAllJ.,IROWT;~XH,NYH,IERR,NPEAK.TITlE 

CO~MnN/AU~11 ROh2, COl2,NAlLF 
CO~MnN/RUF2/ITV,IPR,IAV,I~IRT,IHEAOR,IPRIMG,ISHIF 

C~~~O"'/BUF3/MINVAl,MAXVAl,INTVAl 
co~~o,., EC128,128J 
CO~MnN/BUF4/rpOW,JCOl,lGREy,I~GEN,ISCOPE,IGSCALE,PNl,PNlFOU, 

SPLBl(31,FOUMAXCll 
COMMON/BUFS/CC3,400' 
(~~~CN/TVGUIr.E/TVMODE,TEXTU~E,ITV2 



LAP(;e A(13101lt 
LAPG'E AA(1l72',. 
LARGE R(3,90COI 
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DATA PICT/IOHPICTURE I,FOUR/10HFOURIER I,P/1H1.1H2,lH3,lHIt, 
SlH5/,SHIFT/IOHSHTFT l,lATT/10Hl'TTICE I 
S,FUll/IOrlFULl I~AGE/,AUTDFOU/IOHAUTOFOU I 
S,AVI~G/10HAV I~AGE I 

•••••• 

•••••• 

I TV2=5U>UMIo4Y 
NTAPE-2 
REWIND NTAPE 
REWIND] 

READ 10?, TITLE 
PRINT l03,TITlE 

~EAD lOD,NPlfT,lTV,lHEAOR,lCC,lCUT 
IF(ITV .EQ. 11 CAll TV8GN 
If(ICC .EQ. 1,CAllCCRGN 

4 00 1 l=l,NPICT 
•••••• 

READ 102, TITLE 
Pit. INT 104, TITLE 

•••••• 
RfAD lOO,IPICT,IXO,IVO,lGREY,IRGEN,NAVX,NAVV,NPEAK,IPR,ISTAR~ 

SllINEO.NUMPK,MINVAL,MAXVAl,INTVAl 
S, IR(lW,JC(ll, I SC")PE, IGSCAlE, IDIRT 

•••••• 
READ loo,MRnw,~COl,IAV,ISKIPF 
CALL S~IPFll(~TAPE,ISKIPF' 
rR I NT 11Z, I PIC T 
PRINT 110,~ROW.NCOl,IROW,JCOl,IXO,IYO .NAVX,NAVV,MINVAL,MAXVAl, 

SI NTVAl .lGREY 
PRINT 111,ISKIPF,IRGEN.NPEAk,IPR,IAV.1SCOPE,IGSCAlE,IOIRT,ISTAR, 

HLINEO 
fF(NUMPK .EQ. 01 NUMPK=l 

•••••• 
READ l01,((8(l,J"L=2,3"J=l,NUMPK' 

C POStTION OF PEAKS IN ARRAY B 

•••••• 
, RF.AD l05.PNL,PNLFOU,FOUMAX 

PRIMT l13,PNL,PNLFOU,FOUMAX 
NFRAME=O 
PLAU 2' =P ( I ) 
PlBL (3'=08 
NALl: I ROW'''JCOl 
NALLZ"NALl*Z 
IR(lWT .. tROW*Z 
IiYH= j RQW/2 
NXH=JCOL/2 
NALLF=IRnW*JCnL/4 
ROW2=NXH+l 
COL2=NYH+l 
CALL CUT1A,I~PUT,~RO~~NCOL,IROW.JCOL,IYO,IXO,NTAPE,NAVX,NAVY,ICUT 
If(IFRP.EO.2' CALL E~R 
Pl Al ( 11" PI CT 
CAll TVPICT(l,l,128,120,l,lt 



P~l·l.O 
C4ll TVptCT(I.1,128,128,1,11 
lGPEY"3Z 
CALL TVPICT(1.1.12~1.128, 1, 11 
PNl-Z. 
CAll TVPlcrr 1,l,1Z8,ll8.ltlt 
CAll FOURIER(32C,320,1.-1' 
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CALL TVFOUtl0Q,100,128,lZ8,1,lt 
lGR~Y=16 
CALL TVF~UlIOJ,100,lZS,128,1,lt 
CAll lPRINT'Atl~OW,JCOl,100,100,E.128,128.5,3H"OD ,1.1,e.lPR, 

'2561 
C~LL LPRI~T(A.I~OW.JC~l.lOO.lJO.E.128.128.5,7HCOMPLEX.1,ltE,[PR, 

S2561 
CAll SCOPE(ISCOPE.A.IRnW.JCOL.FOU~AX.2,NFRAME.Ct 
PRINT 109.~FRAME 

CALL lOOKP~(A.IPOW,JCOl.R.[Ct 
1 CONTlNIJE 

IFlITV .EO. 11 CALL TVE~O 

IF(ICC .EO. 11 CALL CeEND 
102 FORMATlSA101 
103 FO~MAT(lHO.8A101 
100 Fn~MAT(ZOI4' 
1~4 FOR~AT(lH1.eA101 
112 FOR~AT(.OPICTURE.,I5.1,13H •••••••••••• ,'1. 

S. SPECIFICATION AND OPTIONS •• 
110 FOR~AT(lHOtlOX,* "'ROW NeOl IROW JCOL [XO IVONAYX 

S NAVY MINVAL MAXVAl INTVAl LGREY.~/,10X.1717' 
111 FORMAT(lHOtlOX.* ISKIPF JRGEN NPEAK IPR lAY ISCOPE IGSCA' 

S~ IOIRT ISTA~ IlI~EO.'.I0X17I7t 
107 F1RMAT(20F4.01 
113 FOR~AT (lHO. 9X ,. PNl PNlFOU FOIJMU.,I, lOX, 12E 1G.l' 
105 FOP~AT(8f10.0) 

109 FnRMAT(IHO.19,. FRAME ON SNAPOUr., 
STOP 
END 
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CUT •••• Transfers a specified section of the scanned data 

from the magnetic tape to .the large core memory. This sub

routine also calls subroutine AVRG which averages the input 

data. 
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SUB~nllT I N~ c: ur (AR , I NPtJT ,Mit:')..,. NeOl, i ROi.,. JCOl ,f4Y, ,",X,·U APE ,NAVX, NAVY 
stCUT, 
cn~~ON/9UF/NALL,NALlZ,JqOWT,N~H~~YH,tERR,NPEAK,TITlE 
COM~PNf6UFll ROWZ, cnlZ~NALlF 
cn"'W)~/tHJF 21 lTV ,I p~, t AV, t DIRT, IHEADR, IPR IMG, ISHIF 
CO~Ma~/8UF3/~INVAl,MAXVAl,tNTVAL 
Ot~ENSION I~PUT(MRO~,NAV~I 

LARGE AR( 1) 

PI.\tNT80 
80 FnR~AT(lHO,.CUT.' 

P~INT 84 
1:t4 FOR~AT(lH ,3H.'" 

IF(lCIJT.EO. 11 GO TO 101 
REA~(NTAPE' IA~(I,,1·1,NAll2' 
RETURN 

101 FNAV-NAVX.NAVY 
IFIM~.LT.lt GOTO 120 
I~IMY.LT.ll GOTO 120 
14X 1 .. M)(-1 
MYZ=MY-NAVY+] 
MYE-MY+NAVY*128 + 1 

,NeaLl = NCOl + 1 
C IF ARRAY TO BE CUT ISTO~ LARGE, RESET DIMENSION 

IFI(NC~L-MX-JCOl.NAVX+11 .IT. ot JCOL-(NCOL-MX+1./NAVX 
IF' I MROw-MY-! ROW.NAVY +11 .If. J I I·ROWs (MROW-MY H ./NAYY 
PRINT83,tRO~,JCOL,MY.~X,NAVy,NAVX ' 

83 fORMATIIH ,*APRAY 01~ENSJON •••• ,15,. 8Y.,15,', 
S * ClIT 8FGI~ AT ••• .,215,/, 
S • ROW AVERAGED BY •••• ,15,', 
I * eel AVERAGED 8Y •••• ,15' 

C GOTO 'FIRST LlN'E RFOIJESHO 
IFCMX .EO. 1) GOTO 30 
CALL SKIPPEC(~TAPE,M)(l,IRECI 
PRINT 82,IRfC 

82 FOR~AT(lH ,*NO. OF RECORDS SKIPPED •••• ,15. 
IF(IERR.EO.2. RETURN 

30 CONTINUE 
C SKIP HEADE~ RECORD 

c 
IFIIH~ADR .EO. II REAO(NTAPE' 

00 50 l:ldeOl 
00 40 NI = l,NAVX 
READ(NTA?EI IINPUTCK,NII,K=l,MROW) 
IFCIDIRT .NE. l' GO TO 40 
00 60 l(:l,MROH 
tN=INPIJTIK,ra. 
tF(IN .r-E. MINVAL .A~D. 

$ IN .lE. ~AXVAL' GO TO 60 
INPlIT(K,Nl''''INTVAL 

60 CONTINUE 
40 CONTI NUE 

00 45 K=l,IQ,OW 
(F(UV .NE. 11 GO TO 46 
~=«1-11*IROW+KI.2-1 
A~(rl=AV~GII~PUT(MY2+NAVY.K,lt,NAVX,NAVy,MROW"FNAV 



A~(~+ll·O. 

GO TO 45 
46 Kl=K+"'Y-l 

M=(I-lt*IROW +K'*Z-l 
47 AR(M'=INPUT(Kl,1. 

AR('-'+l'-O. 
45 CONTINIJF 
50 CONTINUE 
C GO TO EOF 

76 

CALL SKIPRECCNTAPE,NCOL1,IRECI 
PRINT 82,IREC 
IE~R=O 

100 RETIJQ.N 
120 IERh5 

P~INT 81,IERR 
81 F~R~AT'lX,.IEPQ. •• ,12' 

E~D 
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FILTER •••• Performs the equivalent of an optical filtering 

on the calculated Fourier transform of the image. This 

subroutine calls the subroutines AVGPK. ZERO,.FILLFOU, 

LCMFFT, LCMFLIP. 
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SU8RO~TI~E FllTER(IAVPK,JAVPK,NU~PK' 
lAqGe Al131C71"AAI7J719,,8(),9000. 
COMMnN/BU~/~ALl,NALlZ,:~OWT,NX~,NVH,IERR,NPEAK,TITlE 
COMMON/~IIF4/IPOW,JCOl,LGREY,IRGEN,ISCOPE,IGSCAlf,PNl,PNlFOU. 

SPlBL(31,FOUMAX(1' 
tO~VON/SUF51 C(3,400. 
PRINT 1 . 

1 FOP~AT(.OFILTER*,I,7H ••••••• 
CALL AVGPKlA,JROW,Jfll,8,IAVPK,JAVPK,NUMPK,C) 
CAll lfRnlA,NAll2' 
CAll FlllFOUIC,NUMPK,O.,A,IROW,JC~l 
CAll lC~FFTlA,lo.OW,JCOl,l,l' 
CAlllCMFlIP(A,IROW,JCOL' 
RETURN 
FND 
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FOURIER •••• Calls the Fourier transform routine, and,con

verts the transform to a form suitable for display. The 

subroutines called are LCMFFT, LCMFLIP. 



• 
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S~ApnUTL~E FnUR.ER(IRO~,JCOl,~3D.IOIRCT. 
lUGE A(1) 
P~INT 1 
PRINT 2 

1 Ft:1fH'AT(*OFOURIER TRANSFO~M*. 
2 FOR~AT(lH .11~*.* •••••••• * ••••• t 

CAll lCMFFTCA.IROW,JCOl,N30.IOIRCT~. 
CAll lCMFlIP(A,IR~w.JCOl. 
RETlMN 
f~D 

~. 
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LOOKPD.~ •• Finds all the peaks in the diffraction pattern 

and lists them in a descending order. The subroutines 

called are HEAPSRT. MAKHEAP. and BUBBLE. 

. ~. , 
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SlIR~OUT(iIIE' LO')KPO(J\,IRIJW,JCOL,B., Itt 
C LnCK FOR P!:I\KS C"'L Y IN THE U:F.T HAlF fOURIER SPACE 
C DEFINE A PEAK AS A~ FLfME~T TK~T IS .• GE. ALL ITS NEIGHBOUR 
C SFAPCH A~RAY A l~ COL ~AJOR OROE~ 
C VAUlt AND CI)OQ OF PEAKS '\PE PRINTED AS THEY ARE ENCOUNTERED IN THE SE 
C ONLY ONE PASS I~ NECESSA~Y 
C PEAK VALUES STORED IN A~~AY B. THEN B IS SORTED 

LAkGE C.AU' 
LAP.GE 8(3,11 

C NO. OF P~AK~ ALLoweD A~E 20)J 
C FIPST PEAK VALUE A(I,J' STO~EO IN 8(1. 
C I, STO~:O IN B(2. 
e J, STOREO I~ Be). 

COMMON/BUF/NALL,NAll2,JROWT,NXH,NYH,IERR,NPEAK,TITlE 
CO~M'JN/BUFll ~~W2,COLZ,NALLF . 
CO~MON/8UF2/ITv,IPR,IAV,IOIRT,IHEADR,IPRIMG,ISHIF 
r.~MMON/~UF3/MINVAL,~~XVAL,INTVAL 
IF (NPEAK .~Q. O' RETURN 
ICOUNT= 1 
IPOW2=IROW-I 
NXHl=NXH+l 
M=3 
01) I J = 2 , N XH 1 
on 1 1=2,IRflW2 

IPK=IJ-l,4<[ROW+1 
AA=CA8S(A(IPK •• 
IFfAA .GE. CABS(A(IPK-l' •• AND. 

S AA .':iE. CAAS(AfIPK.U' .AND. 
S AA .GE. CABS(A(IPK.J~OWtt .ANO. 
S AA .GE. CA8S(A(IP~-IROWII ~ANO. 
S AA .GE. 'ABS(A( IPK-.IROW-U' .• AND. 
S AA .GF. CARS(A(IPK-IROW~ltt .AND. 
S AA .GE~ ~ABS(A( IPK~IROW.I'J .AND. 
S A~ .GE~ CABS(A(IPK.[ROW-ll" GO TO 2 

GO Tn 1 
C STORE PEAK VALUE IN B(ICOUNT., SUBSCRIPT OF PEAK IN 8l.COUNT.ll,BCICO 
2 IF((ICOUNT+2) .GE. NALLI GO TO 3 

BCICOUNT.=AA 
B( ICOU~ T+l' =1 
B (I COUNHl t =J 
ICOUNT= ICOUNHM 
IFCICOU~T.LE. 27000. GO T~ 1 
PQINT 14 
STOP 

14 FnR~AT(4<l THERE ARE ~O~E THAN 20JO PEAKS •• 
1 Cr:lNTINUE 
3 IC1=ICOUNT-l 

IC=ICI/M 
PRINT lOtI.C 

C SOPT 6. M I SPi~ NO. OF WURDS IN EACH SORT FRAf1E 
CALL H~APSRTCA,ICl,M, IE~RORI 
PRINT 12 

~ REARRANGE ij, SUCH THAT LA~G(ST PEAK IS IN COLUMN 1 
IC2=IC/2 
I~3=IC.l 
on 5 1=I,1C2 



1(4- ro- 1 
011 C; J=I,3 
D .. 8 (J, I I 
8 ( .J, I I" B (J • t (4 I 

5 ~(J,IC4'''O . 
rF(IC·~GE. 500flel-1500· 

8) 

PRINT 11,.~(II,I=I,IC1' . 
10 FOIH1ATC *l!'4U~p.tp. nF ·PEAKS FOUIl/O •••• ~ 110' 
11 FaR~~T(. *.b(lX,E16.l,*(~,F3.0 ••••• r3.0 •• I." 
12 FORMAT(*lPEAK VALUES S~RT~n AS FallOWS •• 

P!:TURN 
END 

,-
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LPRINT •••• Prints the value of each element of the array 

which stores the image or the transformed data, to facili

tate the plotting of contour lines by hand on the printing 

paper. It calls GETLCffi. 
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SUBROUTl~F LPRINTfA,IRQ~,JCOL,IS,J8,E.IR,JC,~,MODE,LCMAVX,LCMAVVt 
SCLAR, IPt;', I,RlJ.:' 

C PRINT CONTfNTCF LC~ ARRAY A(I~O~,JCOLt, STARTING AT119,J8t • 
. C PitlNT (JR,.I.e), '=lE!oIENTS JF A, M COL ON ONE PAGE. 

C I~ MOOE~7HtnM~lEX, PRINT ~EAL AND lM~GINARY PART. 
C IF MOnE s 3HM80. PRINT MOO~LUS OF ARRAY A 

LARGE C.A11' , 
O[~ENSIQN CLAR([R,~I,E(I~2,Mt 
IF(IPP .~E. 11 RETUR"'J 
PRINT 10 

10 FORM~T(6H1.0VF*J 

IN'''JB+JC-1 
DO 1 J=JB,JN,'" 
CALL GETLCM(A,IROW,JCOL,18,J,E,IR,~,LCMAVX,LC~AYY' 
IF(MOOE.EQ. 7HCOMPLEXI GO JO,2 
IF(MODE .E:J. 3H"iOD • GO )TO 3 

1 CALL PACK'E,I~,M' 
2 PRINT II.MODE,J 
11 FOPMAT(lH1,A10,I10t' 
12 FaR~AT(lH ,IIO,5E20.1J 
14 FOPMAT(lH ,lOX,5E2J.l' 

DO It 1=1,IR 
12=18+1-1 
IF(MnOE.F.Q. 7HCOMPLEXI GO TO 5 
PRINT lZ,12,(CLAR(I,JJI,JJ=1,M' 
GO TO 4 

5 13= 1*2-1 
14"13+1 
PRINT lZ,12,(E(I3,JJ),JJ a 1,M) 
PRINT 14,(E(I4.JJI,JJ-l,M' 

4 CONTINUE 
1 CONTlNUI: 

PRINT 15 
15 FORMAT(6Hl*OVN*) 

RETURN 
END 
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SCOPE •••• Writes the Fourier transfonned data onto a mag

netic tape, which is used as input to the·interactive dis

play program. 

.. 
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SU~~(,UTT NE SCDPE ( I SC OPf ,A. !RO\·4, JCCl. FQUMAX. HUX. NFRAME. AV EC. 
C \oIRlTfS ~':l(lIIL"S CF LCM ARRAY A r)NTO TAPEH ONE cnl PER RECORD 

OIM[NSION F('U~AXIJ~A~t,AVcClll 

z 
1 

5 

lAPGE A(I' 
IF(ISCOPf .NE.ll RETURN 
00 5 M=1,IMU 
DO 1 J=l,JCOl 
N= (J-11.I~I)W 
DO 2 t=l, JI~O'" 
~H·(N.rI·2 . . 
AVfC'lt=SQRT't(~lt.A(N11.A(Nl-11·A(Nl-1t' 
tfCFnUMix(ll.EQ.O.I GO TO 2 
IFC~VEC«(I.GT.FOU~AX(~lt A~EC(IJ.FOUMAX(M' 
cn~TIMUE ~ , 

'loiRITE(31 UVfC(U.l=l.IROWI 
C{,NTfNUE 
END FILE 1 
NFPAME=NFRAME.l 
CONTINUE 
RETURN 
END 
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TYFOU •••• Calls a set of subroutines to prepare the Fourier 

transformed data in a form suitable for Z-modulation dis

play. The subroutines called are GETLCl\l, PACK, and TVFOU2. 

", 
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SUBROUTINE TVFOU(18G~,J3G~,IR,JC,LCMAVX,LCMAVVI 
LARGE A(l. 
f.O~~Q~ E(2;b,12~. 

COMt040N/BUF4I1R!)W, JCOL ,lGREY, I RGEN.I SCOPE, tGSCAlE', PNl, PNLFOU, 
SPLBL(31,FQU MAX(31 

PRINT 1 
PRINT 2 

1 f1R~AT(.JOISPLAY FOU~Y~~.' 
2 FOR~AT(16H •••••••••••••••• 

(ALL GETlCM(A,IROW,JCOL,18GN,J8GN,E,tR,JC,LCMAVX.LCMAVV. 
CALL PACKIE,lR,JC I 
PLBl(lt~1HFOURIER 
CALL TV~r.U2(E,lR,JC,PLBL,LGREy,IRGEN,PNLFOU,FOUMAX.2.IGSCALE.D' 

RETURN 
END 
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TVPICT •••• Prepares the image data forZ-modulation display. 

The subroutines called are GETLCM, PACK, and TVFICT2. 
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SUPROUTJ~E TVPICTC J8G~.J8GN,IR.JC.LCMAVX.LCHAVY. 
LARGE 4ClI 
Cn~~ON EC256.1281 
CO~MC'N/6UF4/IP(l""tJCOLtLGREY.I~GEN.ISCOPEtIGSCALE.PNL,PNlFOU. 

$PL BL( 31 ,FOUMA X(3. \ 
PLBlC1Is7HPICTUPE 
PRINT 1 
PPH:T Z 

1 F~R~AT(.OOISPLAY PtCTU~E.t 
Z FOR~ATC16H ••••••••••••••• , 

CALL GfTlC~'A.TRQW.JCOLtJBG~tJdGNtE.IR.JC.LCMAVX.LCHAVY. 
t~Ll PACKCE.TR,JCI 
CALl TVPICTl(E.IR,JC,PL~L,LGREY,IPGEN.PNl.O •• tGSCiLE' 
HTURN 
E~D 
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The following subroutines are called by the major subrou

tines to actually manipulate the data: 

AVRG ••••• averages the input data. 

AVGPK •••• averages the amplitudes and phases of the elements 

surrounding the selected peaks in the Fourier 

Transform. 

FFT •••••• this is the fast Fourier transform subroutine, 

written according to the Singleton algorithm. 

FILLFOU •• sets the values of the diffraction peaks equal to 

the averaged values. 

LCMFLIP •• shifts the calculated Fourier transform, so that 

the zero order term appears at the center of the 

array. 

GETLCM ••• retrieves data from any part of the large core 

memory. 

HEAPSRT. 

MAKHEAP. 

BUBBLE •• 

a group of subroutines called by LOOKPD to sort 

the peaks found in the diffraction pattern. 

NORM ••••• normalizes all elements of an array, such that all 

values lie between 0 and 1. 

PACK ••••• calculates the modulus of a complex array. 

SET •••••• sets the values in one half of a diffraction nat

tern according to the Friedel's Law. 

SKIPFIL •• skips any number of files on the input magnetic 

tape. 
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SKIPREC.~Skips any number of records on a file on the input 

tape. 

TVFOU2 ••• s~ts the maximum and minimum cutoff values for the 

. display of the diffraction pattern. 

TVPICT2 •• makes a Z-modulation plot of an array; the plot 

can be displayed on microfilms. 

UNPACK ••• called by subroutine CUT. This converts the input 

data into a form suitable for Fourier transform. 

ZERO ••••• sets all elements in an array equal to zero. 
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FUNCTIO~ AVRG(I~,NAVX,N~Vy,~ROW' 

C AVERAGES A NAV*NAV ~ATRIX 
DIIoII=NSION Hdll 
LA : 0 

11 = 0 
D~ 30 K = l,~AVX 
D~ 20 I = l,NAVY 

2 J LA = LA tI N ( I + I 11 
II = Il + "1ROW 

30 CC'NTnWE 
AVRG = LA 
PE TURN 
ENO 
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SUBROUTINE ~VGPK(ClAR,t~O~,JC~L,B,KI,KJ,IC,C. 

C KI IS THE N~. OF ElEME~TS TO BE AV~RAGEn IN THE Y-DIRECTION 
C KJ IS TH~ ~n. 1F ElEME~TS Til ae AVERAGED I~ THE X-DIRECTION 
C IC IS THE ND. ~F PEAKS 
C ASSUME THE POSITI~N OF 1ST PEAK (H,NI IS STORED AT 8(2,11.8(3,lt 

Dl~ENSION CO,lI 
LARGE (lAR(lt 
LA~GE 813,11 
cnMMO~/BUF/NbLl,NAlll,tROWT,NXH,NYH,JERRtNPEAK,TITlE 

Ca~~rN/~UFll ~OWZ, CJll.NAlLF 
CO~MaN/BUF2/1Tv,tPR,IAViIOIRTtlHEADR,IPRIMG.ISHIF 

COM~nN/BUF3/MINVAL,MAXV~l,INTVAL 

CO~~ON E(l' 
IK=I(·Z-1 
Kl=(I(I-l'/Z 
K2-1 I<J- 11 /2 
on 1 1= 1, 1 C 
01-0. 
02=0. 

C IF PEAK HAS BEEN SET TO (0.,0., DO NOT DO THE AVERAGING 
M- Bf Z, I , 
N-BI3,lt 
ll=(N-lt·IR.OW.M 
l5aZ.U-l 
tF(ClA~(L5' .EO. O •• AND. CLAR(L5+1' .EO. 0 •• GO TO 3 
IBGN=M-Kl 
J6GN"'N-KZ 
tFNO:JBGN+I(I-l 
JE~O=JRG"'+KJ-l 

C CHECK TC seE IF OFF BOUND. IF so, DO NOT 00 THE AVERAGING FOR THIS PE 
IFII8GN .l~. 0 .OR. 

S JRGN .lE. 0 .OR. 
S tEND .GT. IROW .OR. 
S JENO .~T.J(OL' GO TO 1 
00 2 Jl;J8GN,JENO 
00 Z 11=IBGN,IENO 
lZ=(Jl-1'·IROW.l1 
L3=lZ·Z-1 
L4=L3+l 
01=01+ClAR(L31 
OZ =02 +ClAR (l4' 
(lAQ(L3'=0. 

Z ClAR(L4.=0. 
C SUM OF REAL PART IN (1,1' 
C SUM OF IMAG PART IN (2,1' 
( lINEA~ POSITION IN C13,1' 
:i C( 1, I ,'201 

CI2tI'::OZ 
COd tall 
lFl01 .NE. 0.' GO TO 20 
IF(02 .~T. 0.' GO Tr 21 
EII'--1.51 
GO TO 1 

21 EC!t:l.51 
GO TO 1 

ZO f(It=ATAH(nZ/Oll 
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1 COf\'TrNUE 
PRINT ll,tK 
P R 1 N T 9. , K I ,K J 
P R IN T 1 0, ( ( C I ( , J I , 1= 1 ,2 I , E ( J I , ( B ( I< , J I , K = Z , 3' , J: 1, Ie. 
RFAD 12,«(A(K,JI,K=2.31,J=I,IC' 

12 FOR~AT(20F4.01 

DO 4 I=ltIC 
r. ( 3, I , = ( B ( 3, I , - 1 • , * I R a 10/+ B ( 2,I • 

4 CONTI NlJE 
PRINT l),I(CII,JJ,I=1,2),EIJ),(B(K,JJ,K:2,3',J=1,tC' 

9 FOPMAT(1H ,13,* BY*,13,* AVERAGING OF FOURIER PEAKS.,/,2X, '* REAL IMAGI "JARY PHASE(RAD' ROW COL •• 
10 FORMAT(3E15.2,2F5.01 
11. FOR~AT(. NUM~ER OF PEAKS I~ClUOED •••• ,15' 

HTURN 
ENn 
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SUBPOUTINE FFT (A,A,NTCT,P\:,NSPAf';,ISIIi' 
C REFERENCF p.r. SrNGlFTO~,IEfE T~ANS~CTICNS ON AUDIC ~ ElECTPOACOUSTI 
C AU-l1,2,93,JUNE l~bq 

lAPGE R. ~(II,B(ll 

OI'4ENSI Ot~ ~FAC( 11., NP( 2C9' 
DIMEN5 lO~j H C 23', eKC 23' ,R TC Z3', SK (23 • 
EQUIV~lE~C~ (I,ll. 
MAXF=Z~ 
MAXP-Z09 
IFCN.LT.ZJ RETIJRN 
I~C=ISN 
RAO=8.*AT~NFC1 •• 
S 12=RAO/~. 
C 12=C eSF( S12' 
S 72=5 INF( S72' 
SI20=SQRTFC.75.' 
IF(ISN.GE.Ot GO TO 10 
S71=-S 72 
5120=-SI20 
RAO=-PAO 
INC=- INC 

1" NT= INC*NTOT 
KS=INC*NSPAN 
KSPAN=I< S 
NN=NT-INC 
JC-KS/N 
RADF=R AD. JC*. 5 
1-0 
JF=O 
M=O 
K-N 
GO TO 20 

15 MaM+l 
NFAC(fo1J =4 
K=K/16 

2J IF(K-(K/16'*16.EQ.?' GO TO 15 
J"3 
JJ"9 
GO TO 30 

25 M:M+! 
NFAC(MJ=J 
j(=K/JJ 

3~ IF CXMODF(K,JJ'.E'.O' ~O Ta 25 
J=J+2 
JJ=J**Z 
IF(JJ.lE.KI GC TO 30 
IF(K.GT.4' GO TO 40 
K T=,.. 
NFAC(M+U =K 
IF C K. NE .1» .... M+l ~ 
GO TO 80 

4U IF(I<-CK/4'*4.NE.0) GO TO 5C 
M=M+l 
NFA((MI=! 
K=K/4 

50 K T::M 



98 

J=l 
60 IF (XMODF(K,JI.NE.OIGC T~ 70 

M=M+l 
NFAC(MI=J 
t<. =1( 1 J 

70 J=«J+11IZI*Z+1 
IF(J.LE.K' GO TO 60 

80 IFIKT.EQ.OI GO TO 100 
J=I< T 

90 "I=M+l 
NFAC(M)=NFAC(JI 
J=J-l 
IFIJ.NE.JI ro TO 90 

1C~ SD=RAOF/KSPAN 
CO=Z.*SI~F(SO'*·Z 
SD= SI NF (SO+SO' 
1<1(=1 
1=1+1 
I F ( N F A C ( I) .N E • 2' GOT 0 400 
KSPAN=KSPAN/2 
K1=KSPAN+Z 

Z10 KZ=KK+KSPAN 
AK=A(K21 
BK=6(KZ' 
AIK2'=A(I(KI-AK 
B(K1) =B(KIO-BK 
A(KK)=A(KK)+AK 
S(KK,=S(KK'+BK 
KK=K2+KSPt.N 
IF(KK.LE.NNI GO TO 210 
KK=KK-NN 
IF(KK.lE.JC' GO TO Z10 
IF(KK.GT~KSPAN' GO Tn 800 

21:J C1=1.-CO 
S1=SO 

23u K2=KK +KSPA"I 
AK=A( KK,-I\( K?" 
SK=B(KK)-lHK2 ) 
A(KK,=A(KK,+A(K2) 
B(KK'=B(KKI+B(K2) 
A(KZ'=C1*AK-Sl*BK 
B(K21=Sl*AK+Cl*SK 
KK=KZ+KSPAN 
IF(KK.LT.NTI GO TO 230 
K2=KK-NT 
Cl=-Cl 
KK=K1-K2 
IF(KK.GT.KZ' GO TO 230 
AK=Cl-(CO*C1+S0*SI' 
Sl=(SD~Cl~CD*Sl'+51 
C1=.5/(AI<.**2+S1*·7.'+.5 
51=(1*Sl 
Cl==(I*AK 
KK==KK+J( 
IF(KK.LT.KZ' GO TO 230 
K I~Kl + I r..c .. [NC 



KK=(KI-KSPANI11+JC 
IF(KK.LE.JC+JCI GO TO 210 
GO TO 1':"; 

320 Kl=KK+KSPA~ 
K1=K1+KSPAN 
AK:A(KK I 
RK .. 8(KKI 
AJ .. AI Kll +A(K1 I 
BJ=fH KlI +6 I K2 I 
AI"KI=A!I..+AJ 
B(KKI=BK+BJ 
AK=-.5*AJ+AK 
BK=-.5*BJ+~K 
AJ=CA(K11~ACK111*SllO 
BJ=(B(KlI-A(K1II*SI10 
~lKl'=AK-BJ 
tHKlI=~K+AJ 
A ( K 2 , =A K + B J 
B(Kl,aBK-A.J 
KK=Kl+KSP~N , 
IF(KK.L T.NNI GO TO 3-20 
KK"KK-N~ 
IF(KK.LE.KSPANI GO TO 320 
GC TO 700 

400 IFlNFACII).NE.4' GO TO 600 
KSPNN:KS;)AN 
KSPAN=KSDAN/4 

41u Cl"l. 
Sl=O. 

41~ Kl=KK+KSPAN 
KlzKl+KSPAN 
K3 .. Kl+I<.SPAN· 
AKP"'" KIO +11 f K2' 
AKM .. A(KK,-A(K21 
AJP"A(K11+A(K31 
AJM=/1(KlJ-ACK31 
ACKKI=AKP+AJP 
AJP .. AKP-AJP 
BKP=BIKK'+BIK2' 
BK~=BlKK)-B(K21 
BJP=6(KlI+IHK31 
BJ~"'Bl K1' -RCK3' 
BCKK)=BKP+aJP 
BJP=BKP-AJP 
IFf ISN.LT.OI GO TO 450 
AKP=AKM-AJM 
AKM=AKM+~JM 
BKP=BKIo1+AJM 
BKM=BKM-AJM 
IFISl.EO.O.) GO TO 460 

430 A(K1,=AKP*CI-BKP*Sl 
BCK1,=AKP*Sl+BKP*Cl 
A(KZ)=AJP*CZ-BJP*S2 
8(K21=AJP*SZtAJP*C2 
A(K3)=AK~*C3-AK~*S3 
B·(K3)=AK~*5!+BKM*C! 

99 



KK=K3+KS~AN 
IF(KK.LE.NT) GO TO 420 

440 C2=Cl-(C~.C1+SD*Sl) 
S1=(SO*Cl-CD*Sl)+S1 
Cl~.5/(C2·*2+S1*#2)+.5 

S1=C1*S1 
C1=C1*C2 
C2=C1**2-S1**2 
S2=2.*C1*51 
C 3=C2*C 1-52*S 1 
53=C2*S 1+52*C 1 
KK=KK-NT+JC 
IF(KK.lE.K~PAN' GC T~ 420 
KK=KK-KSPAN+INC 
IF(KK.lE.JC' GO TO 410 
IF(KSPAN.EQ.JC) GO TO 8C~ 
GO TO 100 

450 AKP=AI".M+BJM 
AKM=AK~-BJM 
BKP=BKM-AJ~ 

RKM=BKM+AJM 
IF(S1.NE.O.' GO TO 430 

460 A(Kl)=AKP 
B(KiJ=BKP 
A(K2)=AJP 
B (K 2' ::8 JP 
A(K3,=AKM 
B(K3)=BK~ 

KK=K3+K5PAN 
IF(KK.lE.NT' GO TO 420 
GO TO 44) 

510 C2=.25*SQRTF(5.' 
52=2.::*C72*512 

520 K1=KK+KSPtlN 
K2=Kl+KSPAN 
K3= K2 +KSP AN 
K4=K3+KSPIIN 
AKP=A(K1)+AtK4' 
tlKM=A(K11-AtK4' 
OKP=B(Kll+B(K4J 
B K M :. B ( K U-B ( K 4 J 
AJP=A(K21+A(K3) 
AJt<1=A(K2,-A(K3J 
BJP=B(K2)+I:I(K3) 
BJM=fl(K21-B(K3' 
AK=AKP+AJP 
AJP=(AKP-AJP)*CZ 

. BK=BI\.p+eJP 
OJP=(BKP-8JP)*CZ 
AKP:.A(KK'-~.25*AK 
A(KK)=A(KK)+AK 
BKP=B(KK'-~.25*RK 
B(KK'=B(KK'+BK 
AK=AKP+AJP 
AJP=AKP-AJP 
BK=BKP+BJP 

100 
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BJP",SKP-!lJP 
AKP=A~~~S12+~JM*S2 

A~M-A~M~S2-AJM·S11 
BKP·8K~.~72+~J~*S2 
BKM=B~M.S2-8JM*S72 

_.Al K 1. ::At<-BKP 
A(K4'=AK+PKP 
OlKl.~BK+tKP 
B(K4)=IiK-AKP 
A(K2)"AJP-SK~ 
AlK3.::AJP+St(~ 

tHK1.;6 JP+AK~ 
~Ct(3.=6JD_AK'" 

KK:K4+KSPIoN 
IF(KK.LT.~N) GO TO ~2l 
KK=KK-NN 
IF(KK.LE.KSPAN' GO TO 5Z~ 
GO TO 7CO 

600 K-NFACI I) 
KSPNN=KSPAN 
KSPAN=KSPAN/K 
IF(K.EQ.3. GO TO 320 
IF(K.EQ.5) GO TO 510 
IFlK.EQ.JF) GO TO 640 
JF-K 
Sl"'PAO/K 
Cl==COSFCSlt 
S1=SINFCSU 
IFCJF.GT~~AXF) GO TO 998 
CKlJFJ=l. 
SKI JF )=0. 
J-l 

630 CKlJ)=CKlK)*Cl+SK(K.*S1 
SK(J.=CK(K)*Sl-~K(K)·Cl 
K=K-1 
CKlK'=CKIJ) 
SKIK)=-SK(J) 
J=J+l 
IFlJ.lT.K) GO TO 630 

640 K1=KK 
K2=KK+KSPNN 
AA=A(ICK. 
BS=SlKKJ 
AK=AA 
RK=SS 
J=l 
Kl=K1+KSPA~ \ 

650 K 2=K 2-K SP /IN 
J=J+l 
ATlJ)=AlK1)+AlK2) 
AKaATlJ)+-AK 
BTlJ)=BlKl)+elK2) 
81<=8T1 J. +-PI< 
J=J+l 
ATlJ)=~I~:.-AIK2. 
8TIJJ=B(Kl)~BIK2) 
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Ki:K1+KSPAIIJ 
IFIK:.LT.K2' GO TP 65J 
AIKK,=AK 
BIKK'=BK 
K1=KK 
K2:KK+KSPNN 
J=l 

660 1(1=K1+K$PAN 
K2=K2-KSPAN 
JJ:J 
AK=AA 
BK:BR 
AJ=O. 
BJ=C. 
K=1 

670 K=K+1 
AK=ATIK)$CK(JJ~+AK 

BK=BT(K,*CKIJJ)+SK 
I< =K +1 
AJ=ATIKI*SK(JJ)+AJ 
~J=BT(K)·SKIJJ)+BJ 

JJ=JJ+J 
If(JJ.GT.JF)· JJ=JJ-JF 
IF(K.LT.JFI GO TO 670 
K=JF-J 
A(KU=AK-BJ 
B(Kl)=BK+"J 
A(K2)=AK+RJ 
B(K21=BK-Aj 
J=J+l 
IFIJ~lT.~' GO TO 660 
KK=KK+KSPNN 
IF(KK.Lf.NN) ~O TO 64~ 
KK=KK-Nf'.I 
IF(KK.LE.I<SPAN' GO TO 64~ 

700 IF(I.EQ.~) GO TO 800 
KK=JC+1 

710 C2=1.-CO 
51=50 

72[; C1=C2 
52=51 
KK=KK+KSPI\IIj 

730 AI<=A(KI<) 
A(~K)=C2*"K~~2*B(KK' 
8(KK'=S2*AK+C2*B(KK' 
KK=KK+KSPNN 
IFIKK.LE.NT'Gn TO 730 
AI<=51*52 
S2=51*C2+r.!*S2 
C2=C1*C2-AK 
KK=KK-NT+KSPAN 
IF(KK.LE.KSPNN' GO TQ 730 
C 2 = C 1- ( C I) *c 1 + SD * S 1 ) 
S1=S1+(S1*(1-CO*51' 
(1=.5/(C2**2+S1**2)+.5 
Sl=C1*S1 

102 



(Z-=C1*CZ 
KI(-=kK-KSPI'll\i+JC 
(F(KK.LE.KSPA~' GO TO 720 
KK=KK-KSPAN+JC+I~C 
IF(KK.Lf.JC+JC, GO TO 710 
GO TO 1el 

8':;'J NPU '-KS 
IF(KT.E'40' GO TO 890 
K-KT+I<. T+1 
IF(M.lT.K' K-K-1 
J-l 
NP(K+1'-JC 

810 NP(J+l'e~p(J"NFACCJ' 
NP(K'=NP(K+1)*~FA((JJ 
JaJ+1 
K-K-1 
IF(J.lT.K' GO TO 810 
K3-NP(K+l , 
KSPAN-NP (2J 
KK-JC+l 
K2z KSPA t\. 1 
Jal 
IF(N.~E.~TOT' GO TO 850 

820 AK=A (KK' 
A(KK,=A(K2' 
A(K2J=AK 
BKzBCKK' 
BCKKJ=IHK2J 
8(K2)::BK 
KK=KKH NC 
K2eKSPAf\i+K2 
(F(KZ.LT.KS' GO T08Z0 

830 K2=Kl-NP(J' 
J=J+l 
K2 c NP(J+IJ+K2 
IFCK2.GT.NPCJJ' GO TO 930 
J a l 

840 IF(KK.LT.K2' Gn TO 820 
KKaKK+lNC 
1<.2"KSPA"'.K~ 
IFCK2.lT.KS' GO TO 840 
IFCKK.LT.KS' GO TO 830 
JC:K3 
GO TO 890 

850 K=KK+JC 
860 AK=ACKK' 

A(KKI:A(K2' 
A(K21=AI<. 
RK=B(KK' 
IHKK'=B(t<Z' 
P(1<.2'=~K 
KK=KK + INC 
K2=KZ+INC 
IF(KK.lT.KI GO TO 86~ 
KK=KK+K$-JC 
KZ=K2+KS-JC 
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IF(KK.LT.PlJTI cn TO 850 
K2=K2-NT+KSP~N 

K.K=KK-~T+JC 
IF(K2.LT.I<S. Gr) TC 850 

870 K2=K2-NP(JI 
J=J+1 
K2=NP(J+1I+I(2 
IF(I<2.GT.NP(JJ) GO TO 870 
J=1 

88~ (F(KK.L T.K21 GO TO 850 
KK=KK+JC 
K2=KSPAfII+1<2 
IF(K2.LT.KSI GO TO 880 
I F ( KK • LT. t< S 1 r,a TO 870 
JC=K3 

890 IF(2*KT+1.G~.MJ RETURN 
KSPNN=NP( KT+1 J 
J=M-KT 
NFACeJ+H=1 

9JiJ NFACeJI=NFACeJJ*NFAC(J+1J 
J=J-l 
IF(J.f'iE.KTI GO TO 90) 
KT=KT+1 
NN=NFAC(KT)'-! 
IF(NN.GT.MIlXP) GO TO 998 
JJ=O 
J=O 
GO TO 9C6 

9'.)2 JJ=JJ~K2 
K2=KI\ 
I< =K +1 
KK=NFAC (KI 

904 JJ=KI<+JJ 
IFIJJ.GF..K2,' GO TO 902 
NP(JJ=JJ 

9J6 K2=NFIIC(KT) 
K=KT+1 
KI<=NFtC (I<) 

J=J+1 
IF(J.lE.NN) GO TO 904 
J=O 
GO TO 914 

91(, K=KK 
KK=NP(KI 
NP(K)=-KK 
IFeKK.NE.J) GC TO 910 
K3=KK 

914 J=J+1 
KK=NPeJI 
IF ( KK .l T .:; ) GO TO 914 
IF(KK.NE.JI GO TO 910 
NP(JI=-J 
IF(J.NE.NNI GO TO 914 
~1AXF= INC*MAXF 
GO TO 950 

924 J=J-1 
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IF(NP(JleLT.OI GO TO q24 
JJaJC 

920 KSPM"=JJ 
IF(JJ.GT.~AXFI KSPAN-MAXF 
JJ=JJ-KSPAN 
K:NP(JI 
KK=JC*K+JI+JJ 
Kl"kK+KSPAN 
K2-0 

928 K2=K2+1 
ATCK21=A(KlI 
6T(KZ,=8IK1) 
Kl"KI-I~C 
IF(Kl.NE.KKI GO TO 928 

93, Kl:KK+KSPAN 
K2:KI-JC~(K.NP(K" 

K "-NP (K 1 
936 A(KII-A(1(21 

8(KII"'S(K2' 
Kl=KI-INC 
kZ-K2-III:C 
IF(Kl.NE.KK' GO TO 930 
KK-K2 
IF(K.NE.JI GO TO 932 
Kl"KK+KSPA~ 

K2-0 
94iJ K2:K2+1 

A(KlI=AT( 1<21 
.B(KU=H(K2' 
Kl=Kl-INC 
IF(Kl.Nf.KK' Gtl TO C;40 
IF(JJ.NE.OI r,0 TO 920 
I F( J .NEel IGrJ TO 924 

950 J=K3+l 
NT=NT-KSPNN 
I I"NT-l~C+l 
IF(NT.GE.O' ~O TO ~24 
PETURN 

998 I SN-O 
wRITE (6,999' 

105 

999 FORMAT(lHl,34H ARRAY BCUNDS EXCEEDED WITHIN FFTSI 
"'ETU~N 
END 

• 
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SUBIHHIT HJE FI L LF Olll ~,I C, FMt N. 4. I ROW. JCOL' 
C THER~ APE IC PEAKS IN TH~ CONPLEX ARRAV CLA~ 
C POSITION OF ITH PE4K I'" 8(3,11 
CREAL PAPT nF ITH PHI( IN IH 1, I I 
r: It.4AGINARY PART OF ITH PEAK HJ B(Z. It 
C THIS SUBROUTINE SETS VAl tiES IN CLA~ ACCORDING TO THE POSITION 
C SPECIFIES BV B 
C FMIN IS THE MI~ CUT OFF FOq FILLING FCURIER PEAKS 

C~MMON/BUF/NALL,NALL2,IRDWT,~XH.NVH,IERR,NPEAK,TITlE 

COM~8~/~UFI/ Rn~2. COl2,NALLF 
CnMMQN/BUF2/ITV,IPR,IAV.IOIRT,IHEADRt[PRI~G,ISH[F 
CIJ~~If)h/ BUF3/M I NVAl • M AX VA L , I NTV Al 
LA~GE AlII 
DI~ENSION B(3.ICI 
00 1 I:: 1, I C 
J::IH3. r '*2-1 
C=SQRTI ~ (1.lt*BI l. r '.912,1 '*8l2. It t 
(FCC .LT. FMINI GO TO 2 
AIJI=BIltll 
AI J+l'=B( 2. (I 

1 C IJNTJ NUE 
2 CALL SFTIA,IROW.JCOLI 

RETURN 
END 

SUB~OUTrNE LCMFLIPIA,IR,JCI 
C FLIPS A CO~PlEX ARP OF EVEN DIMENSION 

LARGE AllI 
NH=JC/2 
MH=IR/2 
INCRM=IIR*JCII2 
O~ 1 N=l,NH 
00 1 "1=1,r~ 

C EXCHANGE A(M.N I AND ITS COllNTER PART 
INDtX=I~-II*IR.M 
IF(M.GT. MH) GO TO Z 
INDEX2=INDEX+INCRM+MH 
GO TO 3 

Z INDEX2=INDEX+INCRM-MH 
3 INDEX=I~DEX*Z-l • 

INOEX2=INDEXZ*Z-1 ' 
TEMPl=A! INDEX' 
TFMP2=/l.1 INOEX:+ 1 I 
A(INDEXI=A(INDEX21 
AI INDEX+l' =AI INDEX2+1 I 
A (I NnFX21=TE'-'P 1 
f( INDEX2.11=TFMP2 

1 CONTINUE 
p E l'URN 
END 
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SUBPOUTINE GETlC~(A,IRO~,JCOl, 1~,JB,E,IR,JC,LCMAVX.LC~AVYt 
C CUT A (IR.Jel A~PAY FFnM A~ A~RAVOF (tP.CW*JCOLI IN LCM 
C AVEPAGF. RCW BY LC~AVY 
C AVE~hGF (Ol RY lC~AVX 

C STAPTING Af (IB,J~I 
LARGE C.AUI 
CO~PU:X E( IR,JCI 
JB2=JR-1 . 
182=1 B-1 
IF«(JB2+IR*lCMflVYI .GT. IROW .OP. 

S (JB2.JC*lCMAVXI .GT. JCOL. GO TO 10 
P~INT 13,IR,JC.LC~AV~,lC~AVY 

13 FOPMAT(. ARRAY OI~ENSIUN ••• *,15,* BY.,15,/,. AVERAGEO •••• ,J5,. BY s." r;, 
PRINT 1Z,IB.JB 

12 FORMAT(. REGl~S AT LCM LOCATION •••• ,I4,.,.,I4J 
lCMAVG=lC~AVX·LCMAVY 

N=JA 
Or) 1 J e 1,JC 
Kl=(N-11*IR(lW 
~aI8 

00 4 1'"1,IP. 
e K IS THE LINEAR ADDFlESS IN LCM AT WHICH AVERAGING IS TO BEGIN. 

K=K2+~ 

E(I,JI:(O •• O.' 
C no AVERAGING. 

DO 3 J3=1,LCMAVX 
DO 2 13=1,LC~AVY 
E(t,JI=E(I,JI+A(K' 

2 K=K.1 
KaK+IROW-LCMAVY+l 

3 CONTI NUE 
F(t,JJ=~(I,JI/LCMAVG 

M="'+lC~AVV 
4 CONTINUE 

N:N+lCMAVl( 
1 CONTINUE 

RETURN 
La PRINT 11 
11 ~OPMAT(. GETLCM OUT OF RANGE.' 

RETURN 
END 



108 
SUBPf)IJTINE MAICHfAP(A,NFAKE."4. 
OI~FNSI"N L~RGE(5I,TEMP(5' 

LARGE All. 
REAL"LARGE 
IN HGC;: R TRUV Al 
T~UVAlCKI=~*CK-11+1 
IF(~On(NFAKE,2).EQ.ll 10,20 

10 IFAKE=~FAKE 

JFAKE=IFAKE/2 
INDEX= IFAKE 
IREAl=TRUVAllIFAKEI 
no 101 11 = 1 ,M 

LARGE(ll': ACIREAL+11-11 
101 C'1NTINUE 

GO TO 2 
20 IFAKE = NFAKE-l 
1 JFAKf=IFAKE/2 

IREAL=TRUVAL(IFAKEI 
Of) 102 12=1,~ 

LARGElI21=4CIPEAL+12-1t 
102 CONTINUE 

INOf:X=IFAKE 
IFC A(I~EAL'.GE. ACIREAL+~.' GO TO 2 
DO 103 I3=1,~ 
LARGE(ll.=A(IREAL+M+I3-1. 

103 CONTI NIJE 
INOEX=IFAKE+l 

2 JREAL= TRUVALCJFAKE. 
IF( LARGEClI.lE. A(JREAL)l GO TO 4 
DO 104 14= l,~ 

TEMPII41=AlJREAL.I4-11 
A(JP~AL+I4-1'=LARr.E(141 

104 C.IJNTI NUF 
CALL BU8RLE(A,NFAKE,~,INOEX,TE~PI 

4 IFCIFAKF.EQ.21 RETURN 
IFAKE=IFAKE-2 
GO TIJ 1 
END 
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SU~O~tJT (NE fHJlIl'l E( A, "'FA'<.f ,~"'NPOINT~ ,VAll 
OIMENSI'JN VAL(I'4' 
lARGE A(II 
INTEGER ·TRUVAl 
TRUVALC~I=M·CK-II+I 
I~OfX =NDOJ~TR 
IND~TRU=TPUVAL(INDEX' 
IF(Z*INDEX.GT.NFAKEI GO TO 3 
LSON=Z*INDEl( 
lSCNTRIJ=TRUVAlCLsnNI 
IF(LSON.fO.NF~KE' GO Tn6 
IF( ACLSONT~U+M'.GT. AClSONTRU. lSON=lSON+l 
LSONTRU=TRUVAlCLSCN' 
IF( AClSt1NTRU'.LE. VAll it , GrJ TO 3 
on 10 (1:: 1, M 

AC INoxTRU+ll-U = A(LSONT~U+Il-lt 
CONTINUE 
I~JOEl("L SCN 
GO TO 5 
DO 11 IZ21,~ 

. A( INnXTpU+IZ-II .. VALCIZ. 
C.ONTINUE 
r<FTURN 
PliO 

SU8ROUTINE HEAPSRT (A,N,Io1, tEP.ROIU 
LARGE A(NI . 
Ot~ENSI1N TE~P(5' 
t~TfGfR TPUVAl 
TRUVAL(KI=M*(K-lt+l 
IERROR=O 
IFC MOQ(N,".NE.O' Gr) TO 9000 
NFAKE .. ...,n~ 
CAll MA~HFAP(A,NFAKE,M' 

1 N~EAL:TRUVAl(NFAKfl 
IF( NFA~E.lE.l' RETU~N 
0'1 2 1=I,M 

TFMPCIJ= ACNREAl+l-l' 
AI NR(AL+I-U .. A( I' 

Z CONTINUE 
NFAKE=NFAKF.-t 
CALL BUBBlEIA.NFA~E,~,t, TEMPt 
GO TO 1 

90110 IERRnR=1 
PRINT lJO.N,H 
RETURN 

100 F1RMATCII* **~~~ ~RRn~ t~._ •• ,17,* IS NOT A MULTIPLE OF .,15/,' 
END 
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SU~R~UTJ~~ NGRN(~,N,4~1~,AMAX,F,RACKCOI 
C C4LCULATES ~AxIMUM A~AX, ~1~f~U~ A~IN AND NOR~AlIATION FACTOR F FOR 
C THE A~P.AY A . 
C r.EED OIFfEP~NT No~~aLIZI~G PROCEDURE IF 84CKCROUNO VALUE DIFFER ~UCH 
C FRO~ THF I~AGE VALUE. 

COMMON/8UF/NALL,NAlLZ,IROWT,NXH,NVH,IERR,NPEAK,TITlE 
ceMMON/SUFI/ ROW2, COlZ,NAllF 
tO~~DN/BUF2/ITV,IPR,IAV,IDIRT,IHEADP,IPRtMG,ISHIF 
crMMnN/BUF3/MI~VAL,~AXVAl,INTVAl 

OI~ENSION ACN. 
IFf ISHIF .EO. 1) GO' TO 11 
AMI N .. A (1' 
A~AX t A~ IN 
DO 10 I c l,"4 
B- A ( I , 
IF(B.lT.AMIN' A~IN=B 
IF(R.GT.A~4X' AMAX-B 

10 CONTI~UE 
F-l./(AMAX-AMINI 
flETURN 

11 DO 1 1= l,N 
S-A(I' 
IFee .lE. 8AC(GOI CO TO 1 
AMINaB 
AMAX=8 
IRCN=I+l 
cn TO Z 

1 CONTINUE 
l 00 3 '=I8G~,N 

B- A( I t 
IFes .lE. BACK~DI GO TO 3 
IFce .IT. AMIN' AMIN=S 
IF IS.GT. AMAX. AMAX-B 

3 CONTINUE 
F=l./(A"'AX-AMIN. 
RETURN 
END 

SUBROUTINE PACK(CLAR,IR,JCt 
C THIS TAKES A COMPLEX IMAGE, PACKS IT INTO A REAL ARRAY. 

COMPl EX Cl AR ( 1 , 
COMMON AI.I 
CO~MCN/BUF/NAlL,NAllZ,IROWT,NXH,NYH,IERR,NPEAK.TITlE 
CO"'~ON/81JF1/ Q)w2, COL2,'IIALlF 
COMMON/ijUF2/ITV,IPR,IAV,IDIRT,IHEADR,IPRIMG,ISHIF 
CO"''''GN/~UF3/MINVAl,~AXVAl,INTVAl 

- N=IR*JC 
on 1 I=l,N 

1 A(I'''C4dS(ClAR(lIt 
RETURN 
e'llo 
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SU~ROUTINE SETIA,IROW,JCOl. 
C ArtPAY A REPl{fSH'TS A Cr::~PlEX Fl/NCT ION F (K •• SET THER IGHT "AlF OF F(K 
C EaUAl Tn THE CO~PlEX CaNJU~ATE OF F(-K) 

Ct)MMI"iN/BtlF/NAI L, N4LLZ, IRQwT, NXH,NYH,I ERR,NPEAK, TI TlE 
COM~nN/~UFll RO~Z, COLZ,NAlLF 
CO~MI)N/nUF2/ITV,IPR,IAV,lnIRT,IHEAOR,IPRI"G,ISHIF 
COM"(JN/~UF 3/~ I NVAl, MAX V hl , I NTVAL 
LARGE Allt 
IlcINYH+1t*Z 
Jl=(NXH+U*Z 
J8=NXH+Z 
DO Z Jo:JB,JCOL 
JZ-IJ-l.*IROW 
J3a(Jl-J-l)*I~OW 
no 2 I=Z,IROW 
M=JZH 
N"J3+11-1 
Ml=Z*M-l 
M2aM1+1 
NlaZ*N-l 
NZ-Nl+1 
A(~lt=A(N1' 
A("2t--A(NZ' 

2 CONTINUE 
RETURN 
END 
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SI,p prlllTINE SKIPFIUI'.JTAP,:."IFILE. 
C THIS ~OUlD S~IP NFll~ F~"MTAPE NTAPE 

I~(NFILF.EQ.Ot RETURII/ 
Cln 1 l"l.~FIlE 

2 REAOCNTAPFt 
IF(fOF,I'.JTAP€t l.Z 

1 C()~T INUI: 
RETURN 
FND 

SUBROUTII'.JE SKJP~EC'NFILE.NPEC.IREC. 
C THIS WaUL!) SKIP NREC NIWIlER OF RECORDS FROM THE FILE NFllE. 
C IF AN Ear IS ENCaUI'.JTERED • SET IERR-2 AND RfTURN 

CO~~ON IBUF/OUM~V('J. IERR 
lRECau 
[FeNREC .EQ. O. RETURN 
00 1 l=l.NREC 
RflOCNFllE. 
IF(EOF,NFIlEJ 2,3 

1 IRFC-IREC+l 
1 CONTINUF 

RETURN 
21 E Rfh:2 

RETURN 
END 

.... 
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StJ8POUTlf<JF TVFOll2 C 4R., 1 R,.,"'. JeOl, Pl8l, LGREV, I RGEN,PNL, TVFMAX, IMAX, 
SIGSCAlf:,ICCt 

e CAlCULATES 1\ tilIFFRACT!JGR4-" •• THAT IS. A LOGARITHMIC DISPLAY OF THE 
e FOURIER AMPl1TUn~s OF TH~ T~A~SFORM CLAR. 
e THE VALUE AT THE ~RIGIN IS SET TO -ZERr-
e IF ISTAR IS EQ TO 1. SET C~L JCOl/2+1 OF FOURIER SPACE -0. THIS IS 
C TO EL£MfNATE THE IlliHUENCE OF THE SeAfI:~ER "OlIONON THE TVFOU DISPLAV 
e 

eO~MON/8UF/NjLl.NAlL2.1ROWT,NXH.NVH,IERR.NPEAK.TITLE 
eO~~ON/~UF11 RO~2, C1LZ,NAlLF 
COMMON/RUF2/ITV,IPR,[AV,IOIRT,IHEADR,IPRIMG,ISHIF 
CO~~ON/~UF3/~INVAL,MlXVAl,INTVAL 

DIMENSION PlBLC3t,TVF~aXC1. 
OIMENSION ARClt 
NT-IRl)w*JeOl 
IFITVFMAXC1 •• lE. O.JI ~eTURN 
on 2J-t,IMAX 
DO 10 1-1,1", 
IFCARltt.GT.TVFMAX(J 1. ARCI •• TVFMAXIJ 

10 cnNTINUE . 
1 CALL TVPI eTl UR, IPOW, JCOl, PL8l,lGREV. fRGEN,PNL ,O •• IGSCALet 
2 CDNTINtJl; , 

RF-TURN 
END 
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SUBPt'lUT I ~E TVP [C T 2( AA., [ROt-:, JCOL, PLBL, LCA.E Y ,fRCEN, PNL,.SlCKCO, 
S[GSCAlEt 

C MAK~S THF INPUT P~EPAPATIC~ FeR CRT DISPLAY. 
C A l024*lOl4 CPT fI~LD IS OIVIOED I~TO 128*128 SU8FIELDS, ONE FOR EACH 
C PICTURE ELE~E~T. fACH Slll\~IELD eJtll IS FILLED WITH O ••• lGREYPOINTS 
C DISTRrBtlTFn AT RA~CO"4, ACC!)~OING TO THE VALUE OF ARIJ,Il. 
C LGREV IS THE GREY lEVEL ~ESIPEO.HAS NAXIMUM VALUE OF 64 ON CRT 
C IRC~N.O, THEN ALL 8*8 RASTOR HAVE SAME PANDOM PA~TERN 
C IRGE~.l, THE~ ALL 8*8 RASTOR ~AvE OIFF RANDOM PATTERN 
C THE F,RST It RO\~S OF THE APRAY AR ARE REPLAceD BY A GRAY SCALE. 
C IHPUT-~UTPUT PELATIOHSHIP IS -
C OUTPUT • «JNPUT/LGREYt**PNLJ*LGREY 
C THIS RELATIONSHIP IS NON-(I~EAP IF PNL HE 1. 
C AN ARRAY A(IPOW,JOeLt CAN BE DISPLAYED WHERE (ROW AND JCOl .lE~ 128 
C 

C 

cnMMON/TVTUNE/OUMMV(ltt,INTENSE,IRICHT,IU~ 
DI~ENSlnN Pl8lelJ,AR(IROW,JCOlt 
DIMENSION IRxe64l,IRVe64t 
cnMMON/BUF/NAlL,NAlll,lA.nWT,NXH,NYH,IERR,NPEAK,TITlE 
to"'MC~1 AUFll POW2, COl2, NAll F 
CO~MON/BUF2/ITV,IP~,IAV,IDI~T,IHEAOR,IPRIMG,ISHIF 
COMMON/8UF3/MtNVAL,M~XVAL,INTVAl 
DATA KPTPL~T/Su~JrOO?81 
DATA eIRxCIt,I=1,16t/5,6,5,4,3,3,3,~,4,5,6,7,8,8,7,61 
DATA (IRV(I.,I=l,l6"5,4,3,2,3,4.5,6,7,7,7,6,5,4,J,21 
IF(ITV .fQ.~' RETURN 
KOPIENT;IRIGHT.INTENSE 
NT- [POW*JCOl 
CAll NO~M(AR,NT,A~IN,AMAX,F,8ACKGOJ 
F1=F *lGREV . 

C DETERMINE CDO~ OF RANDOM POINTS WITH A 8*8 RASTORICORRESPONOINC TO 1 
C ELEMFNTJ ON CRT 
C THIS PATTER,..' MAY BE REPEATED OVE~ THE ENTIRE PICTURE, O~ A RANDOM PAT 
C GENERATED ~f'R EACH PICTURE ELE"'E~IT 

C 
10 CONTINUE 

CAll TVLTR(8., 50.tKaRt~NT,2,TITlf,80' 
CAll TVLTR(8., 0.,KORIENT,2,PL8L,30t 
CALL TVNEXT 
00 100 t:1,JCOl 
IX .. 8.1 

C GRAYSCALE 
C IF ICSCAlE .~Q. 1 MFANS A G~EY SCALE IS PLOTTED 

IFeIGSCALE .~E~ l' GO TO 40 

39 

IFet.GT.3. GOTD 40 
nn 38 J = 1,128 
N-CJ+1I/(IZ8/lGREY, 
IF(N.EO.Ot GOTn 38 
IF(PNl.EQ.l.' G~ TO 19 
PN-H 
N-C(RN/lGREVI •• PNLJ·LGREY 
JJo:I29-J 
IY a 8*JJ 
DO 35 I( .. I,N 
MX. IX + IRX(KJ 
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MY iii I Y + I R Y C I< I 
KPl~T • I<PTPlOT + l024*MX + MY 

15 CAll TVPACKCKPlOT, 
18 CC'NTINUE 
C 

Gn TO 100 
Ita CONTINUE 

00 IDO J-1,JROW 
N -(AR(J,Jt - AMINI. Fl + 0.5 
IF(N .lE. 01 GO TO 130 • 

C PROVISION FOR NONlINEAP. INPUT OUTPUT RELATIONSHIP 
IF«P~l.EO.I.' GO TO 41 
RN-N 
N=(lRN/lGREY' •• PNLt·lGREY 

1t1 jJ-129-J 
IY-8*JJ 

C PROVISION FOR All 8*8 RASTOR TO HAVE O(FF RANDOM PATTERN 
IF(IRGEN .EO. 01 GOTO 60 
01) 61 l a 1,N 
IRXlll-S.*RCENCO. 

61 IRYCL'=8 •• RCf~'01 
60 00 50 K - I,N 

HX c IX+IRXClO 
MY - [Y + I RY « K I 
KPlOT • KPTPlOT+I024.MX+MY 

50 CALL TVPACKCI<PlOTi 
100 CCNTI NUE 

P~INT 120,CPlBLCTI,I=1,Z),AMIN,AMAX.F,PNL 
120 FORMATe. CRT PREPARATION fOR •••• ,lAIO; 

X. MIN s *,f15.5,* MAX - *,E15.t;,., NORMF .. *,E15.5/55X, 
'*~OWER(NCN-lINEAR GREY lEVELI - .,El5.51 
CALL TVNEXT 
RETURN 
END 

SUAROUTI NF UNPACK 
LARGE Af 1) 

(OMMONI BUFI HAll, NALL 2, I ROtH, NXH, NYH, I ERR t NPEAK, TlTLf 
cnM~ON/RUFll ~OW2, COL2,NALLF 
CO~~C'N/8UF2/JTV,IPR,IAV,IDIRT,IHEAOR,IPRIMG,ISH(F 
CO~MON/aUF3/MINVAl,~~XVAL,INTVAL 
DO 1 J-l,NAll . 
r-CNALl+lI-J 

1 ACr*Z-ll-ACII 
DO 2 1=2,NAll2,2 

2 A(lt .. O. 
RETURN 
e~o 
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SUPRQUTINF IF~n(A,NI 

C S~TS ALL ~lE~E~TS IN AN ~~R~Y ~F N ELe~ENTS TO ZERO 
LARGE A 11 t 
taO 

1 t=l+l 
IFl I.GT. NI RETURN 
A(t,=O. 
GO TO 1 

2 R.ETURN 
END 

• 

.. 
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