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- ELECTRON MICROSCOPY AT REDUCED LEVELS OF IRRADIATION
| ABSTRACT o |
Ivy Ai-Ming Kuo _

Spedimen damage by electron radiation is one of fhe
factors that limits high resolution electroh'microscopyiof
bidlogical specimens. The purpose of the work in this the-
sis is to'develop a method.to record imagés of periodic ob-
jécts af'a'reduced electron exposuré'in order to preserve
high resoiution structural detail. The résulting image
would tend to be a statistically noisy oﬁe; as the electron
eXposure isvreduced to lower ahd lower values. Reconstruc-
tion of a statistically defined image from such data is

possible by spatial averaging of the electron signals from

a large number of identical unit cells. . We choose to refer

to this geﬁeral 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 recordéd with exposures.
as low as 10'3 electron/umz. 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 i
INTRODUCTION

Biological electron microscopy has beenﬁvery 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 fhe resolving power of the electron microécope.
such that lattice resolution of 1-2 R is possible (25,56).
In additien, the transfer function theory of the electron
microscope is now better ﬁnderstood (49), and the ﬁhase
distortion eaused by misfocusing, spherical aberfation,
'and astimatism can be corrected to high resolutions by the
use of numerical image reconstruction techniques (14,15).
Furthermdre, three dimensional image recbnstruction 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 hlgh
ihstrumental_performance, at present only cellular struc-
tures larger than 40 X can be resolved in the electron
microscope. The reasons for this are many. One of the
problems is that of épecimen preparation. Techniques such
as dehydration, embedding, fixation and staining (18), are

necessary in order to increase the specimen contrast and to



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 Lo X remain intact.

1.1 Effects of electron radiation on biological specimens

One‘important limitation to high resolution electron

miCroscopy_of biological épecimens is that‘of electrén ra-
diation démage. This subject has.been reviewed'extenSive-
1y by Stenn and Bahr (42). 1In thé_electron microscope, a
small number of the electrons passing through the:Specimen
will be inelastically scattered. As energy is transferréd
from the electrons to the speciﬁen. excited, ionized and
radical spécies are formed. These chemicaliy active spe-
cies will tend to combine with other charged ions ofiwith
electrons to reach a more stable state. The molécular
changes that follow can be generalized into the fqllowiﬁg"
catagories. (1) Bond dissociation and losé_of small side
groups,_resulting in mass loss (2,33,47) and fragmentation
of larger molecules into Smaller oneé. (2) Formation of
new bonds:’bross-linking befween neighbouring molecules or
with a cdntiguous portion of the same molecule (7). (3)
Changing of bond.types on losing hydrogen, an organic mole-

cule acquires double and triple bonds (42).

Structural changes are well demonstrated in infra-fed

spectra taken of irradiated samples. Thevspectral patterns

P
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show a prdgreSSive decrease in absbrption intensity ahd a
decrease in pattern complexity as the'electron'exposure in-
creases (2,33). Ih addition, the progfeésive fading of
eiectroﬁ diffraction patterns of organic crystals (16, 33)
indicates structural disorder. | | o

The secondary and tertiary structures of organic molé-
cules are dependent on weak bonds (e.é.,'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 iowest electron exposure
that causes complete structural damage to the irradiated
specimen. A variety of methods have been used to assess
the extent of specimén damage. Fadiﬁg and éhanges of elec-
tron’diffraCtion patterns of crystalline specimens indi-
cate loss of crystalline ordér and structural alteratibns
(16,33). Structural changes can also belstudied by ob-
Serving the changes in the absorption spectra (infrared,
visiblé;‘and ultraviolet) of the irradiatéd specimen (33,
42). 1In addition, mass loss of the specimen_can be meas-
ured by directly weighing théimaterial Br by autdradiogb
raphy (10;33.47); From these studies, it was found.that
for each type of molécule. fhere:is a maximal level of
electron exposure that can be_tolerated. After the expo4‘

sure reaches‘this value, the accumulation of structural



changes in fhe specimen is such that further observation
probably will provide no-meeningful informatibn concerning
the original structure. In the_rest of our discussioh, wev
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.Jit is apparent that the
de#elopment of methods to reduce radiatien damage is essen-
tial. This'might be accomplished either by mipimization.
of the amount of exposure to the incident radietion,vor .
by making the specimen more resistant to the effects dethe
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-
eure. If is known that the loss of energy from the elec-
tron beam is proportional to the inverse square of the
electroh'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 mlcroscope,
the crizlcal exposure will be expressed in units of cou-
lomb/cm<, or electron/R2. At the_image plane, it will be

expressed in units of electron/hmz.
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studies.on'the voltage dependence of critical'exposure'have'
established that between the voltages of 80 Kev and 1 Mev,
the eritical exposure increases by a factor of 2 to 3 (17).
Theoretical calculation of both bright-field and dark-
field image intensities of single atoms reveals an addition-
al édvantage 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 ﬁse a high voltage
microscope With 1 X resolving power. At present, no ekis-
ting high voltage electron microscope can operate at this
resolution{ the principal difficulties being that of
achieving good electrical and mechanical stability At en-
ergieg as high as 1 Mev. |
. | Another possible method to use fof decfeasing the ra-
~ diation démage effect is that of very low specimen temper-
ature. Electron diffraction studies of paraffin ahd tet-
racene, bdth at 300°K and 4%, have shown that the criti-
cal exposures at 4% are larger by a factdf of 2 or mére
(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.




Consequenfiy. the structures of the organic crystels can be

-maintained up to higher levels of exposure. The“effect.of,v

increased specimen re31stance to the electron beam at low

temperature-was also demonstrated_ln the case of hydrated

sﬁeéimehs.b The critical exposures Of'unstained, hydrated

~catalase crystals have been determined by eiecfroh diffrae-

r“tion‘studies} bofh at room temperature and at liqdid nifro-

gen temperafure (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 enabie direct imaging of

molecular structdres. | | ‘ |
Invaddition to the methods mentioned.above'whichvhave

general applications, it is possible that special methods

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

reported increased resistance to damage by as much as a

factor of 4 to 5,‘when a 500 X 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/éluminum (1/1) formate, was found to

:have increased fading time (50). This effect was attrib- | o

uted to the experimentally documented fact that thlS stain

mixture forms inorganic mlcro-crystals at a slower rate

than does the normal uranyl acetate stain.



1.3 The SNAP-shot Method

As a consequence of the high sensiti?ity Qf organic
molecules‘to electron radiation, the structural information
that possibly can be obtained from electron-specimen inter-
actions is severly limited. The methods describeé above
aim mainly at increasing the critical exposure. But even
a several fold inqrease 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'bioldgical specimens if the images were recorded at
.an exposure not exceeding the critical expdsure for the
specimen. |

A method of recording images of periodic objects at a
reduced 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 eiec3;
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 éhapter 2,

The possibility of reconstruction of a statistically
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defined image,from a periodic,~ﬁoisy image was first con-
~ firmed 5y a numerical simulation study. The procedure was
~also testedYWith data collected by'the‘use”of an image in-
, 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 electroh detection (52), were also expefimented wifh for
recording statistically noisy images. Lafent images were
émplifiédAchemically by a vprocedure of inféCtiouS'deveiop—
ment (41). Kodak Nucleér.Track Plates, type NTB2, when
developed infectiously, were found to be best sui#éd for
our purpose. With ekﬁosures as low és lOf3 electrons/hm?.
Nuclear Track Plate can be devéloped‘to an opticai density
‘as high és‘j (figure 8), while the fog level remains insig-

nificant (optical density less than 0.1).



CHAPTER 2
THEORY

2.1 The Mlnlmum Beam_ Exposure Technlgu

W1111ams and Fisher (55) demonstrated that by limiting
the total number of electrons to the amount_necessary to
form an imége on a conventional electroh}image plate, there
was a marked'improvement in image resolution for negatively
stained Tobacco Mosaic Viruses. The 23 X periodicity of
the virus, which had previously never beén_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 fo give an observable image of optical density
W1l on thé photographic plate. It is for this reason that
recordlng of higher resolutlon detail will not be possible

with thls method alone.

2.2 Critical Exposure

The susceptibility of biological specimehs 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 1075 coulomb/bmz. Aromatic
organic compounds are more resistant to radiation damage,

and the critical exposure can approach l_O2 coulomb/cm2
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#

(60,000 electrons/ﬁz) for some exceptional aromatic mole-'
cules. _

The problem of image recording at the Ncr or less is
two-fold: (i) At this level of exposure there is insuffi-
cient_darkening qf the photographic platé to yield an image
observable to the eye orvdetectable 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 périodic objects.

2.3 The Rosé Equation

The relationship between the attainable resolution (a)
for a specified contrast (C) and the number of incident

electrons per unit area (n) is given by the Rose equation
(22): 5. .
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 ofi5 in the'numerator was determined by visual per-
ception experiments. These experiments have shown that the
image contrast must exceed the fluctuation in the ﬁumber of
electrons (i/(ndz)%) by a féctor 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 fesolution of 4, if n satis-

»
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fies the eQuation; otherwise, it is statistically noisy.
Contrast values for biological moleculeé are usually very
low; when the contrast is improved by stéining, for reso-
lutions above 25-2, the contrast in any one Fourier éompo-
nent of the image is usually not better than 1% (7). In
order to resolve 10 X, we can see that from the Rose equa—)
tion that n is calculated to be at 1easti2500 electrons/A%.
For some aromatic compounds.the critical éxposure (60,000
electrons/ﬁz) far exceeds this value, ahd}lo X resolution
or better should be possible. This has been demonstrated
experimentally in the case of Cu-hexadecachlorophthalocya-
niﬁe.(Sl). For saturated bond organic mblecules, the value
of 2500 electrons/ﬁ2 exceeds the criticél'expdsure by a
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):

d > ' (2.2)
C(fN,.)?

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

the critical exposure at fhe'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 C,f and Ncr' Since d has an inverse square
root dependence on f and Ncr’ the effect of increased con-

trast is largest.  The various methods outlined in chapter

;+ thus, only a

1 have achieved but a modest increase in Nops

small improvement in d is expected from their use.

2.4 The. SNAP-shot Method

In the electron microscope. if the eleétron irradia-
tion is not to exceed the critical exposure, the recorded
image (assumihg eveh that we have a device~cépable of de-
tecting single electrons), would be a statistically noisy
one. HoweVef, if the specimen is periodic; and the unit |
celi dimension is known, tﬁen it is pdSsible to spatially.
average the noisy(image to yield a statistically defined
image of a unit cell (16,27). If the noisyvimage is com-
posed of R unit cells formed on the recorder, then after
spatial averaging the number of electrons per resolution
- element is ihcreased by a factor of R. 1In equation (2.1),

n will be substituted by RxN ihsteadvof Ncr; where R is

er’
the number of repeating unit cells in the recorded image.

The Rose equation then becomes

I

d -2 2 (20 )
s < CERN_) 3

where dg is the attainable 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-tyve real space superposition‘proceduré‘(27) can
be subsequeﬁtly applied to get the statiStically defined
image. Alternatively, a‘delta-function'filtering performed
on the reciprocaf lattice will yield the same spatially

averaged imagé. The mathematical justification for the

latter approach has been elucidated by Aebi et al. (1).

2.5 The recording device for a statistically noisy image

The SNAP-shot method cannot be realized without a re-
cording device that fulfills the following three require-
ments. |

(1) It is capable of amplification of}éingle electron

events, -

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

cy (DQE), where pop _ ﬁsigna;énoisegz of recorded image
signal/noise of electron beam °
When DQE is equal to 1, the fluctuations in the

image are caused only by the statistical flﬁctuations of

the electron beam.

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

2.6 Improvement in resolution by the SNAEéshot method

Assuming the dimension of fhe image area is AxB, and
that of the unit cell is axb; then the maximum number of

repeating units, R, can be expressed as




R = A.B = L
_ TM.a)(i-b) M2

where r = (A*B)/(a+b), the ratio of image area to the unit
cell area; M is the magnification.

Equation'(z.j) becomes:

a sl 5 (2
r

s
i ed (2.5)

‘where d is the attainable'resolution befofe'soatial aver-
aging. ‘d .cannot be made arbltrarlly small by decrea31ng
11, because of the flnlte s1ze of the minimum picture ele-
ment (p) that can be resolved on the recording medium.
Thus the additional condition

o NMd > p : (2.6)
must alsovbe satisfied. Equation (2.5) can be written with

a trivial change as

» - Ma
e > == - a.
ST p2

- Then, subStituting Mdg by D, it becomes

d

2

RN

H»—Rw h‘mb—td

o

(2.,7)

o] d >
r g 2

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 =
| ‘ 16 @2

10% &, AxB = (9 em x 9 em) = 81 x 10*® &%, and axv =

(100 R x 100 X), equation (2.7) becomes
1
2

3 L[]

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

dg 2
units of Xngstrom. d/'dS can be used as a measure of im-
provement in resolution. Several values fbr d,'ds and d/'dS
are listed in table 1. The improvement in resolution 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 nonQperioqic objects is
theoretically possible.  Frank (13) has proposed a proce-
dure of matcﬁed filtering, by which noisy images of objects
that have identical structure can be recogniied and ;oca-
ted. A cross-correlafion procedure can then be used to
pléce the noisy images invgorrectvregister, and the defined
image is constructed from the supefposition.of the required

number of noisy images.
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TABLE 1

Predicted Improvement in Resolution by the SNAP-shot Method*

Attainable Resolution Attainable Resolution Improvement
at Critical Exposure of SNAP-shot Method by SNAF-

,d(X) - ds(g) - sho:jcl I\/iegrsxod
} 100 , 3.3 - 30
25 ',11.6 T .15
1.0 S ;‘9. N
”4' , | 0.7 - 5.7
-‘1  0.3 P

*Values of d are initial, arbitrary values, and values for
- dg 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
parameters will of course give new values for ds.y
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CHAPTER 3
PRELININARY 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 é checker-ﬁoard pattérn (fig-
ure 1) which was represented in the computer by a square
array of 128 x 128 points. Incident electrons were simu-
lated by génerating.numbers of value 1, which were added to
elements of the array in a random fashion, thereby generaf-
ing the resulting noisy image. Initially. all 128 x 128
elements were set to zero. The stbchastic distribution of
events was arranged such that the probability of an event
falling on the dark area was twice that of an event falling
on the lighf area. FigureAZa is the resﬁlting statistical-
ly noisy image of the checker-board pattern, which has been
displayed through a 3-D perspective, Calcomp plotting rou-
tine. From the powerAspectrum of the noiéy 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 spacé lattice was super-
imposed on the noisy image, and the'coordiﬁates of each
single-electron event were détermined within its unit cell.
Next all single—electron events were referred to their ap-

propriate poéitions in one given unit cell. The pattern of

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

XBL -753-4791



_ v . o - XBB 751.55
Fig. 2. Computer simulation of SNAP-shot method.
a. A 3-D perspective, Calcomp plot of a statistically
noisy image of the pattern in fig.:l; b. the power
spectrum of the statistically noisy image; c. the
spatially averaged image.

6T
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the statistically determined unit cell was then repeated

over’thé entire 128 x 128 array (figure 2c).

3.2 Image Ihtensifier

Application of the SNAP-shot methoé to experimental
data was first attempted on data recorded Sy avcommercially
available image intensifier;‘ The camera is of the Secon-
dary Electrbn Conduction (SEC) vidiCOn_tyﬁév(Quantex Corp.
Mountain View; Calif.). The camera is'preceded by a one
stage, electrostatic intenéifier tube with a measured pho-
ton gain of 40, The intensifief looks at é scintillator
screen, and.fiber opfics coupling is used thrbughbﬁt._

The amplified images were stored on a video disq re-
corder (VAS Ltd., Sﬁnnyvale, Calif.) in consecutive frames.
A selécted frame was then continuously repiayéd to allow a
slow-scan converter to sample and digitize the recorded
.image.' The digitized data were stored_on:a magnetic tape
to be uSed as input to a spatial averaging,éomputer pro;
‘gram. The flow diagram for data acQuisitioh is shown in
Fig. 3. |

In order to determine the detection efficiency of the
image intensifier én arbitrarily chosen video line was dis-
played on an oscilloscope. The number of_péaks above the
threshold levei were counted és eléctron signals. The de-
tection efficiency was found in this Wéyitb be only 20%

(26).
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ELECTRON
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XBL 753-4790

Fig. 3 Diagram of the image intensifier system
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A cafbon replica of an optical diffraction cross-gra-.
ting with a period of 54800 lines per inch (purchased frém
Pelco) was imaged at a magnification of 1600 and an'expo~q
sure of 3vx-10'4 electron/umz. The image data weré'digiQ

tized as'described_above,~and stored on a magnetic tape.

3.3 Computer processing of image data |
o ' Précessing of‘statiStically noisy images of periodic
specimens was.carried out on the CDC 7600 and 6600 computers
at the Lawrence»Berkeley Laboratory.' Figure L shows.the
) fioﬁ diagram of the SNAP-shot‘data processing system. Us-
ihg,the 7600, digitized data were read in from magnetic
tapes into a 2-D array of imége intensities. 'The'Fourier
transform_of the ar?éy is generatéd using the Radix Mix
algorithm, deséribed by.Singleton’(39). This recently de-
veloped algorithm removes the restriction that the dimen-
sion of.the'afray'Should be powers of 2; fufiherﬁore._an‘
arrayvof.odd'dimensidns can also bé traﬁsformed.‘ At pres-
ent..theICOmputer program developed for this thesis is ca-
pable of'FQurier transforming an érray of 320 x 320 points,
giviqg the amplitudes and phases of the diffraction paté
- tern. |
Due to the périodicity 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'emplby an interactive-display system im-
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plemented on the CDC 6600. Viewing the pbwer 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 of interest. Hitting a specified
key on the'keyboard causes the position of the peaks t6 be
registered. The coordinate numbers thus obtained are com-
pared with those generated by a»Separate subroﬁfine in the
7600 program.whigh searches for Fourier peéks, 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 thé'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
noisy 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 averaged image.

G2
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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.

3.4 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 5¢c 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 plotted: Number of dots plotted for the ith element =
: N
(ggex-level at the ith element) x maximum grey-level,

maximum grey-level
where N is a positive integer. We find that 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 Evaluatio f the ima t ifi 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
ares

(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. 5¢).
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CHAPTER 4
PHOTOGRAPHIC EMUSIONS

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 um and 25
um 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 um spot
size. Such an emulsion would serve as an "image intensi-
fier" with 100% efficiency. A few of the commercially

available fast emulsions were investigated.

4.1 Determination of grain gize 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 um)z. Results are listed in
Table 2. Figure 6 shows the developed grains in the emul-
sions studied.

No screen X-ray film (NNSX) and Royal-X Fan film (RX)



TABLE 2

Emulsion Development Tempgrature Grain Size Fo% Count* Fog Optical
(Abbreviation)and Time(minute) ¢ (micron) in (100um)2 Density
Developer
1. Kodak Electron -5 20 <1 50 % 0+1
Image Plate (EIP)
HRP%1s4)+Antifog
2. Kodak Blue-Brand : 20 2-4 120 0.1
Medical X-ray
Film (MX)
HRP(1:4)+Antifog
3. Kodak No Screen i 20 2-10 280 0.4

X-ray Film (NSX)
Kodak Liquid X-ray
Developer

L, Kodak Royal-X Pan 6 20 2=10 240 0.4
Film (RX
DK-=50

5. Kodak Nuclear Track 10 20 0.26%% - < 0.1
Emulsion (NTB2)
D-19

0]

#¥Values given are only a rough estimation
#*#Taken from Kodak Technical Pamphlet No. F-64
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Fig. 6 Fog grains in the emulsions 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.

L,2 Statistically noisy image on medical X-ray film

Noisy images of uranyl-stained catalase recorded on kX

film at the magnification of x40,000 and exposure of 1073
electron/um2 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/hmz), 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 MX 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
(KZCrZO7 1.9 gn/1, H,50, 1.25 gm/1) for 1 minute, followed
by a2 30 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
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fixer. After 5 minutes of fixing, the film was washed for
5 minutes, and developed.

In fhe subsequent experiments, the Medical 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).

L,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 (NZHA-ZHCL) in the de-
veloper. When the concentration of hydrazine was 0.25
egm/1000 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 electrons. 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

16% .
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when the optical density was estimated to reach a value
between 1 to 2. By developing at lOOC, the time of develop-
ment can be lengthened slightly to 1 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 lX film, when it is
infectiously developed at lO°C, 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 imagés is the existence of inherent high fog level in
these emulsions. Infectious development was also tried on
smaller grain emulsions. On EIF, a developing condition
for the clustering phenomenon was not found. Freliminary
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 amplify 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
suifide and plastic scintillators. Photqgraphic-emulsionSr
(EIP and MX film were used) partially covered'by ZnS or
plasticvscreeﬁs, were exposed to 4 x 10'3'electrons/um2 in
the electron microscope. After development, the optical
densitiee'of different_areas of an.image plate were record-
ed and eeﬁpared. A higher optical density.value in the
area directly beneath the phosphorescent screen would indi4
cate that the screen can be'uSeful as a single electron
signal amplifier. »

- Zinc sulfide screens were prepared by the foilowing
‘method: A measured quantity of zinc sulfide (Type GN3P,
Levy West Paboratories_Ltd., Harlow, Ehgland) was added to
va solution of iso-amyl-acetate (CH3C00 CSHll) containing
_10% collqdion. The suspension was poured into an evapora-
ting dish, and the phosphore was allowed to settle onto a
glass cover slip placed at the botfom of the dish. The so-
lution wée_allowed to evaporate over a ﬁeriod of 24 hours,
leaving a thin film of the desired thickness on the glass.
Screens of 40, 26, 10, and 5 mg/emz‘thicknesses. were pre-
pared in this manner. | | |

Resuits from using ZnS screens of different thick-
nesses on MX films are listed in Table 3. For an initial
exposure of 4 x 1073 electrons/uﬁz, the highest optical

density measurement, 0.65, was taken from an afea directly



TABLE 3

Optical Density Measurements,dn Medicai X-ray Films with the Use of ZnS Screens

¥

~ Screen Thégkness_

(mg/cm* w0 26, : f _. 10 o 5
eromre , -,  _- : :, ] — ,- - .- R - .
'(electrons/hmz) L4x10 3 ux10™3 wx10”?  2x10”3 10 3 4x1073  ux10”>
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.

8¢
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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
thicknessvof the ZnS screen was taken to-be 10 mg/cmz.‘

Using a 10 mg/cm® thick screen, the amplification of
eléctron‘signals was tested, on MX film, at decreasing ex-
posures (table 3). At 2 x 10'3 eleétrons/umz, the measured
optical dehsity just beneath the screen was about equal to
that of the unscreened area of the film. At 1072 electron/
umz, 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 lével of
electron exposure is not enough to render éilver halide
grains in the emulsion developable, 2 phenomenon due to
reciprocity law failure of photographic emulsion (30).

Experiments using a lobmg/cm2 ZnS écreen 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/umz. Results frdm’using plas-
tic scintillators of different thicknesses on both MX film
and EIP were negative.

From the above discussions, we concluded that, pro-
vided the electron exposure at the image plane is hot lower

than & x 107> electrons/um?, a ZnS 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/hm2, an alternative method must be

used.
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 CHAPTER 5
KODAK NUCLEAR TRACK EMULSION (TXPE NTB2) _

Kodak NTBZ plates have a DQE value of 1 af high elec-
tron e#posure (0.13 electron/hmz-- specified in the Kodak
data release sheet). When processéd in the manner recom-
mended by the manufacturer, 80 Keﬁ electrqné form tracks
Between 10 um and 25um in length. 'If developed infed-
‘tiously, clusters of grains were formed. It has been found
‘that hydrazine compound; added.to an alkaline developer. ‘
‘such as D-8, induces development of'unexpoéed grainqkin |
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 éxposures of 1072 electron/um2 and lower,
it is neceSsary to suppress undesirable fogging by carry-
ing out the dévelopment at a temperature aé»low as 4°c.
Under this condition, the background can‘be kept to a very
low level (figure 7b, 8)..

Due to difficulties encountered with'iongvdelivery
times, the frequent presence of cosmic-ray tracks (figufe
6e), and the high cost of Kodak mahufactured NTB2 plates ’
($3.13/plate), subsequent experiments have so far been
carried out with photographic plates prepared in‘our lab-
oratory. Celatin coated glass plates prepared in advance

were used for coating the emulsion. The gelatih coat is

?
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Optical density of NTBZ emulsion plotted against the
time of infectious development. The NTB2 plates
were subjected to different levels of electron expo~-
sure. 'ﬁ. lO*zelectron/umZ; B, 10‘3e1ectron/um2;
C. 10-%electron/um?; D. fog. » :
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necessary in providing firm adhesion between'the emulsion

and the glass. The_choibe of gelatin often affects the

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

essential that only photdgraphic gelatin be used for this

pﬁrpose;

Procedure for preparing gelatin coated glass:

(1) Add 5 gm of Ilford photographic geiatin to 200 ml of
distilled water. o o ‘

(2) Let the gelatin gradﬁallylswell in the water; this

takesiabout 2 hours. The swelling period is necessary _

for gelatin to completely dissolve in the water.
(3) Add distilled water to reach a total volume of one
~liter. |
(4) Add Zs.hl of 3% Potassium Chrome Alum,_and L drops of
‘Kodak Photoflo 200 to the gelatin solution.
(5) Place the mixture in a hot water bath (about 60°C),
and stir gently to avoid forming bubbies.
‘(6)- Dip a cleaned 4" x 3%" glass plate into the warm so-
lution. |
(7) The gelatin coated glass is then removed and air— 
dried on a rack.
Procedure for goéting-NTBZ ggulgign:_ |
The emulsion.can be purchased from Kodak in 4 oz.
bottles. The emulsion is first melted in a 3?00 water bath

for 1 hour, and the gelatin coated glass plates are warmed
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to 50°C on a hot plate before coating'with-emulsion. Then

the follbwing 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
gelatip coated glass plate. The piate is then tilted
slole in all diregtions'so that:thé 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‘emulsioh_in
fhe‘following bperation.

(2) Pour 2 cc of emulsion onto the center_éf’the‘glasé

~ plate, tilting the plate in all direétions-until it is
evenly coated with fhe emulsion. |

(3) The'éoated plate is then air-dried on{a level surface
"in a dust-free environment. | _

(4) This_is followéd»by dessicating the plates thorogghly
with dessicator (type humi-cap, Driaire Incorp., Conn.)
for two days in a light tight box.,.Piates.are agéin
dessigatéd 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

microscovpe. Imaging on thehgelatin 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
um thickness. The emulsion thickness for the home-made

plate wés also found to be avproximately 25 um.

Procedure for infectious development of NTB2 emulsion:

(1) Devel@p first in D-19, at 10°C, for 20 minutes.

(2) Immédiétely tranéfer the plate to D-8, which is main-
tained at a temperature.of,uoc. - Hydrazine dihydro-
chloride (NZHQ-ZHCL), in thé’amount of 0.25 gm/1OQO'
cc, has been added to the D-8 developer t¢‘cause'inf
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
uhdef a safe light (Kodak safe light filter No. 2),
and'it is stopped when the -emulsion reaches an'appfo-
priate darkening that corresponds to a developed opti-
cal dénsity between 1 and 2. - The timé of development
is much longer than that of Medical X-ray fiim, there-

. fore termination of .development can bé cohtrolled more
accurately (figure 8). | | |

(4) The plate is then rinsed in running water for 30 sec-
onds; prolonged washing causes an incfeése‘in the fog
level. |

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

- Developer containing hydrazine -compound okidized rapidly;
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therefore it is made up immediately before use and is not
stored or reused. An 1nfectlously developed NTB2 plate,

exposed to 10 -3 electron/hm » 18 shown in flgure 7b.

' 5 1 Electron Mlcgosggpx

Experiments were perforned on a JEM lOOB electron |
microscope, operating at 80 Kev. The eXposures were mea-
sured at a plane Just below the nhotographlc plate, using
a 11th1um-dr1fted 51llcon detector. The detector counting
_eff1ciency has not been determlned accurately; when com- |
pared to the readings from a Faraday cage, 1t was found to
be approximately 80% efficient (22). We have not corrected.
for the countlng efflclency in the data presented here.

. A condition of low beam current was achieved by u51ng
a,moderately small condensor aperture (200 micron), and
setting the bias to the lowest possible value. During'the,
rec°rding of'statistically noisy images}rthe field_limiting
aperture was used to protect one area of the'image plate
from the electron beam, so that the fog.letel could be
assessed for each individual plate.'

Commercial preparation of bovine liver catalase (C.F.
Boehringer &'Soehhe. Mannheim) was recrystaliied by»thel
method described by Wrigley (54). A drop of catalase crys-
tals in'suspension was placed on top of a'formvar coated
dgrid, and the crystals were allowed to settle on the’film.

The excess_solution was drained off, and,avdrop of aqueous

|
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2% uranyl acetate was added. The stain was left on the
gr;d for‘ivminute, and excess liquid was drained off thor-
oughly to prevent build up ofzstain around the protein
crystal. The grid was coated with a thin layer of carbon

film (about 100 2 thick) to prevent specimen charging.

5.2 Opticalidiﬁfraction and microdensitometry

vOptical diffraction patterns of images of uranyl
Stained'catalase are obtained on an optical bench that has
been assembled in-house and features a neonQargon 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 diffractioh,, Diffraction patterﬁs wefe}recorded
on FPolaroid films with a Graflex camera. '_ o

Optical densities of developed NTB2 pletes were mea-
sured with a Joyce Loebl Microdensitometer, Model &K IIIC.
Owing to fhe loﬁ exposure and the infectious development,
the emulsion exhibited considerable graihiness.‘causing a
large flgcfuation-in_the optical density readings.

Photogfaphic 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 um. Digitized
data were feeorded oﬁ magnetic tapes for processing in the

-computer, as described in chapter 3.
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5.3 Signal amplification and noise suppression on the NTB2
emqlsidn _ | _ -

The effect of infectious development on signal and
noise can best be studied from an opticai”dehsity'versus
development-time plot (figure 8). Data were obtained from
Kodak NTBZ2 plates.. The plates were subjéctéd to varying
electron exposures in the‘electron micréscope. with no
specimen in the beam. A field limiting épefture was usedv
to block electrons over one area of the plafe; from which
the background fog levels could be determined.f.?or expo-

sures of’10'2

and 107 electron/umz. when the dénsities'in
the exposed areas were developéd to values as high as 3.6,
the fog level remains unchanged.' It is also interestihg:
to note that there is a good signal to noise (fog)vdis-

L

crimination even for exposures as low as 10~ electron/hmz

(figure 8).

5.4 Grating resolution of NTB2 emulsion

The‘pbint 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 diétance. 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 1:2 HRP for 5 min-
utes for maximum speed). The results are listed in table

b,

5.5 Present status of experimental results with NTB2

Preliminary work has been undertaken to use NTB2 emul-

sion for getting SNAP-shot data. Fhotographic 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 magniflcatlon of 10,000, and at
the exposure of Lx10 e~ jum;

b. on NTB2, at the magnlflcatlon of 20,000, and at
the exposure of 10° e‘/ g

c. on NTB2, at the magnlflcatlon of 20,000, and at
the exposure of 107~ /mm;

d. on No Screen X-ray Film, at the magnlflcatlon of
10,000, and the exposure of 4x10’e” Jpm

e. on Kodak Electron Image Plate, at the magnification
of 10,000, and exposure of O.25e'4umf
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TABLE 4

Determination of Grating Resolution
of Infectiously Developed NTB2

Emulsion Type Exposure Magnification Grating Reso-
(electron/hm% lution
(micron)#*

EIP 0,25 x10,000 21

(1:2 HRP)

NSX 0.04 x10, 000 28

NTB2 0.04 x10, 000 21

NTB2 0.01 x20, 000 L3

NTB2 0.001 x20,000 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/gz. 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 10a)
taken at the relatively high exposure (for NTB2) of 2x107%2
electron/umz, contains high resolution crystalline infor-
mation out to 10.6 £. The image appears "statistically
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 ontical
diffraction pattern (figure 10b), that the support film
phase-contrast granularity extends to approximately 5 X
(0.2 X'l). Unfortunately, the corresponding EIP image was
not obtained for a direct comparison of image information
on the two emulsions. However, the datavon the NTB2 plate
alone suggests that, by Williams' minimum beam exposure
technique, high resolution images can be récorded with re-
duced exposure if NTB2 plates, instead of EIF, are used.

An image of a stained catalase crystal recorded on

NTBZ2 with much lower exposure is shown in Fig. lla. It was



Fig. 10

XBB 751-51
a. Image of an uranyl stained catalase crystal
on NTB2, taken at the exposure of 2x10-2
electron/um2, 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. 10a.
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Fig. 11

XBB 751-57

a. The statistically noisy image of an uranyl
stained catalase crystal on NTB2, taken at the
exposure of 5x10-3electron/um?, 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 1073 electron/um2 at the image plane. Figure 12a shows
the same image area recorded on a Kodak Electron Image
Plate at an exposure of 1 electron/umz. Figure 11b, 12b
are the respective optical diffraction patterns taken from
identical image areas in the two cases.

Figure 11lb 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 ﬁoint, an op-
tical diffraction pattern from a small area, only 3 mm in
diameter, of the Kodak Electron Image Flate 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 11lb. 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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.
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XBB 751-56
a. Image of the same catalase crystal in fig. lla.
The image is now recorded on a Kcdak Ilectron
Image Plate, at the same magnification, but at
1 electron/um?. b. Diffraction pattern of the
image from an area 2.5 cm in diameter; c¢. Diffrac-
tion pattern from an area 3 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 11b 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. 1In
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 resoiution (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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the grating resolution of NTB2 increases with decreasing
exposures (for constant 0.D.), we find the result that

the grating resolution is indirectly dependent upon the
magnification. Since the attainable resolution (d ) 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 1, 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 ds vs.
M. These two curves must intersect at a point F, as shown
in Figure 13. In this figure, curve A represents the
equality d = aTg%ﬁ;;T% » where C = 0.01, N, =1 electron/
22 and f = 1; r is taken to be (%B%EX)Z as previously as-
sumed. Curve B represents the equation dS = ﬁ » 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 F, where these two
curves intersect, is the best attainable resolution for the
parameters and conditions that have been svecified. 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 NTB2 emulsion is es-

timated to be approximately & X.
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TABLE 5*

Values of magnification, grating resolution, and
attainable object resolution used to plot curve
B in figure 13.

Magnification Exposure Grating Attainable object
M (electron/um%-Resolution resolgtion
' p (micron) d_(&)

10,000 1 20%# 20
20,000 0.25 20 10
50,000 0.0k 21 L
100, 000 0.01 43 4
300,000 0.001 86 2.8

*Assuming Nep = 1 electron/xz, the actual exposure on the
image plate is calculated for each I, and the correspond-
ing grating resolution (p) is found from table 4. Using
equation 2.6, the value of dg for each M is calculated.

A plot of dg vs. I is shown in figure 13.

#*#Estimated value.
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Fig. 13 Attainable resolution vs. magnification. Curve

A is a plot of equation 2.4; curve B is a plot
of equation 2.6.



61

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 2.3, will be

expressed as ( : )
. 0 = DE = _D g .
D D.g

where D is the averaged density of the two picture elements;
C is found to be inversely vproportional 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/hmz. 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 1Image of an uranyl stained catalase crystal recorded
on NTB2 emulsion, at the magnification of 40,000,
and the exposure of 0.2 electron/pmz.
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5.8 Evaluation of the.NTBZ-InfectiouS'deVelogmenf approach
The advantages of the>NTB2-infeétiqus'deveiopment

.ﬁethod aré thé_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) High electroh-détection efficiency and low fog ievels
are attained. | | | |

(&) The emulsion ié capable of a fairly wide rangé'of
response- to iarying electron exposures.

(5) Matriéardi-et al. (29) reported improved sensitivi-
ties of No Screen X-ray film, and images were recorded
with exposures as low as 4 x 107 electron/um®. The
background 0.D. was found to be O0.4. For the same.
expoéure; NTB2 has a smaller grating resolution, and
the background 0.D. is undetectable. This causes
NTBZ'tQ have a gfeater dynamic range than NSX. .

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

| low exposhres. | -

At the present state of the art, some of the disadvantages
are:; | - |
(1)‘ Unless the 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

;plafes have to be treated individually.

(2) ‘The gain in sensitivity also enhances the disturbing
effects of irreguiarities in the emulsion, such as
stfesé.marks‘due to irregular dryihg. and variations
in the emulsion thibkness; | _

Due to the qualify of the NTB2 plates prepared in our
'labora¥ofy. we are limited at-present=by the plate irregu-
. larities and fog level to exposures of the ordef of 10'3
eléctrén/umz. Preliminary results with Kodak NTB2 plates
1ndlcated that the prospect of recording at 10 4 electrqn/

umz or lower is very good.

5.9 Diséussion‘

,:Due to fhé»damaging effect of,the inelastically scat-
tered electrons on organic molecules, the images of bio-
-logical specimens must always’bé recorded at an ekposure '
not exceeding the britical exposure fbf eéch'type‘of speci-
men in order fo obtain high resolution data. As the number
of inqideﬁt electrons is reduced, the signal to noise ratio
in the imagé intensity also decreases, so that oniy low
- resolution image -features can Be detected. For periodic
specimens, the signal to noise;ratio in the image inteﬁsity-
can be improved upon by spatiai 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, ahd re-
corder resolution, we have calculated the possible improve-
ment in theeattainable resolution by thehSNAP-shet method
(seetion 2.6), and a siénificantvimprovement can be expec-
ted. o i | o
The feasibility of the SNAP-shot method was tested

first with a numerical-simulation,'and’then with experimen-
tal data*teken with an image intensifief. In-beth'casee.
~we have shown that it is possible to determlne the verio- .

| dicity of an object from its statlstlcally noisy image.

~ When the‘perlod of the 'specimen is known, the,statlstlcally -

determined image can be reconstructed by doing Spatiel
averaging»within -the computer. '

- The SNAP-shot method can best be reallzed with a low-
noise detector, whlch is capable of detectlng 51ngle elec-
: trons, and at the same time has a large area for 1mage data
collection.h NTBZ'emulsion was found to be best suited’forv

- this purvose. With an exposure 1000 times 1ess than that

. reauired for the Kodak Electron Image Plate, we found that

it was. possible- to obtaln an image of hlgh‘optlcal density,
yet w1th 1ns1gn1flcant fog level.

The grating resolution of the 1nfect10usly developed
NTB2 emu131on has been determined, and a plot of the at-
tainable resolution vsg. magnification:ihdicates”that using
the SNAP-shot method;.it should be pesSible to obtain 4 R

resolution on NTB2, for a periodic biological specimen with



66

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 meahs‘of the SNAP-shot method. Better speci-
men preeervation is poseible by the use of hydrated speci-
‘men techniqoes, both at room temperature (32), and at liduid
‘nitrogen temperature (44). Electronfdiffreotion'patterns
of unfiked. unstained, hydrated‘specimens of cetelaselorys-
_tals shoWed'Z to 3 X resolutioh in bothlstudies cited”
‘above, 1ndlcat1ng excellent preservation of structure.‘
_Speclmen hydratlon can be malntalned at room temoerature
by the use of a dlfferentlally pumped hydratlon stage (32)
but at thls temperature there probably is. cons1derab1e
brownlan motlon of the specimen. For this reason,‘the
frozen, hydrated Spec1men technique 1is more sultable for
the purpose of image recording. Taylor (45) of our labora-
tory'has succeeded in recording images of frozen, hydrated
catalase orystals using-Kodak No Screeh‘X-rey film. fPer-
_1od1c structure in the 1mages was found out to a resolutlon
of 21 X Experlments are currently underway, in our lab-
oratory, to obtain high resolution image data with frozen
hydrated speCimene, using the SNAF-shot method.

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 interest-
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ing biological épecimens ére periodic in the native state.
These included the.gap juncfion or néxus; which is a part
of -the cell surface membrane in many types of tissue (20),
tﬁe'actin énd myosin protein found in striated muscle (23),
>and the gas vacuoles found in bacteria and blue green algae
(53). The surface 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 pathologicél 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 form small crystals suites
able for electron microscopic studies. -

After the first draft of this thesis was written, we
received a pre-print from Unwin and Henderson of the LRC
Laboratory of Molecular Biology, at Cambridge. England.
'They have succeeded in obtaining 7 X and 9 2 statistically
noisy image'data of purple membrane and catalase crystals
reSpectively. Glucose was used to facilitate the in vacuo
-préservation 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 Qork differs from theirs in that we make
én~attémpt 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 recordiné 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 énd
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 iisting.
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,SNAP....This'is the master program. It reéds invthe var-
ious optioﬁs from data cards, spécifiedfby the programmer,
and calls the appropriate subroutines fo prdcess the input
"data on a magnetic tape. The various options are listed
and explained at thévbeginning of'thejpgogram liéting.

" The majbr subroutines used by the program SNAF to control
the sequence of operation are: CUT, FILTER, FOURIER,
LOOKPD, LPRINT, SCOPE; TVPICT, TVFOU.-
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PROGRAM SNAP(INPUT,QUTRPUT,TAPE2,
$TAPE9A=101,TAPE3)
TAPF2 IS THE INPUT TAPE
TAPER, .. MODULISS OF FOURTFR ON.THIS TAPF. IT IS INPUT TAPE TO PROGRAM

PICTURE.

ALLOW MAXIMUM OF S PICTURES

NPICT
ITV

IHEADR

1ce
ICuTY
IPICY

IX0,1Y0:
LGREY
1RGEN

NAVX NAVY

NPEAK

NUMPK

MINVAL

MAXVAL
INTVAL
IROW*JCOL
1scoPE

IGSCALE
IDIRY
NCOL
MROW
1AV
ISKIPF

PNL
PNLFOU

“FOUMA X

NUMBER JF PICTURES(FILES) ON TAPE2

SET TO 1 FOR Tv DISPLAY

=0,00 NOTHING

SET TO 1, IF THERE [S A HEADER RECORD. IN EACH FILE
=0,00 NOTHING

0

1 o

SET TO 1, FOR 1ST PICTURE

SET YO 2 FOR 2ND PICTURELETC.

BEGIN CUYT AT IYOTH WORD OF IXOTH RECORD

NUMBER OF GREY LEVEL FCR PICTURE OISPLAY

SET 7O 1, WILL GENERATE RANDOM PATVTERN FOR P ICTURE
=9,00 NOTHING v
AVERAGE INPUT DATA BY NAVX COLUMEWISE, AND NAVY
+ROW—WISE.

l, WILL LOOK FOR PEAKS IN THE FOUR!ER SPACE(LEFT’
=0,00 NITHING

NUMBER OF PEAKS IN THE LEFT FOURIER SPACE(INCLUDING
TERD ORDER) TO BE INCLUDED IN THE FlLTER

MINIMUM VALUE OF INPUT DATA

MAXIMUM VALUE OF INPUT DATA

AVERAGED VALUE OF INPUT DATA

SIZE OF ARRAY TO B8E TRANSFORMED

=1y WRITE MODULUS OF FOURIER ON TAPE3., .

=0, DO NATHING

=1,PLOT GREY SCALE

=0,00 NOTHING

=1y FOR INPUT DATA LARGER THAN MAXVAL'DR LESSER THAN
MINVAL,SET YO INTVAL

=0,00 NITHING

NUMBER 0OF SCANLINE IN A FILE

NJMBER OF 4ORDS IN A SCANLINE.

=] ¢ AVERAGE INPUT DATA BY NAVXENAVY

=000 NITHING

NUMBER JF FILES TQ RE SKIPPED BEFORE THIS PlCTURE.
=0y 00 NOTHING

EXPONENTIAL POWER FOR IMAGE DISPLAY, NORMALLY=2.
EXPONENT IAL POWER FCOR FOURIER DISPLAY,NORMALLY=4,
CUTNFF FOR FOURIER DISPLAY,ALLOWS 3 VALUES.,

DIMENSION M(3),5(32), INV(32},P(51), TITLE(B';!NPUT(IOOO-S)

COMPLEX E

COMMON/BUF/NALL 4NALL 2,y JROWTNXH NYH, !ERR.NPEAK.YITLE
COMMON/BUFL1/ ROW2, COL2,NALLF

COMMON/BUF2/1TV, IPR, 1AV, INIRT, IHEADR ,IPRIMG,ISHIF
COMMON/BUF3/MINVAL ¢MAXVAL, INTVAL

COMMON E(128,128)

COMMON/BUF4/ IRNOW, JCOL LGRCY'IQGEN.ISCOPEoIGSCALE.PNLvPNLFOU-
$PLBLI(3),FOUMAX{3)

COMMON/BUF5/C13,400)

CUMPCN/TVGUIFE/TVWOD:'TFXTUQE.lTVZ
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LARGE A{131071}

LAPGE AA(73727)

LARGE R(3,90CQ)} . : v
DATA PICT/10HPICTURE / + FOUR/ LOMFOUR [ ER 7+P/1HL1H2, 1H3, LH4,
$1HS5/ s SHIFT/10HSHIFY /+LATT/LOHLATTICE / _
$. FULL710FULL IMAGE/, AUTOFOU/lOHAUTOFOU /
$,AVIMG/10HAV IMAGE /

ITV2=5LD0UMMY

NTAPE=2

REWIND NTAPE

REWIND 3

123 3% 3 :

PEAD 102, TITLE

PRINT 103, TITLE

L2322 %3] .

READ 100.NPICT ITV,IHEANR,ICC,ICUT
IFLITV .EQ. 1) CALL TVBGN
IF(ICC .EQ. 1) CALL CCAGN
4 DO 1 I=1,NPICT
(232333
PEAD lOZo‘TITLE
PRINT 104,TITLE

L2 1 3 2 1 S '

READ 1oo.IPlcr.lxo 1Y0,LGREY, 1RGEN.NAVX.NAVV.NPEAK.lpa.lsrAn.
SILINEO,NUMPK,MINVALyMAXVAL, INTVAL
$,IROW,JCOL»ISCNPE,IGSCALE,IDIRTY

(3 22 2 2]

READ 100,MROW,NCOL,TAV,]ISKIPF

CALL SKIPFIL(NTAPE,ISKIPF)

PRINTY 112,IPICY

PRINT 110.MR0w.Nc0L.!Row.Jc0L.xxo.lvn oNAVX ¢ NAVY ,MINVAL, MAxVAL.
$INTVAL,LGREY

PRINT 111,ISKIPF, IRGEN.NPEAK.IPa.lAv.lscoPE IGSCALE.lolnr.lsrAR.
$LLINED -

TF(NUMPK .EQ. O} NUMPK=1l

kg ® :

READ 107,0(BIL,yJ)yL=2+31yJ=1,NUMPK)

C POSITION OF PEAKS IN ARRAY B

eREERE .

READ 105,PNL,PNLFOU, FOUMAX
PRINT 113,PNL,PNLFOU,FOUMAX
NFRAME=0

PLBLI2)=P(1)

PLBL(3)=08

NALL=IROW*JCOL

NALL2=NALL %2

IROWT=TROWE2

NY H= [ROW/ 2

NXH=JCOL /2

NALLF=IROWSJCNL/ 4

ROW2=NXH+1

COL2=NYH+]

CALL CUT({A,INPUT, Mnow.Ncot.IRow.JcoL.lvo.lxo.NTAPe.NAvx NAVY, ICUT
IF(IFRR,.EQ.2) CALL ERR
PLAL(1)=PICT

CALL Tvptcr(l.l.lze.lza.l 1
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194
112

110
111

107

113
105

109 -
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PNL=1,0

catt TVPXCT(l.l.IZBoIZS.l-ll

LGREY=32 .

CALl TvPICTI(], l.lza.lze.l.lb

PNL=2,

CALL TveICTI(]l,1,128,128, 101’

CALL FOURIER(32Cy320+1,-11

CALL TVFOUL100,100,128,128,1,1)

LGREY=16

CALL TVFOUl100,100,128,128,1,11}

cAaLL LPRINY(A IROW,JCOL,100, 100,E, 128912895, 3HM0OD v191,E41PR,
$256) :
CALL LPRINT(AQKRUWOJCWL 1004100+E4128,128,5,THCOMPLEX 1,41 ,E.IPR,
$256)

CALL SCOPE(ISCOPE.A'IRON'JCOLQFOU”AX Z'N;RAMEQC.

PRINT 109,NFRAME

CALL LOOKPNULA, IROW,JCOL,R,IC)

CONTINUE

IFLITY EQ. 1) CALL TVEND

IF{ICC .EQ. 1) CALL CCEND

FORMAT(8AL1D} .

FOFMAT(1H0,8A10)

FORMAY{2014)

FORMAT(1H1,8A10)

-FORMAT(#*0PICTURE®,15,/,13H “““"‘*“.//'

$* SPECIFICATION AND OPTYIONSE) S )
FORMAT{1HO, 10X, * MROW NCOL T1ROW JCOL I1X0 I1Y0 NAVX
s NAVY MINVAL MAXVAL INTVAL LGREY#®,/,10X,1717% ‘
FORMAT (1HO,10X,% [SKIPF IRGEN NPEAK IPR 1AV 1SCOPE IGSCA
$C IDIRT ISTAR TLINEQ=/,10X1717} '

FORMAT{20F4.0)

FORMAT(1HODy 9X,* PNL PNLFOU - FOUMAX®,/,10Xs12E1C. 1}
FORMAT(8F10.0) ’ :

FORMAT (1HO, {9, % FRAME ON SNAPOUT®)

sTaop

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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SUBRINHITINE fUT(ARo!NPUT MQON.NCOL.IRON.J'OL.NV.MX.NTAPE.NAVX NAVY
sSICUT) Ny

COM"ON/BUF/NALL NALLZ2 (JROKWT, N‘H'“YH'!ERR'NPEAK YlTLE

COMMON/RBUFL/ ROW2s CNL24NALLF

COAMMON/BUF2/ITV,I1PR,[AV,IDIRT, lHEADRolPRIHGo‘SHlF
COMMON/BUF3/MINVALsMAXVAL,, INTVAL

NDIMENSION INPUTY {MROW,)NAVX)

LARGE AR(1}

o
PRINT 80

80 FORMAT(1HO, *CUT#*)
PRINT 84

34 FORMAT(LH o 3H**%)
IF{ICUT . EQ. 1) GO 7O 101
READ(NTAPE) (AR(I),I=1,NALL2)
RETURN
101 FNAVE=NAVXSMAVY
IF(MX.LT.1) GCTO 120
IFi{MY.LT.1) GOTO 120
MX1l = MX~-1
MY22MY-NAVY+3
MYE=MY +NAVY®128 ¢+ 1 N
NCOLL = NCOL ¢ 1
C IF ARRAY TO BE CUT IS TON LARGE, RESET DlMENS[ON
TF({NCOL=MX=-JCOLENAVX+Ll) LT, O) JCOL=(NCOL-MX+1)/NAVX
IF{(MROW-MY=-TROWENAVY+1) .LT. DI) !ROH’(MROH~MY010/NAVY
PRINT 83, IROWsJCOLs MY MX,NAVY ,NAVX
83 - FORMAT(1H ,*ARRAY DIWENSYON.-o'DISQ* BV'.!S./.
‘ %= C”T BFGIN AT... ZIS./'
S - & ROW AVERAGED BV..-‘.ISo/v
& COL AVERAGED BY.eo®*,15) '
C GOTO FIRST LINE RFQUESTED
IF(MX .EQ. 1) GOTQO 30
CALL SKIPPEC(NTAPE¢NX191REC’
PRINT 82,IREC
82 FORMAT(LH ,xNO, OF RECORDS SKIPPED. .. %, I5)
IF{IERR.EQ.29 RETURN
30 CONTINUE
C SKIP HEADER RECORD
IF(IHEADR .FQ. 1) READINTAPE)
C .
’ DO 50 I=1,J4C0L
D0 40 NZ = 1.NAVX
READINTAPE) (INPUTI(K,NZ) K=1,MROW)
IF(IDIRT NE. 1) GO TO 40
DO 60 K=1,MROW . )
IN=INPUT(K,NZ)
IF{IN ,GE., MINVAL JAND.
$ IN JLE. MAXVAL) GO TO 60
INPUTIK,NZ)=INTVAL
60 CONTINUE .
40 CONTINUE
DN .45 K=1,]RCHW
IF{TAY .NE. 1) GO T0O 46.
Mes{([-1)1*IROW+K)*2-1]
AR(M)=AVRGUINPUT(MY2+NAVY K, L} ,NAVX,NAVY,MROW) /FNAV
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- AR(Me1920,

GO T0 4S5

46 Kl=KeMy-1
M= {((1-1)*JROW ¢K}&2-1

47 CAR(MY)=INPUT (K1,
AR(~+1)=0,

45 CONTY INUF

50 CONTINUE

'C GO TC EOF
CALL SKIPRECINTAPE,.NCOLL,IREC)
PRINT 82, IREC o
1ERR=D .

100 RETURN

120  IERR=5
PRINT 81,1ERR

81

FNORMAT(1X,*T1EPR= #,12)
END '
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FILTER....Performs the equivalent of an optical filtefing
on the calcﬁlated Fourier traﬁsfqrm of the image.. This
subroutine calls the su5roufinés AVGPK, ZERO, . FILLFOU,
LCMFFT, LCMFLIP. | |
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SUBROUTINE FILTER(IAVPK s JAVPK 4 NUMPK)

LARGE AlL31C71).,AA(T3729).8(3,9000)
COMMNN/BUF/NALL yNALL 2y JROWT , NXH, NYH.!ERR.NPEAK.T!YLE
COMMOM/RUF4/TREOW, JCOL s LGREY 4 IRGEN, ISCOPE, IGSCALE,PNL o PNLFOU,
SPLABL(3), FOUMAX(3) '
COMMON/BUFS/ CL3,400)

PRINT 1

FORMAT($OFILTER®,/,TH “&sxté)

CALL AVGPK(A, TROW,JCIL o8,y IAVPKy JAVPK ¢ NUMPK,C)
CALL ZERN{A,NALL2)

CALL FlLLFOU(C.NUMPKvO.voIRDNvJCOL )

CALL LCMFFT(A,IPOW.JCNLyle 1) ’

CALL LCMFLIPLA,IROW,JCOLY

RETURN

END
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FOURIER....Calls the Fourier transform routine, and,coh-i
verts the transform to a form suitable for diSpiay. The

subroutines called are LCMFFT, LCMFLIP.
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SURRNUTINE FOURIER{IRNW)JCOL ¢yN3D,IDIRCT)
LARGE A1) ' : :

PRINT 1 :

PRINTY 2 .
FGRPAY(QOFOURIEQ TRANSF(ORM®)

FORMAT{IH ,1T7Hssesssessssnessns)

CALL LCMFFYT (A, IROW,JCOL N30, IDIRCTY.
CALL LCMFLIP(A,ZIROW,JCOLY

RETURN

END
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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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SURRDUTINE LODKPD(A, IROW,JCOL,By  1CH
LACK FOR PEAKS CNLY IN THE LEET HALF  FOURIER SPACE
DEFINE A PEAK AS AN FLEMENT THAT IS .GE. ALL [TS NEIGHBOUR
SEARCH ARRAY A IN COL MAJOR ORDER 5
VALUE AND COOR (IF PEAKS ARE PRINTED AS THEY ARE ENCOUNTERED IN THE SE
ONLY ONE PASS [S NECESSARY .

"PEAK VALUES STJRED IN ARRAY B8, THEN B IS SORTED

LAKGE C.A(l)
LAPGE BI3,1)
NO. OF PEAKS ALLOWED ARE 2029
FIRST PEAK VALUE A(I,J) STORED IN B(1)
I, STORED IN B(2)
' Jo STORED IN B(3) :
COMMON/BUF /NALLyNALL 2 o TROWT s NXH s NYH , TERR , NPEAK TITLE
COMMON/BUFL/ RNOW2, COL2,NALLF
COMMON/BUF2/1TV,IPR, 1AV, IDIRT, IHEADR, IPRIMG, ISHIF
COMMON/ BUF3/MINVAL , MAXVAL » INTVAL
IF (NPEAK .EQ. O) RETURN
1COUNT=1 _
1ROW2=1R0OW-1
NXH1=NXH+ |
S M=3
D9 1 J=2,NXH1
DN 1 I=2, IRNW2
1PK={J=1)«[ROWsI
AA=CABS(A(IPK)) :
IF(AA .GE. CABSIA{IPK-1)) .AND,
AA .GE. CABSIA(IPK¢1)) .AND,.
AA .GE. CABS{A{IPK+IROW}) .AND,
AA GE. CABS(A(IPK-IROW)) LAND.
AA .GE. CABS(A(IPK-IROW-1)). ,AND.
AA .GF. CABSIA{IPK-IROW®1)) LAND.
AA JGE. CABS(ALIPK+IROW#1)) ,AND.
AA .GE. CABS{A[IPK+IROW-111) GO TO 2
Go TN 1 _
STORE PEAK VALUE IN B(ICOUNT), SUBSCRIPT OF PEAK IN e(xcouut»lo.s(xco
IF((ICOUNT+2) .GE. NALL) GO TO 3
BUICOUNT) =AA
BCICOUNT+1) =1 _ N
BIICOUNT#+2)=J : .
ICOUNT=ICOUNT+M ' : :
IF(ICOUNT.LE. 27000) GO T0 1
PRINT 14 -
sTOP
FORMAT(#1 THERE ARE MORE THAN 2030 PEAKS*)
CONT INUE
1C1=1COUNT-1
1C=1C1/M
PRINT 10,1C

I

C SORT B, M IS THE NO. (OF WORDS IN EACH SORT FRAME

CALL HEAPSRT(B,1C1,M, TERROR)
PRINT 12

‘C REARRANGE B, SUCH THAT LARGEST PEAK IS IN COLUMN 1

1C2=1C/2
1¢3=1C¢1
N S I=1,1C2
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IC4=1C3~1
0N s J=1,3

D=B(J,1)

B(Js11=B(J,1C%)

B(Jy1C41=D. . )

TF(IC <GE. S001) IC1=1500

PRINT ll'c“”l..v!=lolCl' .
FORMAT (#1NUMRLP NF PEAKS FOUND,...*,110)
FORMAT(® %x,6(1XeE10e29%(8,F3,0e%e%,F3.0,8%)%))
FORMAT(*1PEAK VALUES SORTEND AS FOLLOWS®)
RETURM ' ‘ T

END
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LPRINT....Prints the value of each eiementAof the array
which stores the image or the transformed data, to facili-
tate the plbtting of coﬁtour lines by hand on the printing

paper. It calls GETLCHM.
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-SUBRGCUTINE LPRlNT(A.lROd.lCOLolBoJS-E'lR.JC'HoMODE LCMAVX.LCHAVY.
. $CLAR, IPS,1IR2) Ce
C PRINT. CCNTENT OF LCM ARRAY A(IRDJ.JCOL). STARTING AT(IB.JBD:
. C PRINT (IR,.JC) ELEMENTS JF A, M COL ON ONE PAGE.
C IF MODE=STHCOMPLEX, PRINT REAL AND IMAGINARY PART,
C IF MONE=3HMAD, PRINT MODULUS CF ARRAY A
LARGE C.A(1l)
DIMENSION CLAR(IR, MO.E(IQZ'MD
TFUIPR NEo 1) RETURY .
PRINT 10 _
10 FORMAT(G6H1*QVF*) :
JN=JB+JC-1 ' e
D0 1 J=JBeJINM ‘ :
CALL GETLCM(A,IROW,JCOL, IB-J.E IRy M oLCMAVX.LCMAVYO
- IFIMODELEQ. THCOMPLEX) GO T0. 2
IF(MODE .EQ. 3HMOD ) GO TO 3.
3 CALL PACKIE, IR M)
2 PRINT 11,MNDE.J
11 FORMAT{1IHL ,AL10,110)"
12 "FORMAT(1H ,110,5€20.7)
14 FORMAT(1H ,10Xs5€20.7)
DO 4 I=1,IR
12=18+1-1
IFIMNDE . EQs THCNOMPLEXY GO YO S5
PRINT 12,12,(CLAR{I,JJ0,JU=1,M)
G0 T0 4
5 13=1%2-1
T4=13¢]
PRINT 12,02,(E(13,4J)0Jd21,M)
PRINT 14 ,(E(14+sJJ)0JU=1,M)}

4 CONTINUE
1 CONT INUE
PRINT 15
15 FORMAT (6H1 *OVN#)
RE TURN

END



86

'SCOPE....Writés the Fourier transformed déta onto a mag-
netic tape, which is used as input to the interactive dis-

4

play program.
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SUHRCUTINE SCOPE(ISCOPE A4 TROWyJCCL 4FOUMAX, IMAX (NFRAME, AVEC)
C WRITES MADIILHS OF LCM ARRAY A NNTO TAPE3; ONE COL PER RECORD.
DIMENSION FOUMAXITIMAX)AVECIL)
LARGE A(1)
IFLISCOPE JNE.L) RETURN
DO 5 M=1, IMAX
oNn 1 J=1,J4C0L
N=(J-1)%IROW
00 2 1= Lo TROW -+ °
N1=(N¢+] V%2
: AVEC(l'-SQRT(A('\“"A(Nl.*A(Nl'l.‘A‘Nl"l"
TF(FOUMAX(1).EQ.0.) GO TO 2
IF(AVEC(T). GT FOU"AX(“” AVEC(I’SFOUMAX("’
2 - CONTIMNUE ’
’ : WRITE(3) (AVECI(L),L=1, JROW)
1 CONTINUE
END FILE 3
NFRAME=NFRAME¢]
5 CONTINUE -
RETURN
END
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TVFOU....Calls a set of subroutines tprﬁepare'the Fourier.
transformed data in a form_suitable,for-Z4modulation dis-

play. The subroutines called are‘GETLCM.‘PACK; and TVFOU2.



SUBROUTINE TVFOU(lBGN:J%GNolRoJCoLCMAVXoLCNAVY’
LARGE A(1) ‘
COMMON E(256,128)
COMMON/BUFQI!RGHoJCOLvLGREYoIRGENolSCOPE IGQCALE PNLy PNLFCU,
$PLBL(3I, FCUMAX(3)
PRINT 1
PRINT 2
FIORMAT(2J3DISPLAY FOURTERZ%)
FORMAT(16H. ###t“t“tttt‘t)
CALL GETLCM(A,IROW,JCOL,IBGNyJBGN,E,IR,JC, LCMAVX.LCHAVY!
CALL PACK(ELIR,JC :
PLBLILY=THFOURIER ' '
catt TV‘PUZ(E:IRoJC'DLBLvLGREY'lRGENoPNLFOUoFOUNAX.Z,IGSCALE'O'
RETURN
END
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TVPICT....Prepares the image data for Z-modulation diSplay.v
- The subroutines called are GETLCM, PACK, and TVEICTZ2.
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SURROUTINE TVPICT(IBGN, JBGNs IRy JCoLCMAVXLCMAVY)
LARGE All) ' :
COMMON E(256,128) ) )
COMMON/BUFS/IPOW, JCOL LGREY IRGEN,ISCOPE, IGSCALE,PNL, PNLFOU,
$PLBL(3),FOUMAX(3) !
PLBLI{L1)=THPICTURE

PRINT 1

PRINT 2 S

FNORMAT{#ODISPLAY PICTURES*)

- FORMAT(16H 20sssxeseattsss)

CALL GETLCMIAL,TIROW,JCOL,IBGNy JBGNoE4 IR, JCoLCMAVX,LCMAVY Y
CALL PACK(E, IR, JC) o

CALL TVPICT2(E+IRJC+PLABLILGREY,s IRGENPNL,0.y» IGSCALE)

RETURN . ]

END
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The followingvsubfoutines-are called by the major»subfou-

tihes to actually manipulate the data:

AVRG.....averages the inpﬁt 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 subfoutine,
vwritten according to the Singletdn algorithm.

FILLFOU, .sets the values of the dlffractlon 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 ofvthe large core
'memory. | | | |

HEAPSRT. )

a group of subroutines called by LOOKPD to sort

MAKHEAP. .
the peaks found in the‘diffraction pattern.

BUBBLE. .
NORM.....normalizes all elements of an array, such ‘that all
"~ values 11e between O and 1.
PACK.....calculates the modulus of aieomplex array.
SET......sets the values in one half of a diffraction pat-
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., _
TVFOUZ...égts the maximum and minimum cutbff values for the
“display of the diffraction pattern.. _
TVPICTZ..makes a Z-modulation plot of an array;vthe plot
~ can be displayed on microfilms.
UNPACK. . .called by subroutine CUT. This converts the input
data into a form suitable for Fouriér transform.

ZERO.....sets all elements in an array eQual to zero.



22
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ok

FUNCTION AVRGIIM,NAVX,NAVY,MROW)
C AVERAGES A NAV#*NAV MATRIX

DIMENSTION IN(1)
LA =0

I1L =0

DO 30 K = 1.NAVX
o0 20 1 = 1.NAVY
LA = LA®IN(TI+I1)
Il = (1 ¢ MROW
CONTINUE

AVRG = LA

RPE TURN

END
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SUBROUTINE AVGPKICLAR ¢ IROW,JCOLBKI 1KY, ICsC)
C X1 IS THE NO. OF FLEMENTS TO BE AVERAGED [N THE Y-DIRECTION
C KJ IS THE NN, ODF ELEMENTS TJ 3E AVERAGED IN THE X-DIRECTION
C IC IS THE ND. OF PEAKS . ‘
C ASSUME THE POSITICN OF 1ST PEAK {My,N} IS STORED AT 8(2,11,8(3,11%
DIMENSION C(3,1) .
LARGE CLARI1)
L ARGE 813, 1)
CNMMON/BUF/NALL «NALL2» TROWT o NXHoNYH, 1ERR, NPEAK.T!YLE
COMMON/BUF L/ ROW2, CIL2.NALLF
COMMON/BUF2/ 1TV, IPR, 1AV, IDIRYT, IHEADR, IPRIMG, ISHIF
COMMON/BUF3/MINVAL 4MAXVAL, INTVAL
COMMON E(1)
IKe1(*2-]
Kl=(KI-1)/2
K2=[KJ-11/2
DN 1 I=1,1C
D1l=0.
D2=0. )
C IF PEAK HAS BFEN SET T0O (0.+0.} DO NOT DO THE AVERAGING
M=B(2.1)
N=B(3,1}
L1=(N=-1)*%JROWeM
L5=2#L1~-1
IFLCLARILS) .EQ. O, .AND. CLAR(LS5+1) .EQ, O.,) GO YO 3
IBGN=M-K1 -
JBGN=N-K2
JEND=z IBGN#KI-1
JEND=JRGN+KJ-1
C CHECK TC SEE IF OFF BOUND. IF SO, DO NOT DC THE AVERAGING FOR THIS PE
IFUIBGN JLE. O LOR. : - ' '
$ JBGN .LE. O JOR,
$ 1END .GT. IROW ,OR,
$ JEND .GY.JCOLY GO TO )
DO 2 J1=JBGN,JEND
D0 2 11=IBGN,IEND
L2=(J1-1)%IROW¢IL
L3=12%2-1
Lé=L3+1
D1=D1+CLARI(L3)
D2=D2+CLAR(L4)
CLAR(L3)=0.
2 CLAR(L4)=0.
C SUM OF REAL PART IN C(1,1)
C SUM OF [IMAG PART IN C(2,1)
C LINEAR PASITICN IN CL3,1
3 Cll,1)=01 '
Ct2,1)1=D2
. Ct3,1)=L1
IF{D2 .57, O.) GO TO 21
E(l}=-1.57
GO T0 1
21 E(11=1.57
GO TO 1 .
20 E(I)=ATAN(D2/0D11)

~
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CONTINUE

PRINT 11,1IK

PRINTY 9,KI ,KJ

PRINT 100 ({CITIoJ1eI=142),E(U)4(BIKyJ) K= 203’0J=101C’

READ 124y ((BIKyJ)eK=2,314d=1,1C)

FORMAT(20F4%.0) '

DO 4 I=1,IC

CU3,1)1=(B{3,1)-1.)*IRCW+B(2,I)

CONTINUE

PRINT 13, 0{CUI4J)sI=142)+E(J)4(B(KyJ)yK=2,3),d=1,1C)
FOPMAT(1H ,13,% BY®*,[3,% AVERAGING OF FOURIER PEAKS*,/,2X,
& REAL I MAGINARY PHASE(RAD) . ROW COL*)
FORMAT(3EL5.2.2F5.0) ‘ :
TFORMAT( % NUMBER 0OF PEAKS INCLUDED.oo%,15)

RETURN .

END
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SUBROUT INE FFT (A, BvNTCT NeNSPAN, TSN) :
C REFERENCE R.C. SINGLETON,TEEE TRANSACTICNS ON AUDIC $ ELECTROACOUST!
C AU-17+2,93,JUNE 1969
LARGE R. A(1),8(1)
DIMENSION NFAC(11),NP(2C9)
DIMENSIGM AT(23),CK(23),RT(23)45K(23)
EQUIVALENCE (1,11)
"MAXF=23
MAXP=209
IF(N.LT.2) RETURN
INC=ISN
RAD=8.¢ATANF(1l.)
$72=RAD/S.
C72=CCSF(S72)
$72=SINF(ST2)
$120=SQRTF(.75)
IF(ISN.GE.O) GO TO 10
ST2=~5T72
$120=-5120
RAD=z~RAD
INC=~INC
10 NT=INCHNTOT
KS=INC*NSPAN
KSPAN=KS
NN=NT-INC
JC=KS/N
RADF=RAC*JC*,5
I=0 .
JF=0
M=0
K =N
GO TO 20
15 M=M+} .
NFAC(M) =4
: K=K/16
20 IF(K-{K/1€E)*16,EQ.D) GO TO 15
J=3
JJ=9
GO TO 30 -
25 M=M+1
NFAC(M) =y
K=K/JJ
37 IF (XMODF(KyJJ).EC.O0) GO TD 25
J=J+2
JJ=Je%2
IF{JJ.LE.K) GC TO 30
IF(K.GT.4) GO TO ao
KT=M .
NFAC(M+1) =K
IF(KJNE.1) M=Mel \
GO 10 80
40 IF(K=-{K/4)*4.NE.G) GO TO S
M=M+]
NFAC(M)=2
K=K /4
50 KT=M
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J=2 . :
60 [F (XMODRF(KyJ)eNELO):GC TC 70
M=Me]
MFAC (M) =J
K=K/J _
70 J=((J+1)/2)%2+1
IF({J«LE.K) GO TO 6C
80 IF(KT.EQ.O0) GO TO 100
J=KT '
90 M=M+1 ) '
NFAC{M)=NFAC(J)
J=J-1
IF{J.NE.DJ) CO TO 90
102 SD=RADF/KSPAN |
CO=2.%SINF(SD)*%2 -
SD=SINF{(SD+SD}
KK=1
I=1+1l v
IF(NFAC(I).NE.2) GO TO 400
KSPAN=KSPAN/2
‘ K1=KSPAN+2
210 K2=KK+KSPAN
AK=A(K2}
BK=8(K2)}
A(K2)=A(KK)=AK
B{K21l=B(KK}-BK
A(KK)=A(KK)+AK
B(KK)=B(KK)+3K
KK=K2 +KSP 2N
IF(KK.LE.NMN) GO TO 210
KK=KK=-NN..
IF(KK.LELJC) GO TO 210
IF(KK.GT.KSPAN} GO T0O 800
223 Cl=1.~CD
. S1=SD
230 K2=KK+KSPAN
AK=A(KK)=A(K2?)
BK=B{(KK)~B(K2)
A{KK)=A(KK)*+A(K2)
BIKK)=B8(KK)+B(K2)
A(K2)=C1l®AK-S1%*BK
B(K2)=S1*AK+C1%8K
KK=K2+KSPAN
IF(KK.LT.NT) GO TO 239
K2=KK=NT.
Cl==Cl
KK=K1=-K2 .
IF(KK.GT.K2) GN TO 230
AK=C1l-(CD*C1+SD%S1)
S1=(SO%#C1=CD%S1)+S1
Cl=.5/7(AK%%2+S12%2) 4,5
S1=C1#%*S1
Cl=Cl%AK
KK=KK+JC
IF(KK.LT.K2) GO TC 230
K1=K1+INC+INC .
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KK= (K1-XSPAN)/2+4C
[F(KK.LELJCeIC) GO T0 220
GO TO 1.9

‘Kl=KK+KSPAN

K2=K1+KSPAN

AK=A(KK)

BK=B(KK)
AJ=A(KLI+A(K2)
BJ=B(KL)¢B(K2)

A(KK) =AR+AS .
B{(KK)}=BK+BJ - '
AK==.S*LJ+AK

BK=z=,5%B J+BK
AJ=(A(K1)=-A(K2))%S120
BJ=(B(K1)~R{K2))*5120
A(K1)=AK-BJ
BIK1)=8Ke+AY
A(K2)sAK+BY
B(K2}=BK-AJ) -
KK=K2+KSP AN
IF{KK.LT.NN) GO 70 329
KK=KK-NN
IF(KK.LEJKSPAN) GO TO 320
GC TO 700
IFINFAC(I).NE.4) GO TO 600
KSPNN=KS?AN
KSPAN=KSPAN/4

Cl=1.

$1=0.

K1=KK+KSPAN
K2=K1+KSPAN

- K3=K2+KSPAN -

430

AKP=A{KK) +A(K2)
AKM=A(KK)~A(K2)
AJP=A(K]1) +A{K3)
AJM=A(K1l)~A(K3)
A(KK)=AKP+AJP

AJP =AKP-AJP
BKP=B(KK) +¢B(K2)
BKM=B(KK)-B{K2)
BJP=B(K1)+B(K3)
BJM=B(K1)=-BR(K3}
B(KK)=BKP+BJP
BJP=BKP-RJP
IFCISN.LT.0) GO TO 450
AKP=AKM-AJM
AKM=AKM+8 JM
BKP=BKM+A M
BKMz=BKM=AJM
TF(S1.EQ.0.) GO TO 460
A{K]l)=AKP%C1-BKP*S1
B(K1)=AKP#*S1+BKP*C]
A(K2)=AJP*C2-B4P%S2
B(K2)=AJUPRS2¢RBJP*(C2
A(K3)=AK"M%(3-RKM%S3
B(K3)=AK14S2+BKM*C2
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KK=K3+KSPAN
IF(KK.LELNT) GO TO 420
C2=C1=-{CN*C1+SD=%S])
S1={(SD*(Cl-CD=S1)+S!
Cl=o5/(C2%%2¢51%%2)+,5
S1=C1%S1

1=C1%C2
C2=Cl%%2-S51%%2
$2=2.%C1*%*S5]
C3=C2%C1-52%S1
$3=C2*S1+52*C1
KK=KK=-NT+JC

IF{KK.LE.KSPAN) GC TN 420

KK=KK~KSPAN+INC

CIF(KK.LE.JC) GO TO 410

459

460

510

520

IF(KSFAN.EQ.JC) GO TO 8C2

Gn 70 100
AKP=AKM+BJM
AKMzAKM=-B JM

- BKP=BKM=AJM

RKM=BKM+AJM
IF(S1.NE.O.) GO TO 430
A(K1)=AKP .
B(K1l)=8KP

A{K2)=AJP

BIK2)=8JP .

A{K3)=AKM

B(K3)=BKM

KK=K3+KSPAN

LF(KK.LE.NT) GO TO 420

GO TO 442
C2=,25%SQRTF(5.)
$2=2,0%CT2%S72
K1=KK+KSPAN
K2=K1+KSP AN
K3=K2 ¢KSPAN
K4=K3+KSPAN
AKP=A(K1) +A(K4)
AKM=A(K1)=A(K4&)
BKP=B (K1) +B(K4)
BKM=B(K1)=~B(K4)
AJP=A(K2) +A(K3)
AJUM=ALK2)-A(K2)
BJP=B(K2) +B(K3)
BJM=E(K2)-B(K3)
AK=AKP +AJP
AJP=(AKP-AJP)*C2

- BK=BRP+BJP

BJP =(BKP=BJP) *C2
AKP=A (KK) =" .25 %AK
A(KK) =A(KK) +AK "
BKP =B (KK)=C.25%RK
BIKK)=B(KK)+BK
AK=AKP+AJP
AJP=AKP=AJP
BK=BKP+BJP

100
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630

640

650
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BJPzBKP=-0JP

AKP=AKMAS T2 +AJM*S52
AKM=AKM%S2-AJM2ST2
BKP=BKM*3T2+RJM*S2
BKM=BKV*S2-BJM®ST 2

_A(K1)=AK-BKP
A(K&)=AK+EKP

B(K1)=BK+2KP
B(K&) =BK=AKP
A(K2)=AJP-BKM
A(K3)=AJP+BKM
B{K2)=BJP+AKM -
f(K2)=ByP~AKM
KK=K4+KSPAN
IF(KK.LT.NN) GO TO $2)
KK=KK=NN
IF(KK.LE.KSPAN) GO TO 520
GO TO 7C0

K=NFAC(I)

KSPNN=KSPAN
KSPAN=KSPAN/K
IF{K.EQ.3) GC TO 320"
1F{K.EQ.5) GO TO S10
1F(K.EQ.JF) GO TO 640
JE=K :
S1=RAD/K

C1=COSF(S1)

$1=SINF{(S1)
IF(JF.GT.MAXF) GO TO 998
CKIJFI=1,

SK(JF1=0.

J=1
CK(JI=CKIKI®C1+SK(K)=S]
SK{J)=CK(K)®S1-SK{K)*C1
K=K=1

CK(K)=CK{ J)
SK(K)==5K(J)

J=Jd+l

[F(J.LT.K) GO TO 630
K1=KK

K2=KK+KSPNN

AA=A(KK)

BB=B(KK).

AK=AA

AK=88

J=1

K1=K1+KSPAN \
K2=K2-KSP AN

J=J+l L
AT(J)=A(KL)+A(K2)
AK=AT(J) +AK
BT(J)=B(K1)I+R(K2)
BK=BT(J)+PK :

J=J+1

AT(J)=A(K2)=A(K2)
BT(J)=B(K1)~R(K2)
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670

700
710

728

730
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Kl=K]1+¢KSPAN
IF(KZeLToK2) GO TO 650 .
A(KK)=AK

B(KK}=BK

K1=KK

K2=KK+KSPNN

J=1

K1=K1+KSPAN
K2=K2~-KSPAN

JJd=J

AK=AA

BK=88

AJ=0.

BJ=C.,

K=]

K=K+l
AK=AT(K)=CK(JJ)+AK.
BK=BT(K)*CK(JJ) ¢+BK
K=K+]
AJ=AT(K}*SK{JJ)+AJ
RJI=BT(K)*SK(JJ)+BJ
Jd=sJdd+d

IF(JJGTJF)  Jdd=JJd=~-JF
JF(KeLTJF) GO TO 672
K=JF-J

A(Kl)=AK~BJ

B(K1)=8Bke+AY

A(K2)=4K+BY
B(K2)=BK-AJ

J=J+1 . o
IF({J.LT.K) GO TO 660
KK=KK+KSPNN .
IF(KK.LE.MN)}Y GO TO 640
KK=KK=NN

IF(KK.LE.KSPAN) GO TG 64
IF(1.EQ.M) GO TO 800
KK=JC+1 '
C2=1.-CD

S1=SD

Cl=C2

§2=51

KK=KK+KSPAN '

AK=A(KK)
A(KK)=C2%AK=-S2%B{KK)
BIKK)=S2%AK+C2%B( KK}
KK=KK +KSPNN
IF(KK.LE.NT) 6N TQO 730
AK=S1%52

§2=S1%Cz+(C1%S2
C2=C1*C2-AK
KKzKK=NT+KSPAN
IF(KK.LE.KSPNN) GO TO 730
C2=Cl-(CO*C1+SN*S1)
S1=S1+(SN*C1-CD*S1)
Cl=.5/(C2%%2+S1%%2)+,5
$i=C1*S1
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810

820

830

840

850
860

C2=C1*C2
KK=KK=KSONN+JC
IFIKK.LE.KSPAN) GO YO 720
KK=KK=KSPAN¢JC+INC
JF(KK.LE.JC+JC) GO YO 710
GO T0 1C)

NP(Y)=KS

IF(KT.EG.D) GO TO 890
K=K TekT+]l

IF(M LTK) K=K=-]

J=1 \ ,
NP(K+1)=JC ‘
NPt J¢1)=NPLJ) /NFACLJ)
NP(K)=NP(K+1)ENFAC(J)
NENED

K=K=]

IF(J.LTK) GO TO 810
K3=sNP(Kel)

KSPAN=NP(2)

KK=jC+1

K2=zKSPAN+]

J=1 .

IF{NJNE.NTOT) GO YO 850
AK=A(KK) ’
A(KK)=A(K2)

A(K2)=AK

BK=R{KK)

B(KK)=8(K2)

8(K2)=8BK

KK=KK+INC

K2=KSPAN+K?2
IF(K2.LT.KS) GO TO 820
K2=K2-NP( 1)

J=J+l

K2=NP(J+1)+K2
IF(K2.6T.NP(J)}) GO TO 320
J=1

IFIKK.LT,K2) GN TQ 820
KKzKK+ INC

K2=KSPAN+K2
IF(K2.LT.KS) GO TO 840
IFIKK.LT.XS) GO TO 830
JC=K3

GO TO 899

K=KK+JC

AK= A(KK)

A(KK)=A(K2)

A(K2) =AK

RK=B(KK)

B{KK)=B(K2)

RP{K2)=BK

KK=KK ¢ INC

K2=K2+INC

IF(KK.LT.K} GO TO 86D
KK=KK+KS-JC
K23K2+KS-JC

103



88~

890

930

992.

904

9ub

1F(KK.LT.NT) GO TO 850
K2=K2-NT+KSPAN
KK=KK=NT+JC
IF(K2.LT.KS) GN TC 850
K2=Kz=NF(J)

NENES BES )

K2=NP (J+1)4K2

IF{X2.GT.NP(J}) GO TO 870,

J=1

[IF(KK.T.K2) GO YO 853
KK=KK+JC

K2=KSPAN+K?2
IF(K2.LT.KS}) GO YO 880
IF(KK.LT.KS) GO TO 870
JC=K3 -

IF{2%5KT+1 ,GE.M) RETURN
KSPNN=NF(KT+1)}

JEM=-KT ‘
NFAC(J+11=1
NFAC(J)"NFAC(J,*VFAC(J*I)
J=J-1

IF(JNELKT) GO TO 90)
KT=KT+1

NN=NFAC (KT}=2
IF{(NN.GT.MAXP) GO TO 998
JJ=0 :

J=0

GO TO 9C6

Ji=dd=K2

K2=KK

K=K+]1

KK=NFAC (K)

JJI=KK+JJ -
1F(JJ.GE.K2) GO TO 902
NP(J)=JdJ

K2=NFAC(KT)

. K=KT+1

91¢

914

924

KK=NFAC(K)

J=J+l .
IF(J.LE.NN) 6O TO 904
J=0

GO TO 914

K=KK

KK=NP (K )

NP(K)==KK .
IF(KK.NE.J) GC TO 910
K 2=KK ‘

J=d+1

KK=NP(J)

IF(KK.LT.:) GO TO 914
IF(KK.NE.J) GO TO 910
NP(J)=-
IF(J.NE.NN) GO TO 914
MAXF= INC#*MAXF

GO TO 950

J=J-1 ‘

104
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IF(NP{J).LT.0) GO TO 924
JJd=yC )

926 KSPAN=JJ
IF(JJ.GT.MAXF) KSPAN=MAXF -
JJ=JJ=-KSPAN
K=NP{J) :
KK=JC*K+[1+JJ
K1=KK+KSPAN
K2=0 )

928 K2=K2¢1
AT(K2)=A(K1)
BT(K2)}=B(K})
Kl=K1=INC

- IF(Kl.NE.KK)} GO TO 928

632 Kl=KK+KSPAN
K2=K1=JCx(K+NP(K) )
K==NP(K)

936 A(K1)=A(K2)
B(K1)=B{K2)
Kl=K1-INC
K2=K2~1NC
[F(K1.NELKK) GO TO 936
KK=K2 :
IF(K.NE.J) GO TO 9322
K1=KK+KSPAN
K2=0 ‘

945 K2=K2+1
AIKI)=AT(K2)
B(K1)=BT(K2)
Kl=K1-INC
IF(K)Y.NE.KK) GU TO 640 .
IF(JJNE.OC) GO TO 926
IF(J.NELL) GD TD 524

953 J=K3+1 '
NT=NT~KSPNN
11=NT~-INC+]
1FINT.GE.O) GO TO 924
RETURN

998 ISN=0

. WRITE (£4999) .
999  FORMAT(1H1l,34H ARRAY BCOUNDS EXCEEDED WITHIN FFTS)

RETURN '
END
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SUBRAOUTIME FILLFOU({S,ICyFMIN, A&y IROW,JCOL)
THERE AFE IC PEAKS IN THE COMPLEX ARRAY CLAR
POSITICN OF ITH PEAK IN B(3,1t°
REAL PART NF ITH PFAK IN B8(1l,1)
IMAGINARY PAKY QOF ITH PEAK IM B(2,1?
THIS SUBRCUTINE SETS VALUES IN CLAR ACCORDING TO THE POSITION
SPECIFIES BY 8
FMIN IS THE MIM CUT OFF FOR FILLING FCURIER PEAKS
COMMON/BUF/NALL ¢yNALL 2y IROWT 9 NXHeNYH, TERR ,NPEAK,TITLE
COMMON/BUF1/ ROW2+ COL2,NALLF
CNMMON/BUF2/TITV,, IPR, TAV, IDIRT, IHEADRIPRIMG,ISHIF
CnV"Dh/RUF3/MINVAL0MAXVAL1[NTVAL
LARGE A{1l)
DIMENSION BI3,1C)
00 1 I=1,I1C
J=B(3,1)%2~1
C=SQRTIB(L1,11%B{1,11+3(2,1)%8(2.,1))
IF(C T, FMIN) GO TO 2
AtJr=8ll,1
AlJ+1)1=8(2,1)
CONTINUE .
CALL SFT(“I!RON'JCOL’
RETURN
END

SUBPOUTINE LCMFLIP(A,IR,JC)
FLIPS A COMPLEX ARR OF EVEN DIMENSION
LARGE A(l)
‘NH=JC/2
MH=IR/2
INCRM={IR*JC}/2
DA 1 N=1,NH
DO 1 M=1,IR
EXCHANGE A(M,N) AND ITS COUNTER PART
INDEX=(N-]1 ) #TR+M
TE{M.GT. MH) GO TO 2
INDEX2=1NDEX+ INCRM+MH
GO TO 3
INDE X2= [ NDEX ¢ INCRM~MH
INOF X=INDEX%2~1
INDEX2= INDEX2#2-1 : .
TEMPL=AlINDEX)
TEMP2=A(INDEX+1)
ACINDEX)=A(INDEX2)
ALINDEX+1)=A(INDEX2+1)
A(INDFX2)=TEMP]
AUINDEX2+1)=TEMP2
CONT INUE
RE PURN
END
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SUBROUTINE GETLCM(A, TROW, JCOL, IRy UByEy IRy JC,LCMAVXLCMAVYY
CUT A [IR%JC) ARRAY FFNiM AN ARRAYOF (IRCW*JCOL) IN LCM
AVERAGE RCW BY LCMAVY
AVERAGF COL RY LCOMAVX
STAPTING AT (18,J8)
LARGE C.A(l)
COUMPLEX EUIR,JC)
JB2=JR-1
132=18-1
IF((IB2+IRELCMAVY ] GT. IROW 0P,
$ {JB2+#JC*LCMAVX) ,GT, JCOLY GO TO 10
PRINT 13,IR,JCyLCMAVY,,LCMAVY
13 FORMAT (% ARRAY DIMENSIUNeeo®sI5+% BY*,15,/¢% AVERAGED .. .*¢15,% BY
$*, 15)
PRINY 12,18,J8 , .
12 FORMAT(* REGIMS AT LCM LOCATION..*y14,%,%,[4)
LCMAVG=LCMAVX*LCMAVY
N=J8
DN 1 J=1,JC
K2={N-1)*IROW
M=18
DO 4 I=1,1IR _
C K IS THE LINEAR ADDRESS IN LCM AT WHICH AVERAGING IS TO BEGIN.
K=K2 ¢M ' _
ElI¢4d)={0s+0.}
C PO AVERAGING .
DO 3 J3=1,LCMAVX
D0 2 13=1,LCMAVY
E(14J1=E(],J)+A(K)}

HOOO

2 KzK#l
KzK+IROW-t CMAVY+]

3 CONTINUE
E(T,J)=F(],J)/LCMAVG
Mz M+ CMAVY

4 CONTINUE

) N=N+_CMAVX

1 CONTINUE
RETURN

10 PRINT 11

11 FNORMAT(* GETLCM OUT OF RANGE®)
RE TURN . :

END
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SUBRNUTINE MAKHEAP (A, NFAKE M)

DIMENSINN LARGE(S5).TEMP(S

LARGE A(1)

REAL LARGE

INTEGER TRUVAL

TRUVALIKY=ME (K=1)+1

1F( MOD(NFAKE,2).EQ.D) 10,20
10 IFAKE=NF AKE

JFAKE=IFAKE/2

INDEX=IFAKE

IREAL=TRUVAL{IFAKE)

nNO 101 Tl=l,M

LARGE{I1)= A[IREAL+I1-1)

101 COINTINUE

GO 10 2 ‘
20 TFAKE = NFAKE-~1
| I JFAKE=IFAKE/2

IREAL=TRUVAL(IFAKE)
DN 102 12=1,M
LARGE(I2)=AlTIREAL#I2-1}
102  CONTINUE - ‘
INOEX=IFAKE .
1F{ A(IREAL).GE. A(IREAL#M)) GO TO 2
D0 103 I3=1,M :
LARGE(I3)=A(TREAL+M+13-1)
103 CONTINUE =
INDEX=IFAKE+1
2 JREAL= TRUVAL(JFAKE)
IF({ LARGE(1).LE. A(JREAL)) GO TO 4
DO 104 14=1,M :
TEMPI14)=A{JREALFT4-1)
A(JREAL+]4~-11=LARGE(I4)
104  CONTINUE :
CALL BUBBRLE(A,NFAKE,M,INDEX,TEMP)
4 IF(IFAKE.EQ.2) RETURN
IFAKE=IFAKE=-2
G0 Tn 1 :
. END
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SURPOUTINE RUBBLE(A)NFAKEM,NPOINTR,VAL)
DIMENSION VAL{M) '
LARGE A(1) ' P
INTEGER . TRUVAL
TRUVAL (K )=M*(K=1)+1
INDEX =NPCINTYR
5 INDXTRU=TRUVAL { INDEX)
IF(2*INDEX.GT NFAKE) GO TO 3
LSON=2*INDEX
LSCNTRU=TRUVAL (LSNN)
IF(LSON.EQ.NFAKE) GO TN 6 '
IF{ A(LSONTRU+M) .GT. A(LSONTRU) ) LSON=LSON+1
LSONTRU=TRUVALLLSCN)
6 IF{ A(LSONTRU).LF. VALILY ) GND TO 3
DO 10 Il=1,M
: A( INDXTRU#ILl=-1) = A(LSONTRU+II-1)
10 CONTINUE
INDEX=L SON
GO Y0 5
3 DD 11 12=1,M
~ Al INDXTRU+I2-1) = vaL(1l2)
11 CINTINUE
RETURN
END

SUUBROUTINE HEAPSRT (A,N,M, TEPROR)}

LARGE A(N)

DIMENSIIN TEMP(S)

INTEGER TPRUVAL

TRUVAL(K }=45(K-1)+1

IERROR=0 :

IF( MOD(N,4)NE.O) GO TO 9000

NFAKE=N/M

CALL MAKHFAP(A,NFAKE.M)
1 NREAL=TRUVAL({NFAKE}

IF( NFAXE.LE.1) RETURN

NN 2 I=14M

TEMP(I)= A(NREAL+I-1)}
: Al NRCAL+I-1) = A(DD
2 CONTINUE -
. NFAKE=NFAKE-1 o

CALL BUBBLE (A NFAKE,M,1, TEMP} ,

GO 70 1 L ,
9000 IERROR=1

PRINT 1J0,NyM

RE TURN -
100 EAEMAT(//% 22222 FRROR #2rzx  *,I7,% IS NOT A MULTIPLE OF =,15//)

END
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SUBRTUTINE NO R“(A.N'AWIN.AMAXoF RACKGD)
CALCULATES MAXIMUM AMAX, ™INTMUM AMIN AND NORMALIATION FACTOR F FOR
THE ARRAY A
NEED DIFFERENT NOFMALIZING PROCEDURE IF BACKGROUND VALUE DlFFER MUCH
FROM THF IMAGE VALUE.

COMMON/BUF/NALL'NALLZ.lRONToNXH'NYH'lERR.NPEAK.TlYLE

COMMON/SUF1/ ROW2, COL2,NALLF

COMMON/BUF2/1TV,IPR,I1AV,IDIRT, IHEADR, lPR!MG.lSHlF

COMMON/BUF3/MINVAL ,MAXVAL, INTVAL

DIMENSION A(NY

IF( ISHIF .EQ. 1) GO TO 11

AMIN = AL} :

AMAX = AMIN

DO 10 I=1,N

B8=A(1) '

IF(B.LT.AMIN) A™MIN=B

IF{B.GT.AMAX) AMAX=8B

CONTINUE

Fx=l./({AMAX-AMIN}

RETURN

DO 1 I=1,N

8=A(l)

IF(B .LE. BACKGD) GO TO 1

AMIN=B '

AMAX=8

IBGN=]+1

GN 10 2

CONTINUE :

DN 3 I=18BGN,N

B=A(I) i

IF(8 JLE. BACKGDY GO TO 3

[F(P LT, AMIN} AMIN=B

IF 1B8.GT, AMAX) AMAX=B

CONTINUE

Fzl,/lAMAX=AMIN}

RETURN

END

SUBROUTINE PACK{CLAR,IR,JC)
THIS TAKES A COMPLEX [MAGE, PACKS IT INTD A REAL ARRAY.
COMPLEX CLAR(1)
COMMON A1) '
COMM”N/BUF/NALLoNALLZ'!RDNT,NXH.NYH.IERR'NPEAK'TITLE
COMMON/BUFL1/ RJOW2, COL2.NALLF
COMMON/BUF 2/1TV,IPR, 1AV, IOIRT, IHEADR,IPRIMG,ISHIF
COMMGN/BUF3/MINVAL,MAXVAL, INTVAL
" N=IR%JC
DN 1 I=1,N
A(L)=CA3S(CLAR(I))
RETURN
END
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SUBRROUTINE SEY(A,IROW,JCOL) ) ' ‘
C ARKRAY A REPRESEMTS A CCMPLEX FUNCTION FIK). SET THE RIGHT HALF OF FlK
C EQUAL T0O THE COMPLEX CONJURATE OF F(-K) :
COMMON/BUF/NALL ¢ NALL 2y IROWT ¢ NXHyNYHe [ERR,NPEAK TITLE
COMMNON/BUF L/ ROW2, COLZ(NALLF
COMMON/BUF2/ 1TV, IPR, 1AV, IUIRTvIHEADRQIPR(HG'lSHlF
COMMUNIBUF3/N!NVAL MAXVAL.INTVAL
LARGE A(l)
Il=INYHe]1 ) %2
J1l=(NXH+1) %2
JB=NXH+2
DO 2 JtJBoJCUL
J2=(J=-1)1*[ROW
J3=(J1l-J-1)*]FONW
DO 2 1=2,1IR0OW
MaJ2¢+l
N=J3+ll-1
Ml=2%M~]
M2zMle) . )
N1 =2%N-1 ' . \
N2=N1¢1. ) ' . . ‘
AlML)=A(ND)
Al(M2)=-A(N2)
2 CONT INUE
RE TURN N
END
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SUPPAUTINE SKIPFILINTAPS,NFILE)

THIS WOULD SKIP NFILE FRNM TAPE NTAPE
IFINFILELEQ.O) RETURN '
DA 1 =1 ,NFILE
REAND(NTAPF)

TIF(FOF NTAPE) 1,2
CONTINUE

RETURN

END

SUBRDUT INE JKIPREC(NFILE'NREC'IREC'

THIS WOULD SKIP NREC NHNGER OF RECORDS FROM THE FILE NF!LE.
IF AN ECF 1S ENCOUNTERED. SET IERR=2 AND RETURN
COMMON /BUF/DUMMY(?).IERR '

IREC=0

IFINREC .EQ. 0) RETURN
DO 1 I=14NREC
READINFILE)
IFIEOFNFILE) 2,3
IREC=]JRECT*]
CONTINUF.

RETURN

TERR=2

RE TURN

"END
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SUBROUTINE TVFOHZIAR IROW,JCOL, PLBL-LGREY.IRGEN'PNL.YVFHAXolNAX.
$IGSCALE, ICC)
CALCULATES A ¢DIFFRACTOGRAME THAT IS¢ A LOGARITHMEC DISPLAY OF THE
FOURTIER AMPLITUNSS OF THE TRANSFORM CLAR. .
THE VALUE AT THE ORIGIN IS SET TO #2ERNe
IF ISTAR IS EQ TC 1, SET COL JCOL/2¢)1 OF FOURIER SPACE =0, THIS IS
TO ELEMINATE THE INFLUENFEvOF FHE SCANNER MOTION DN THE TVFOU DISPLAY

COFMON/BUF/NALL.NALLZ.lRDHT.NXHoNVH.lERR.NPEAK.TlYLE
COMMON/RUFL/ ROW2, COL2¢NALLF .
COMMON/RUF2/ 1TV, IPR, LAV, INIRT, IHEADR s IPR MG, xsnxr
COMMON/BUF3 /M INVAL s MAXVAL ¢ INTVAL

DIMENSION PLBL(3),TVFMAX(3)

DIMENSION AR(1) :

NT=IROWSJCOL -

IF(TVFMAX(L) JLE. 0.3) RETURN

0N 2 J=1,I1MAX

DO 10 I=1,NT , -
IFCARCTILGT.TVFMAX(S 1) AR(ID=TVFMAXLS )

CONTINUE ‘

CALL TVPICT2 (AR, [ROW,JCAL, PLBL,LGREV, [RGEN,PNL 400+ IGSCALE
CONTINUE

RE TURN

END
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SUBPﬁUTlNE TVPICT2(AR, IROW,JCOL,PLBL, LGREY.IRGEN.PNL.BACKGO'
$IGSCALE)
MAKES THF INPUT PREPARATICN FCR CRT DISPLAY,
A 1024%1024 CRT FIELD IS OIVINDED INTO 128¢128 SUBFIELDS, ONE FOR EACH
PICTURE ELEMENT., FACH SURFIELD (JoI) 1S FILLED WITH 0...LGREY. POINTS
DISTRIBUTEN AT RANDOM, ACCORDING TO THE VALUE OF AR({J,1).
LGREY IS THE GREY LEVEL DESIRED.HAS MAXIMUM VALUE OF 64 ON CRTY
IRGEN=0, THEN ALL B%8 RASTOR HAVE SAME RANDOM PATTERN
IRGEN=1, THEN ALL 8%8 RASTNR HAVE DIFF RANDOM PATTERN
THE FLRST & ROWS OF THE ARRAY AR ARE REPLACED BY A GRAY SCALE.
INPUT=QOUTPUT RELATIONSHIP IS 2
OUTPUT = ((TINPUT/LGREY)**PNL) *LGREY
THIS RELATINNSHIP IS NON-LIMEAR IF PNL NE 1o :
AN ARRAY A(IROW,JOCL) CAN BE DlSPLAYED WHERE [ROW AND JCOL .LE. 128

CNOMMON/TVTUNE /DUMMY (4}, INTENSE,, IRIGHT, fUP

DIMENSINN PLBL(1)+ AR{IROW,JCOL )

DIMENSION [RX(64),IRY(64)

COMMNIN/BUF /NALL o NALL2 ,TROWT NXHoNYH, IERR,NPEAK,TITLE
COMMON/RUFL/ ROW2, COL2,NALLF

COMMON/BUF2/1TV,IPR, 1AV, XD[RT,lHEADR.lPRIMGvISH[F
COMMON/BUF3/MINVAL yMAXVAL, INTVAL

DATA KPYPLNT/SCJIC0028/ i )

DATA (IRX(I'Q131'16)/506050403'3'3'3v4o5.607'°'8'7v6/
DATA (IRY(I)sI=19l6)1/5049302030%05:06sT¢Ts706:¢5949392/7
IF(ITV .F0.0) RETURN ’ '
KORIENT=IRIGHT+INTENSE

NT={ROW*JCOL .

CALL NORM{ AR NT,AMIN, AMAX,F,BACKGD)

F1=F *LGREY .

DETERMINE CODR OF RANDOM POINTS WITH A 8%8 RASTOR(CORRESPONDING TO 1
ELEMENT) ON CRT

THIS PATTERN MAY BE REPEATED OVER THE ENTIRE PlCTURE. OR A RANDOM PAT
GENERATED FOR EACH P!CYURE ELEVMENT

CONTINUE ,
CALL TVLTR{B.» S50.+KORIENT,2,TITLE,80)
CALL TVLTR(B., 0. KORIENT,2,PLBL,30)
CALL TVNEXT ‘ s
N0 100 1=1,4CCL
IX = 8%]
GRAYSCALE
IF IGSCALE .FQ. 1 MEANS A GREY SCALE IS PLOTTED
IFLIGSCALE NE. 1} GN TO 40
IFI1,6T,3) GOTD 40
NN 38 J = 1,128
N={J+11/{128/LGREY)
IF(N.EQ.O) GOTON 38
IF(PNL.EQ.1.0 GO TO 39
rN=N
Nz((RN/lGREV)#&PNL’*LGREY
Jd=129-4
Iv=8%4J ,
N 35 K = 1,N
MX = IX + IRX(K)
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My = [V ¢ [RY(K)

KPLNT = KPTPLOT + 1024%MX + MY
CALL TVPACKIKPLOT)

CONTINUE

Gh TO 100

CONTINUE -

DO 100 J=1, IROW

N s(AR(J,1) — ANMING ¢ F1 ¢ 0.5
IF(N .LE. O0) GO TO 120

C PROVISICON FOR NONLINEAR INPUT OUTPUT RELATIONSH!P

4l

IF(PNL.EQ.1.9 GO TO 41
RN=N
N={{RM/LGREYI**PNL}*_LGREY
JJ=129-y

[y=8¢JJ

C PROVISION FOR ALL 8¢8 RASTOR TO HAVE DIFF RANDOM PATYERN

o1

S0
100

120

 CALL TVPACK(KPLOT)

IF(IRGEN .EQ. O) GOTN 60
DN 61 L=14N

IRX(L }=8.%RGEN(O}

IRY{L ¥=8,.*RGENIO}

DO 53 K = 1,N

MX = IX+IRX(K}

MY = [Y¢]RY(K) .

KPLOT = KPTPLOT#1024%MXeMY

CCNYINUE

PRINT 120,(PLALIT) I=1,2) AMIN,AMAX,F PNL

FORMAT{(* CRY PREPARATION FOR .o *92A10y°

Xe¢ MIN = 8,F15.,5,% MAX = #,E15.9,% NORMF = #,E15,5/55X,
$SEPOWER(NCN-LINEAR GREY LEVEL) = #,E15.5)

CALL TVNEXY

RETURN

END

SUBROUTINE UNPACK

LARGE Af(1)

COMMON/BUF/NALLNALL 2, [RONT, NXH'NVH.IERR NPEAK, TITLE
COMMON/BUF 1/ ROW2s COLZ,NALLF
COMMON/BUF2/1TV, IPR, 1AV, IDIRT, IHEADR, IPRIMG, I SHIF
CO”MON/BUFJ/MINVALo“AXVAL INTVAL

D0 1 J=1,NALL

I=(NALL+LI-Y

AlI®2-1)=A(1)

DO 2 I=2,NALL2,2

Al l 1=0,

RETURN

END
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SUBROUT INE ZFRD(AsN)
C SETS ALL ELEMENTS IN AN ARRAY OF N ELEMENTS TO ZERO
LARGE A(1}
1=0
| I=1¢1
IFL 1.6T. N) RETURN
A(1)=0,
G0 70 1
2 RETURN
END
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