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I Introduction

Microradiogrephy is & comparatively recent develop-
ment in the X-ray field. The t&rm applies to the
analysis of a thin specimen by photographing it with
X-rays and subsequently enlarging the photograph to
bring out minute structural elements. A microradio-
graph has several adventages over a photomierograph.
First of all it goe's beyond the surface and reveals
the internel structure of the specimen, a more im-
portant adventage at least &s concerns thié paper is
the ability of the microradiograph to enable one to
accurately deﬁemine the chemicel elements making wup
the specimen.

Research into the field has always been carzfied
out by using thin metal foil es a specimen, Since
X-rays do not penetrate metals to a very great ex-
tent, it is necessesary to carefully grind and polish a
specimen to a thickness of from one to five-thousandths
of an inch. This process requires a considerable
amount of time and special metalurgical tools. For
this reason microradiography, although it is an im-
portant industrial took, has not been widely adopted.

The purpose of this investigatioh was to deter-
mine whether or not a metal powder could be substituted:
for the thin metal foil apec;lmens which have previously
been used exclusively. In a powder much of the detail



found in & foil would naturally be lost. There was a
question as to whether or not it would be possible to
even detect various elements since the large range in
size of the individual particles might be deceiving.
Thus the chief emphasis in analyzing the microradio-
graphs was to be placed on chemical analysis.

To understand the problem better some knowledge
of the theory of absorption of X-rays is required.
Consider a2 beam of monochrometic X-rays impinging on a
material of thickness x.
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The energy transmitted by a thin element 44 veries

directly with the thickness of the absorbing meterial
-and on the intensity I of the incident radistion.

Thus:
QI =-uldn

on integration this yields
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This formula gives the intensity I after a beam
of X-rays with an initiasl intensity of I, penetrates
a distance x in an absorbing medium. The constent 4
is called the linear absorption coefficient. It
depends upon both the wavelength of X-reys used and
the nature of the absorber., Thus Al veries with a
change in temperature, or a change of physical state.
This variation cau pe eliminated if equation (1) is
put in terms of mess traversed rather than distance.
To meke this substitution the term x is replaced by
/ x where o 1is the density of the absorbing material.
In order to keep the equation the seme, 4/ must be
divided by © . Thus: g

bidee O

Here the ratio % is independent of physical state, As
the equation now stands for a constant incident intensity
and for & given sample, the only thing that will change 1
is a change in ﬂ’p . This ratio is no longer affected
by a change of physical state, but depends only on the
wavelength of the A-rgys used and the element involved.
It is the nature of this relation of '% with different
wavelengths which makes possible the de'l;ermining of
chemical elements by measuring the amount of ebsorption
of X-reays.

The mass absorption coefficient inecreases rapidly

with the wavele ngin along an exponential curve. However
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at certein critical regions for & elight increase in

.wavelength theré ie & sharp drep in absorption.

Figure 1 shows a greph of the mess absorption coeffici-
ent of several common metals plotted ageinst wavelength.
It can be noted at once that for & wevelength of one
éng:trom the five metals shown in the graph have mase
ebsorption coefficients in the order of their increas-.
ing atomic numbers. As the wavelength inereases past &
certein définite value the mess sbsorptiom ecoefficient
for zinc drops to a value close to that of aluminum.
With further imcreases in wavelength the mass ebsorption
coefficients of copper, nickel and irom im turn drop to
velues close to thet of aluminum,

Theoreticelly the problem of détermining the chemi-
cal nature of en unknown powder is simply a matter of
determining the eritical wavelength &t which the absorp-
tion coefficient suddenly drope off. There simply would
be no problem et all if & monochrometer capsble of produec-
ing an intense beam of X-rgyse et any desirable wavelength
was available. In general, however, & monochrometer does
not yield a lufﬁciéht]y intense beam of X-rays end is
not et all suited to this type of an investigation. There
ere, however, two ways in which suiteble radistion cen
be obtained.

The first method consists of using a tungsten terget
and by verying the voltage acrose it obtain some degree
of veriation in the wavelength of the meximum energy ; qg

%



Bl

R PSS TR

5 2

25 s

e &

{,&.hr,h«» P8 S S 3 S50 Bl AW.W,. o

¥

d 3
e

A

¥ T

i
SRS S




region of the spectrum., Figure 2 shows a graph of the
 intensity as a function of wavolength for a tungsten
tube operated at several different voltages. It ean be
noted that the region of maxinmm int.ensity shiftl toward

“the shorter wavelengt.ha as
_the voltage across the
‘tube is increassed. From

Figure 1 it can be seen

that the critical value

for the common metals
occur in the'region

between 1 and 2 ang-

stroms wavelength, The
intensity in this re-

gion is comparatively
small, To filter out

and -uhe this end of tle
spectrum would require
excessively long ex-

posure times.

The second method

of obtaining different

wavelenths consists of

using X-ray tubes hav-
ing different targets,
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The spectrum of most tubes is very different from that
of tungsten previously illustrated? Figure 3 shows the
spectrum from & molybdenum target. With a suitable
filter practicalily all radiation except the K¢, line
can be filtered out leaving an almost pure monochroma-
tic source. The intensity of the K, 1line is many
times as intense as the rest of the spectrum so the
exposure time is not too long. The wavelength for the
K&, line camnot be varied with aﬁ increase in voltage.
Therefore to obtain a different wavelength a different
tube must be used. Since tubes are quite expensive

it is not possible to have many on hand. Thus the
number of wavelengths that can be obtained is limited.
Besides this a considerable amount of time is required
to change the tubes. Disregarding the objections to
this second method, it is more satisfactory and the one

actually used in the experiment.

lmis statement holds only for the regiom of the spectrum

shown in the graph. At ebout seventy kilo-volts tungsten
also gives & characteristic spectrum amd looks similsr to

the molybdenum spectrum. This characteristic spectrum,

however, hes such a2 short wavelemgth that it is too: pene-

trating to be of much velue in this work,



II Equipment

In general the three essential pieces of apparatus
necessary to carry on an investigation in the field of
mieroradiography are an X-ray unit, a suitable camera,
and an enlarger. The first two of these requirements
were easily and satisfactorily obtained., However, the
physics department did not possess a suitable enlarger,
so a workable model had to be constructed from avail-
able material.

The X-ray diffraction unit served admirably as a
source of X-rays. The only difficulty involved along
that line concerned the changing of tubes, Since all
the tubes on hand were not of the same design special
fittings had to be installed in order that tubes could
be exchanged in a reasonable length of time. In all,
three different X-ray tubes were available, containing
copper, cobalt, and molybdenum targets respectively.
All three tubes were used in the course of the experi-
ment.,

The camera shown in Figure 4 consisted of an
aluminum plate four incheslyfie . inches. A brass tube
one and one-half inches long was mounted over a hold in
the center. The specimen holder consisted of a brass
tube two inches long. The camera was backed with two

one-sixteenthsinch sheets of bakelite. The inner one



Figure 4, The camera, specimen tube, and the plate
holder containing an exposed film,
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contained a slot one and 6ne-half inch wide so that the
plate holder could be slipped into it. The plate holder,
a strip of bakelite six inches long and one and one-half
inch wide, contained four emall slots so that it could
be held in four different positions by the small catch
at the tdp of the camera. In this way four exposures
could be taken on one film. This number might easily
have been raised to five or six without having the
pictures overlap.

The specimen was fastened over one end of the speci-
men holder (the upper end as it is shown in Figure 4).
The other end of the specimen holder was covered with a
filter. This filter, besides limiting the X-rays enter=-
ing the camera to the K . 1line, also kept ordinary light
from entering the camera through the tube. In operation
the specimen holder was placed into the tube mounted on
the camera and pushed in until the specimen came in con-
tact with the film., The camera was then mounted on the
diffraction units as close as possible to the X-ray tube.

The powder specimen was prepared by mixing a small
quantity of powdered metal with glue and allowing the
mixture to harden, At first the powder and collodion
were mixed on a plece of plate glass, then another
smaller piece of glass was placed on top of the mixture;

by varying the pressure on these two pieces of glass the
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thickness of the specimen could be changed. After the
collodion had dried, the glass plates were removed and a
thin film of cellulose containing the metal particles
resulted. This process was used for several of the
earlier trial runs. It was found, however, that the
collodion as' it dried between the two pieces of glass
had a tendency to‘form small bubbles of vapor in the
specimen. The number of these bubbles was considerable
and often they became quite large. Besides creating
holes in the specimen these bubbles had a tendency to
push the metal particles off to the side where they
would become quite dense. In many cases they actually
overlapped to such an extent that they were practically
opaque to the X-ray beam. In practically all trials
they were opaque enough to prevent an accurate analysis
of the picture.

An attempt was made to smear on a piece of glass a
mixture of collodion and metal powder. In this manner
a bubble free specimen was obtained, but in general the
dry collodion was so brittle it could not be peeled off
from the glass. It was found that when "Duco Cement" was
substituted for collodion the resulting smear could be
removed with the aid of a razor blade provided the cement
had not hardened completely. The best time to attempt

to remove the specimen was found to be about a minute or
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two after the smear had been made. In general the densi ty
of the metal in the smear was greatest at the center and
less towerdsthe edges. Since only a small portion of the
smear was required for a specimen the proper density could
be obtained by selecting a suitable section of the smear.
Once suitable specimens were obtained, no unusual
difficulties were encountered in obtaining the X-ray
photographs. Eastman Spectroscopic Safety film type
548-0 was used. Although the grain of this film could
easily be detected under high power magnification, the
grain size was much smaller than the actual size of the
powder, For this reason a suitable magnification could
be obtained without showing even as much as a trace of
the film grain., At first the film was processed in
Eastman Microdol developer. However, since the gi'ain
size of the film was much smaller than the powder
granules photographed, and since the fine grain devel-
oper slowed down the speed of the film to a remarkable
degree it was found much more advisable to use regular
X-ray developer. The best exposure time for most speci-
mens was around eight to fifteen minutes, with the tube
operating at thirty-five kilovolts and fifteen milli- '
ampers. This exposure time varied of course for the
lighter elements such as magnesium and aluminum, but in
general, sbout eight minutes was the average exposure

time.



14

The chief difficulty involved the construction of
an efficient enlarger to enlarge the X-ray photographs.
The ideal device would have been a regular metallographic
microscope. However, since the physics department does
not possess a great deal of metallurgical equipment, such
an instrument was not readily available. Several miecro-
scopes were on hand and supplied a good starting point
for the construction of an enlarger,

The first enlarger construcied consisted of a light
source, microscope, and plate holder mounted in line in
that order. The X-ray photogrephs were pleced on the
stage of the microscope and focused on the plate holder.
The enlargement of this arrangement was very good, but
for some reason the resulting pictures lecked contrast,

A series of changes in exposure and developing times did
not seem to rémedy this situation. The plate holder

was then replaced with a Leice camera. The image could

be focused on the ground glass with considerable precision.
Since the camera used thirty-five millimeter film, if any
sizeeble portion of the X-ray picture was to be reproduced,
the magnification had to be kept down; actually, the megni-
ficetion obtained during this step was only about ten,
These photographs were enlarged once more with a regular
photographic enlarger which brought the total megnifica-
tion up to about sixty. The'resulting pictures showed

a fair degree of contrast and a good deal of clarity,
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considering that two separate focusing operations were
involved in the production of each one. However, it wes
impossible to approach in any weay a reproduction of the
minute detail that was found on & visuel microscopic

examination of the X-ray photograph.
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III Experimental Results

During the course of the experiment -about one
hundred and seventy-five individuesl X-ray pictures
were taken. Many of them were unsetisfactory be-
cause the specimens were too thick or the exposure time
was incorrect. Meny others when examined, &lthough
photographicelly satisfactory, did not exhibit any
unusual characteristics not found in the majority of
the pictures, and for this reason are not reproduced
here. The microradiographs which are presented here
give a representative picture of the results obtained
through a visual exemination of all the pictures teken.

The enlarged photographs do not possess the clarity
gained by a visual microscopic examination of the origi-
nal X-reay pictures. For this reason all the conclusions
which can be drawn from an examinetion of the enlargement
can be much more soundly supported by direct microscopic
examination. In fact the interpretation of the X-ray
photographs was all done visually, the enlargements shown
here are presented to show as far as possible the basgis
for the conclusiorsreached. One thing must be kept in
mind while compering the color densities of various parti-
cles in the enlergements. Due to & defect in the enlarger,
the lower portion of all enlargements is darker then the

remainder, For this reeson it is well to compare color
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density from the same portion of the print, or from
portions with the same shade of background.

The first pictures taken were of fige granules
of a single metal, These pictures acted as standards
by which the metals contained in mixtures could be as-
certained ° Figure 5 shows a microradiograph of a
sample of powdered zinc. There is a wide renge in the
shade of the various zinc particles. Referring back to
the equation derived in the introduction,

Fliemees
one sees immediately the cause of this. The amount of
incident radiation absorbed and thus also the shede of
the photographed particles depend upon both the mass
absorption coefficients and the mass traversed. In the
case of the zinc grenules the mass absorption coefficient
is constent, therefore the difference in shade must be due
to different sizes of particles.

On a close examination of Figure 5 one finds that this
relationship holds for most of the particles. For example,
the four perticles numbered from onevto four show a2 de-
crease in size and also a compareble decrease in inténsity,
This same property can be observed in any number of the
particles. However, there are some exceptions in which
it does not hold true, Particles labeled five and six
are fairly semelly-yet -they show up as very light spots;

conversely, particle seven is‘relatibely large and yet
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Figure 5. uicrdradiograph of powdered zinec takén
with copper radiation. X60

Figure 6., Microradiograph of iron powder taken with

cobalt rsdiation. XG0
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appears as a dim shadow. This can be explained on the
essumption that perticles five and six are long slender
granules standing on end, while seven is a thin flat
granule. Thus five and six present a small area and e
great depth to the X-ray beam while seven presents a
large area and small depth.

This variation of color density with size must be
kept in mind while exémining all succeeding photographs.
Figure 6 shows a sample of powdered iron. Here too can
be found the reletion of size and color, as well as a few
exceptions,

A second difficulty encountered in the study of
powder not arising in the analysis of a thin foil is the
change in color density within a single particle of a
bure metal powder. This can be seen very'wéii-in Figure 7.
The megnesium particles shown here were photographed with a
rather short exposure, to bring out as much detzil as
poseible. Still the particles do not show up too well.
There is not much change in contrast Setween them and the
background. In many of them there is a very considerable
change in color density., For example, particle number one
has a relatively large degree of whiteness in the central
portion but shades off towards the edges to}such a degree
that it is almost impossible to distinguish its bounderies
againet the gray of the background. This same effect can
be seen in most of the other particles in this picture.



20

Figure 7. Microradiograph of magnesium taken with
cobalt radiation and given an exposure of two minutes
at five milli-ampers, X60

Figure 8. Microradiograph of silicon taken with
copper rediation, X6
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It is due to the fact that the thickmess of the individual
particles varies considerably. More X-rays are sbsorbed
in the thicker portione than in others.

Cne other drawback to powder analysis can be found in
the megnesium picture. The particles indicated by the
number tio show a considerable change in color density
due to overlaping. There is no way to prevent the occur-
rence of this overlaping, so it must also be taken into
consideration when the pictures ere interpreted.

Figure 8 shows the occurrence of this overleping in
a specimen of silicon powder. Several instances of the
overlaping of particles are pointed out, and meny others
can be found on a closer examination,

The four microrediographs of different fine metal
specimens described so far point out three of the dif-
ficulties involved in the analysis of a powder. The pro-
blem of this investigetion was to find out if these dif-
ficulties could be taken into account or whether they
would so confuse the interpretation that an accurate
analysis of the chemiczl elements involved would be im-
possible. After all if different metals in the specimen
are to be detected through a difference in absorption,
three other factors which also affect the absorption can
be considered a2 definite menace. Figures 9 and 10 illustrate
very well this difficulty.
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Figure 9 shows an enlergement of some pure
chromium powder. Since most of these granules are
larger than the iron particles used in a comparison
in Figure 10, thig discussion will be limited to only
those rather small grains shown clearly in the open
spaces. In general most of the small chromium particles
are very opaque to X-rays and show up &s distinctly white
spots. The particles labeled one and two illustrate this
point. There are, however, & few particles, three and
four for example, which are fairly dim, end in all
probability represent thin flakes. A look back at Figure 6
shows that 1ronlpartic1es of a size comparable with the
small chromium particles are considerably darker. It
seems reasonable on this account to expect to be able to
detect iron particles from chromium by their color density.

Figure 10 shows & mixture of iron and chromium., Here
again the discussion will be limited to the smaller parti-
cles. Thus the particles numbered one and two are fairly
light and are probably chromium, while particles three
and four are considerably darker and for this reason are
probebly iron. It is impossible to say with certainty
whether a given particle is iron or chromium because
in the pure chromium sample there are a few thin parti-
cles which are much derker than the ordinary particles.
These perticles could easily be misteken for iron. Also
in the pure iron powder there are & few partiéles light
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Figure 9. Micrdradiog’raph of chromium powder taken
with cobalt radiation and given an exposure of five

minutes, X60

Figure 10. | Microradiocgraph of chromium end iron
taken under the same conditions as Figure 9.
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enough to be misteken for chromium in a mixture of the
;two metels. Thus in the mixture of iron and chromitim
"one ean only state with probability whether a given
particle is iron or chromium,

The only possibility of obtaining conclusive
results rests in the analysis and comparison of
powders under different wavelengths. If this varistion
of particle size were great enough to overcome the dif-
ferential ebsorption of X-rays under different wavelerghs,
powder analysis would be inconclusive., However, it was
found that when the same mixtures of metel powders wére
photographed under different wavelengths of X-rays thé
chemical nature of & given particle could be determined
with certainty.

Figures 11 end 12 show the same portion of a mixture
of copper and aluminum taken with cobalt and molybdenum
radietion respectively. On referring back to the graph
showing the mass absorption coefficient as a function of
wavelength one will find that for a wavelength correspond-
ing to cobalt radiation the mass absorption coefficient
of copper and aluminum aré practically the same while at a
wavelength corrésponding to molybdenum radiation copper
has about the same coefficient while that of aluminum has
droﬁﬁed to an insignificant value. In the picture taken .
with cobalt radiation one would expeet to find copper and

aluminum particles of the same size have the same color
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Figure 11. Microradiograph of aluminum and copper
taken with molybdenum radiation. X60

Figure 12. Microradiograph of the same sample of alumi-
num and copper powder shown in Figure 11. All conditions
were the same except cobalt radiation was used.
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density, while in the molybdenum picture the copper parti-
cdles should remain the same and the aluminum, how practi-
cally transparent to the X-ray beam should be nearly the
same shade as the background. In this way by studying

the two pictures it should be possible to tell definitely
which particles are sluminum and which are copper.

This actually shows up very well in the photographs.
In Figure 11 particle'one represents a fairly light
greanule of aluminum. In Figure 12 this same particle is
much darker. The same effect showe up in all the alumi-
num particles seen in the picture. In fact the particles
labeled‘two and ihree in Figure 11 have become so trans-
parent under molybdenum radiation that they do not show
up at all.

The same results as obtained with the samples of
copper eénd aluminum can be obtained with meny other metals.
The only limiting factor is the range of X-ray wavelengths
available. using the three tubes available and the more
common elements, one can see from the graph that the same
change 1n‘the ebgorption coefficient should occur in zinec
as occurred in copper. Likewise a change in the absorp-
tion coefficient of iron should be readily found when
photographed under copper and cobalt. Tests were made
with mixtures of iron and nickel and iron and zine,

Both of these tests indicated very conclusively that
the change in the gbéorptivity of iron was great enough
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to eneble a positive identification of the chemical nature
of any speciric metal granule.

An enlerged section of the iron end zin¢ specimen
taken with cobalt radiation is shown in Figure 13; the
same section photographed with copper rediation is shown
in Figure 14. Under cobalt radiastion iron and ginc
should have the same coefficient of absorption. Figure 13
shows that all particles have a shade of gray depending
upon their relative size. In Figure 14 there is a marked
difference as meny of the particles have practically dis-
appeared when compared to the remaining ones which are
very iight. Under copper radiation the iron particles
absorb much more radiation than the zinc and therefore
appear much lighter than the zine. Therefore any parti-
cle which is lighter under copper radiation than cobalt
is iron whereas any particle lighter under cobalt radia-
tion is zine, The partiéle labeled number one is con-
siderably lighter in Figure 14 under copper radiation
and therefore is definitely iron. Particle two is
much lighter under cobalt radiation and is therefore
zine. Particles three and four are very light‘under
cobalt radiation and practically invisible under copper
radiation definitely proving that they are zinc. Parti-
cles five, six and seven are much lighter under copper
radiation and thus are iron. The chemical nature of any

other particle can be ascertained by comparing its color



Figure 13. Iron and zinc photographed with cobalt
radiation. X60

Figure 14. Seme specimen shown in Fighre 13 and teken
under the same conditions, except copper radiation was
used instead of cobalt.

28
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in the two photographs. Since the two photographs are
so strikingly different it is usually necessary to use a
compass to locate the same particle on both pictures, by
measuring its distance from two known particles.

In working with powders it was hoped that a method
might be found of determining the chemical nature of a
powdered alloy. In this respect not much satisfaction was
obtained. The variation in thickness of the powder parti-
cles was great enough to ove;shadow any color variation
due to the different absorption coefficients of the metals
present., Figure 15 shows a good example of this phenomenon.
The metal powder is an alloy of about ninety percent lead
and small percentages of tin and antimony. Many of the
perticles show great variations in color but the fact that
all lighter portions of each grain are lined up along the
central axis of the particles shows that they are not due
to a variation of the absorption coefficient but to dif-
ferent thicknesses of metal. For example, the particle
labeled one shows how the thickness of the particle varied

instead of the arrangement of the three metals present.
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Figure 15. Microradiograph of a powdered
alloy containing lead, antimony, and tin.,
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IV Conclusion

On the whole the results obtained in this experi-
ment were ven& satisfactory. A powder specimen greatly
simplifies the process of microradiography as compared
to the regular thin foil method generally used and yet
gives just'as cdnclusive results. About the only precau-
tion that must be observed in preparing a powder specimen
is that the individual'particles be spread out enough so
that they do not overlap.

Several minor difficulties were encountered in the
powder method which do not arise in the foil method. The
overlapping. of poﬁder granules or a varying thickness in a
single granule might lead one to wrongly infer that the
resulting lighter area on the photograph was due to the
inclusion of different metal. Also in the analysis 6f a
powder, some long narrow granules standing on end tend
to confuse the interpretation of a photograph. These
difficulties, if kept in mind, do not present too serious
a problem and can be overcome completely by analyzing
the same section of a specimen under different wave-
lengths of raéiation.

Photographs of corresponding sections of the same
specimen when taken with different tubes show very con-
clusiwly the chemical constituents of the individual
powder granules. In fact if the proper radiation is
chosen by referring-to the graph of absorption vs.
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wavelength it is possible to obtain pictures varying very
widely in appearance. One can obtein a picturé where all
particles have a color density corresponding to theif
relative size and another of the same sectioﬁ of the speci-
men where particles of one element practically disappear
while those of other elements remain almost unaffected.

In this manner any doubt due to the overlapping or vary-
ing thickness of the particles can be overcome.

In an alloy the various metals are so finely divided
that they are indistinguishable when photographed in the
form of a powder, at least to the extent that this investi-
gation was able to go. In this case the var{ations in
thickness completely mask the effect of the different ab-
sorption coefficients of the metals present. Although the
results with alloys were not too satisfactory it may be
possible that more favorable results could be obtained
by using a finer grained film and a better and more power-
ful enlarger,

The technique developed in this work could be applied
to good advantage in solving certain industrial problems
of testing and control. It's most obvious application
would be in the testing of a material used in the powdered
form, such as testing the mixed ingredients for cersmic.
or plastic manufacture. Microradiographic testing could
reveal the approximate percentage of each ingredient, the
degree of mixing or the average particle size of any
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single ingredient. Powder microradiography can also be
applied to solid materials since it is much easier to
prepare a powder specimen than a foil,

An attempt was‘ made to measure the percentage com-
position of various metals present in a mixture from an
enlarged microradiograph. This was to be done by taking
photograph; cutting out all the particles of a particular
element with scissors and weighing them on a chainomatic
balance. The percentage of a metal present could then
be obtained by comparing the weight of the pictures of
that metal with the weight of the pictures of all parti-
cles present, There is little doubt that this method would
under suitable conditions give an accurate quentitative
analysis, but due to the fact that the enlarger used did
not give sharp images of the individual particles it was
impossible to carry out this test.
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V Summary

Powder specimens simplify greatly the work involved
in obtaining a suitable microradiograph.

Several difficulties arive due to the variation of
size, thickness, etc., and must be kept in mind when
interpreting the enlarged photographs.

The proper selection of wavelengths of X-rays used
enables one to obtain photographs which show very
clearly the different metals present in the specimen.

The results with powdered alloys were not very con-
clusive; more satisfactory results could probably be
obtained by using a finer grained film and a better

enlarger,
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